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Welcome from the General Co-Chairs, Prof. Clark T.-C. Nguyen and Dr. Giorgio Santarelli
It is our great pleasure to welcome you to the San Francisco Bay Area and to the Joint Conference of the 65th IEEE
International Frequency Control Symposium and 25th European Frequency and Time Forum. This event marks the 5th joint
meeting to combine the two leading international technical conferences for research, development, and applications of
timing and frequency control.
The 2011 Organizing and Joint Technical Program Committees have strived to provide a stimulating and educational
program for all attendees. With a larger than usual number of abstracts to choose from, the conference program easily
coalesced to one that encompasses all traditional topics, to include resonators, oscillators, atomic standards, optical
frequency standards, timekeeping, and resonant sensors, with a noticeable increase in contributions from MEMS
technologists.
On 1 May, the day prior to the meeting, twelve educational and informative Tutorial Sessions are offered. These sessions
will cover topics of interest to attendees, and will be presented by internationally recognized experts in their field.
From May 2-5, the conference program includes three parallel sessions of technical presentations and two poster
sessions, as well as a panel session on Tuesday morning that is sure to provoke thoughtful discourse among conference
participants. Monday and Tuesday evenings offer a Welcome Reception and an Exhibitor’s Reception, respectively, giving
you ample opportunity to socialize with colleagues and perhaps stimulate that next big idea over a few drinks. Throughout
the Symposium an exhibit area of leading frequency control and timekeeping manufacturers will be open and will serve as
the site for session breaks, as well as the aforementioned Exhibitor’s Reception.
Since the conference venue is situated near the bay at the edge of beautiful downtown San Francisco, it is very close to
many of San Francisco’s bay front attractions that you may wish to enjoy before or after the conference. Among these
attractions are the San Francisco Museum of Modern Art, Pier 39, the Exploratorium, the Aquarium of the Bay, Coit
Tower, the Palace of Fine Arts Theatre, the Presidio, and a plethora of world class restaurants. Beyond the bay front lie
countless other attractions in the greater San Francisco Bay Area, e.g., the wine country up north, the Golden Gate
Bridge, Silicon Valley down south, etc. Needless to say, there is much to do and see at this location, so hopefully you’ve
planned a few extra days before or after the conference in the area.
We hope the Joint Conference will provide you an opportunity to network with colleagues, reconnect or make new friends,
and share advancements in the frequency and timing field.
Have a great stay in San Francisco and enjoy the 2011 Joint Conference!
Clark T.-C. Nguyen and Giorgio Santarelli
2011 Joint Conference General Co-Chairs
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Welcome from the Joint Program Co-Chairs, Eric Burt and Patrick Gill
It is our pleasure to welcome you to the 2011 Joint IFCS/EFTF. The first joint conference was held in 1999 in Besancon,
France with an initial agreement to repeat the joint configuration every 4 years. However, with the success of these joint
conferences, in 2007 it was decided to move to a biennial format. 2011 marks the 5th joint conference. With 3 parallel
tracks over 4 days covering the entire spectrum of time and frequency topics, the 2011 conference promises to be as
technically successful as its predecessors, providing attendees with the latest scientific and engineering results from the
international time and frequency community
The field of time and frequency is currently experiencing rapid development in several areas. Pushing the limits of
accuracy, optical frequency metrology has emerged as one of the fastest growing sub-disciplines. Developments over the
past decade now include optical clocks with accuracy in the eighteenth digit as well as all-optical means of transferring
that accuracy both in-house and over trans-national distances via optical fiber and femtosecond combs. The most recent
developments in optical frequency metrology will be thoroughly represented at the 2011 conference.
Pushing in the direction of the ultra-small, MEMS technology is poised to revolutionize applications of time and frequency
that require low-cost, miniature, ubiquitous sources with high performance. MEMS technology was featured in the 2010
IFCS and a successful panel discussion was held to discuss if and how MEMS technology might replace quartz. In 2011
we will continue to emphasize MEMS technology through sessions devoted to this topic.
In between the two extremes of highly accurate laboratory frequency standards and ultra-miniature devices are small or
even chip-scale atomic clocks with impressive performance. With size reduction and increasing performance of such
devices, a wide spectrum of applications are arising ranging from clocks in space to sensors that are based on atomic
clock technology. With their decreasing mass/power/volume footprint comes the question of whether chip-scale atomic
clocks also might someday replace quartz oscillators in certain applications. On Tuesday, May 3, there will be a panel
discussion on this topic.
The SI second remains defined in terms of a microwave transition in cesium so that all primary frequency standards are
based on this transition. The performance of cesium primary microwave frequency standards is 2 orders of magnitude
better than two decades ago. The latest generation of these frequency standards will be discussed in a session devoted
to fountain clocks.
In 1960 Prof. Rudolf Kalman described what came to be known as Kalman Filtering. This method of estimating the values
th
of variables in the presence of multiple noise types is now a standard tool in time scale formation. To mark the 50
anniversary of Kalman’s work, which occurred last year, we will have an entire session and several tutorials devoted to
Kalman Filtering.
The student poster competition has become a tradition at this conference. Started in 2004, the competition has grown
steadily each year and the quality of the papers has evolved to be extremely high. In the 2010 IFCS there were over 50
entries. In 2011 there were 76 entries submitted. 24 finalists representing all 6 topical groups of the conference will be on
display and judged during the first poster session on Monday, May 2. Winners will be announced during the reception on
Monday night.
In addition to the regular technical sessions, we will have a day dedicated to tutorials. There will also be an extensive
exhibition with representatives from leading manufacturers and suppliers of frequency control products and equipment
from around the world.
We hope that you will have an enjoyable and technically rewarding 2011 conference!
Eric Burt and Patrick Gill
2011 IFCS/EFTF JPC Co-Chairs
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2011 IFCS Awards
IFCS I.I. Rabi Award
This award recognizes outstanding contributions related to the fields of atomic and molecular frequency standards, time
scale realization, and time comparison and dissemination.
2011 IFCS I.I. Rabi Award:
Prof. Fritz Riehle, Physikalisch-Technische Budesanstalt (PTB)
Citation: “For outstanding contributions to the field of atomic frequency standards, including pioneering research and
development of optical frequency standards and their measurement.”
IFCS W.G. Cady Award
This award recognizes outstanding contributions related to the fields of crystal resonators, frequency control, frequency
synthesis, noise measurement and sensor devices.
2011 IFCS W.G. Cady Award:
Prof. Georgy D. Mansfeld, Russian Academy of Sciences
Citation: “For pioneering research in physical acoustoelectronics and acoustics, including acoustic resonance
spectroscopy, attenuation mechanisms, piezoelectric properties of thin layers and films, and new acoustic materials.”
IFCS C.B. Sawyer Memorial Award
This award recognizes outstanding contributions in the development, production or characterization of piezoelectric
materials of interest to the Symposium Technical Program Committee, or to recognize entrepreneurship or leadership
within profit or non profit organizations in the frequency control community (including all parts of the community).
2011 IFCS C.B. Sawyer Memorial Award:
Prof. Achim Wixford, University of Augsburg
Citation: “For the development and successful commercialization of surface acoustic wave driven microfluidic systems.”
2012 IFCS Award Nominations
Nominations are sought for the 2012 IFCS awards. Information is available at the Registration Desk and is also available
on the IEEE Frequency Control Conference website at: http://www.ieee-uffc.org/fc
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2011 EFTF Awards
EFTF Award
The award, which is open to anyone working in the fields traditionally associated with the European Frequency and Time
Forum (EFTF), recognizes exceptional contributions in all fields covered by the EFTF either for fundamental advances or
important applications. The significance of contributions includes the degree of initiative and creativity, the quality of work,
the degree of success obtained as well as the worldwide scientific impact on the Time and Frequency Community. This
award is sponsored by the Société Française des Microtechniques et de Chronométrie. The recipients are selected by the
Executive Committee of the EFTF.
2011 EFTF Award:
Dr. James C. Bergquist, NIST Time and Frequency Division
Citation: “For seminal contributions to high-resolution laser spectroscopy and frequency standards for over 30 years.”
EFTF Young Scientist Award:
The EFTF Young Scientist Award is conferred in recognition of a personal contribution that demonstrated a high degree of
initiative and creativity and lead to already established or easily foreseeable outstanding advances in the field of time and
frequency metrology. A prerequisite is that the work to be taken under consideration has been published in the
Proceedings of the European Frequency and Time Forum or the IEEE Frequency Control Symposium. The award honors
a person under the age of 40 at the date of the opening session of the 2011 EFTF-IFCS joint conference. The goal is to
encourage scientific endeavor and competition and to help young scientists along their career paths. This award is
sponsored by the Société Française des Microtechniques et de Chronométrie. The recipients are selected by the
Executive Committee of the EFTF.
2011 EFTF Young Scientist Award:
Dr. Tobias Kippenberg, Ecole Polytechnique Fédérale de Lausanne and Max Planck Institute for Quantum Optics
Citation: “For contributions to optical frequency metrology by the demonstration of
monolithic micro resonator frequency comb generators.”
EFTF Marcel Ecabert Award:
The Marcel Ecabert Award of the European Frequency and Time Forum (EFTF) is a lifetime award and honors the
excellent achievements of the recipient in the field of time and frequency. It is named after the late Marcel Ecabert,
founding member of the EFTF and member of its Executive Committee.
2011 EFTF Marcel Ecabert Award:
Dr. Giovanni Busca, KYTIME
Citation: “In recognition of a career successfully devoted to the development of atomic
frequency standards, and for his major contributions to the establishment of an industrial
infrastructure for ground and space clocks at European level.”
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Student Paper Competition Awards
Group 1: Materials, Resonators, & Resonator Circuits
“Mechanically-Coupled CMOS-MEMS Free-Free Beam Resonator Arrays with Two-Port Configuration”
Ming-Huang Li, National Tsing Hua University
Group 2: Oscillators, Synthesizers, Noise, & Circuit Techniques
“Effects of Volume and Frequency Scaling in AlN Contour Mode NEMS Resonators on Oscillator Phase Noise”
Matteo Rinaldi, University of Pennsylvania
Group 3: Microwave Frequency Standards and Applications
“CPT Pump-Probe Measurement of the Cs Clock Transition DC Stark Shift”
Jean-Luc Robyr, University of Fribourg
Group 4: Sensors & Transducers
“SAW-Thin-Film Acoustoelectric Effect in-Situ Observation and Measurement”
Brian Fisher, University of Central Florida
Group 5: Timekeeping, Time and Frequency Transfer, GNSS Applications
“Absolute Calibration of GNSS Time Transfer Systems : NRL and CNES Techniques Comparison”
Amandine Proia, CNES/BIPM
Group 6: Optical Frequency Standards and Applications
“Absolute Frequency Measurement of the 1S-2S Transition in Atomic Hydrogen Using a 900 km Remote
Frequency Reference”
Katharina Predehl, Max-Planck-Institue of Quantum Optics

Tutorials

8:30 a.m. ‐ 10:30
a.m.

10:30 a.m.‐ 10:45
a.m.
10:45 a.m. ‐ 12:45
p.m.

12:45 a.m. ‐ 1:45
p.m.
1:45 p.m. ‐ 3:45
p.m.

3:45 p.m. ‐ 4:00
p.m.
4:00 p.m. ‐ 6:00
p.m.

Seacliff A
Use of Kalman Filters in Time
and Frequency Analysis
John Davis, National Physical
Laboratory, Teddington, UK

Seacliff B
The Leeson Effect, Phase Noise
and Frequency Stability in
Oscillators
Enrico Rubiola, Femto‐St, CNRS
Break – Seacliff Foyer

Seacliff C
Theory and Analysis of MEMS
Resonators
Ville Kaajakari, VTI Technologies

Fundamentals of Kalman
Filtering and Applications to
GNSS
Mohinder Grewal, California
State University, Fullerton

Phase Noise Measurements
Craig Nelson, NIST Boulder

MEMS Resonators for Frequency
Control and Sensing Applications
Gianluca Piazza, Univ. of
Pennsylvania

Lunch – Hospitality Room
Principles of Atomic Clocks
Robert Lutwak, Symmetricom

Variance Measurements –
Practical Use – Statistics – Long
Term Prediction
Francois Vernotte, Besancon
Observatory
Break – Seacliff Foyer

Nanoscale Electromechanical
Resonators and Oscillators
Philip X. L. Feng, Case Western
Reserve University

Next‐Generation Frequency
Standards
Bruce Warrington, National
Measurement Institute

The Kalman Filter
Lorenzo Galleani, Politecnico di
Torino

Theory and Analysis of Quartz
Crystal Resonators
Yook Kong Yong, Rutgers University
and Ji Wang, Ningbo University,
China
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8:30 a.m. – 10:30 a.m.
Room: Seacliff A
Use of Kalman Filters in Time and Frequency Analysis
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Davis.pdf)
John Davis, National Physical Laboratory
Kalman filters have many applications both in time and frequency and in related topics, for example GNSS analysis.
In this tutorial an overview will be given of the Kalman filter and its relationship to other filters and smoothing algorithms. A
detailed description will be given of each element of the Kalman filter, with emphasis on the underlying physical meanings
and limited use of mathematics. A step by step description of the filtering process will then be provided.
There are several key applications of Kalman filters within time and frequency analysis. These include clock ensemble
algorithms, clock predictors and steering algorithms. The use within the Kalman filter of each of the well-known power law
noise processes will be examined. Models of clock and time transfer noise will be discussed in detail, along with the
treatment of periodic instabilities and linear frequency drift. Methods of testing Kalman filters using simulated data sets will
be demonstrated. Finally the concept of observability, which is of particular importance to clock ensemble algorithms, will
be examined.

8:30 a.m. – 10:30 a.m.
Room: Seacliff B
The Leeson Effect, Phase Noise and Frequency Stability in Oscillators
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Rubiola.pdf)
Enrico Rubiola, CNRS FEMTO-ST Institute
Simply stated, an oscillator consists of a loop in which a resonator sets the oscillation frequency and an amplifier
compensates for the resonator loss. The oscillation amplitude is set by clipping or other gain-saturation mechanism,
usually in the amplifier. When phase noise is introduced in the loop, the oscillator converts it to frequency noise through a
process of time-domain integration. The consequence is that the oscillator phase fluctuation diverges in the long run. This
phenomenon was originally referred as the “Leeson model” after a short article published by D. B. Leeson [1]. On my side,
I prefer the term “Leeson effect” in order to emphasize that it is far more general than a simple model [2].
The first part of this tutorial explains the phase-to-frequency conversion mechanism as a general phenomenon inherent in
the feedback, following an heuristic approach based on physical insight. There follow the relationships between the noise
of the internal components (sustaining amplifier, resonator, etc.) and the phase noise at the oscillator output, or
equivalently the frequency stability.
The second part is the analysis of the phase noise spectra found in the data-sheet of commercial oscillators: dielectricresonator oscillator (DRO), whispering gallery oscillator (WGO), 5–100 MHz quartz crystal oscillators, opto-electronic
oscillator (OEO). The analysis gives information on the most relevant design parameters, like the quality factor Q and the
driving power of the resonator, and the flicker noise of the sustaining amplifier.
The last part shows the derivation of the oscillator phase noise formulae from the elementary properties of the resonator.
Interestingly, the amplitude non-linearity, necessary for the oscillation amplitude to be stable, splits the resonator
relaxation time into two time constants. The approach shown in this last part is general. It applies to all oscillators,
including quartz, RLC, microwave cavity, delay-line, laser, etc.
This tutorial updates on the earlier editions, and also on the book [2] by including the AM noise and the impact of AM
noise on phase noise [3].
References
[1] D. B. Leeson, A simple model for feed back oscillator noise spectrum, Proc. IEEE 54(2) pp. 329–330, Feb. 1966.
[2] E. Rubiola, Phase noise and frequency stability in oscillators, Cambridge 2008 & 2010.
[3] E. Rubiola, R. Brendel, A generalization of the Leeson effect, April 2010 (48 pages).
arXiv:1004.5539 [physics.ins-det].
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8:30 a.m. – 10:30 a.m.
Room: Seacliff C
Theory and Analysis of MEMS Resonators
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Kaajakari.pdf)
Ville Kaajakari, VTI Technologies
Microresonators offer promise to integrate bulky analog and RF components on-chip enabling smaller form and reduced
system cost. MEMS resonators have been proposed as one-to-one replacements of macroscopic components such as
quartz crystals and SAW filters. Microresonator based oscillators have been demonstrated to meet the stringent phase
noise requirements of reference oscillators for wireless communication systems, and resonators have been demonstrated
to reach frequencies of over 2 GHz. While small may be desirable, scaling down the resonator also has unavoidable
physical limits. The
research work of past years allows critical evaluation of these limits and provides tools to analyze feasibility of different
microresonator applications.
In this course, we will cover the microresonator basics with the goal of understanding what are the practical applications
and limitations of the resonators. We start by modelling of the mechanical resonator with the goal of representing the
mechanical resonator as a circuit element (LRC resonator). First, the distributed resonator vibrations are represented with
a lumped element. Next, electromechanical coupling mechanisms (capacitive and piezoelectric) are introduced and
compared. The theory is expanded to include second order effects such as electrostatic spring softening and nonlinear
spring effects. As nonlinear effects effectively set the resonator power handling capacity, the estimation of the nonlinear
limit is of fundamental importance for estimating the fundamental limits for miniaturization. Finally, the mechanical
resonator and electromechanical transduction models are combined to an electrical equivalent circuit suitable for system
design.
In the second part of the tutorial, we compare the model parameters (e.g. motional resistance Rm, electromechanical
coupling coefficient kt2) for selected microresonators and commercial devices. These characteristics are compared to
application specific criteria.

10:45 – 12:45
Room: Seacliff A
Fundamentals of Kalman Filtering and Applications to GNSS
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Kaajakari.pdf)
Mohinder Grewal, University of California, Fullerton
This tutorial presents the fundamentals of Kalman filtering with application to GNSS. It addresses the subtleties,
problems, and limitations of estimation theory as applied to real world situations encountered in GNSS and navigation,
and provides application examples.

liii

10:45 a.m. – 12:45 p.m.
Room: Seacliff B
Phase Noise Measurements
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Nelson.pdf)
Craig Nelson, NIST Boulder
Noise is everywhere. Its ubiquitous nature interferes with or masks desired signals and fundamentally limits all electronic
measurements. Noise in the presence of a carrier is experienced as amplitude and phase modulation noise. Modulation
noise will be covered from its theory, to its origins and consequences. The effects of signal manipulation such as
amplification, frequency translation and multiplication on spectral purity are examined. Practical techniques for measuring
AM and PM noise, from the simple to complex will be discussed. Calibration of measurements and common problems and
pitfall will also be covered.
Craig Nelson is an electrical engineer at the Time and Frequency Division of the National Institute of Standards and
Technology. He received his BSEE from the University of Colorado in Boulder in 1990. After co-founding
SpectraDynamics, he joined the staff at the NIST. He has worked on the synthesis and control electronics, as well as
software for both the NIST-7 and F1 primary frequency standards. He is presently involved in research and development
of ultra-stable synthesizers, low phase noise electronics, and phase noise metrology. Current areas of research include
optical oscillators, high-speed pulsed phase noise measurements and phase noise metrology in the 100 GHz range. He
has published over 35 papers and teaches classes, tutorials, and workshops at NIST, the IEEE Frequency Control
Symposium, and several sponsoring agencies on the practical aspects of high-resolution phase noise metrology.

10:45 a.m. – 12:45 p.m.
Room: Seacliff C
MEMS Resonators for Frequency Control and Sensing Applications
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Piazza.pdf)
Gianluca Piazza, University of Pennsylvania
This tutorial will review the state-of-the-art in MEMS resonator technology that uses piezoelectric, electrostatic and
thermal transduction. Examples of some of the latest micromechanical resonators under development at Universities,
National Labs and industry will be provided. Device design, fabrication and performances will be discussed and compared
to commercially available resonators such as quartz crystals and surface acoustic wave devices. The utilization of these
resonators for frequency control applications such as filtering and high precision signal generation will be presented. In
addition, the ability of arraying these devices, fabricating them in large volumes and integrating them with electronics will
be emphasized in regards to new opportunities in the area of low power front-ends, channelizers and reconfigurable
circuits. Furthermore, the continuous miniaturization and frequency scaling of the MEMS and NEMS resonator technology
has enabled the utilization of these devices for the making of very sensitive, portable and
low-power sensor arrays. The tutorial will briefly review some examples of chem/bio resonant detectors from academia
and industry, and highlight the advantages that MEMS will bring to this space with respect to currently available solutions.
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10:45 a.m. – 12:45 p.m.
Room: Seacliff A
Principles of Atomic Clocks
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Lutwak.pdf)
Robert Lutwak - Symmetricom Technology Realization Center
Atomic frequency standards provide the ultimate source of accuracy and stability for all modern communications,
navigation, and time-keeping systems. Commercially-available “Industrial” atomic clocks, including cesium beam
frequency standards, rubidium oscillators, and hydrogen masers, are based on technology originally developed in the
1950’s. Since that time, technology evolution and field experience have led to a level of performance and reliability that
atomic clocks are now deployed throughout critical infrastructure applications.
Recently, for the first time in 50 years, a new type of atomic clock has transitioned from the laboratory into practical
application. Chip-Scale Atomic Clocks (CSAC) employ novel techniques for atomic confinement and interrogation,
combined with micro-electromechanical systems (MEMS) and modern electronics, to enable atomic timing accuracy in
portable battery-powered devices. While CSAC technology is yet relatively immature, already a new family of applications
has emerged in handheld communication systems, enhanced personal navigation systems, and remote sensing.
The tutorial will provide an introduction to industrial atomic clocks, focusing on mature technologies: rubidium oscillators,
cesium beam frequency standards, and hydrogen masers, as well as the emerging technology of CSAC.

1:45 p.m. – 3:45 p.m.
Room: Seacliff B
Variance Measurements – Practical Use – Statistics – Long Term Prediction
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Vernotte.pdf)
Francois Vernotte, Besancon Observatory
The seminar addresses the estimation of the error bars in the Allan variance, and explains why the upper half-bar in the
log-log ADEV plot is bigger than the lower half-bar (while it is a common belief that the lower half-bar is bigger).
Outline
- Practical Allan variance algorithms (with / without overlapping)
- Allan variance versus Allan deviation
- Statistics of the Allan variance and the Allan deviation: chi-squared and Rayleigh distribution
- How to estimate the number of equivalent degrees of freedom (edf) of an Allan variance/deviation measure?
- Probability Density Function and Cumulative Distribution Function of the Allan variance/deviation measures
- Confidence interval over the Allan variance/deviation measures
- Fitting curve over Allan variance measurement
- Link between noise levels and Allan variance response
- Estimation of the noise levels and their uncertainty from the fitting curve
- Extrapolation to very long term time stability
- How to increase the number of edf: the Total variance
- Generalization to the other variances.
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1:45 p.m. – 3:45 p.m.
Room: Seacliff C
Nanoscale Electromechanical Resonators and Oscillators
Philip Feng, Case Western Reserve University
Nanoscale devices with mechanical degrees of freedom offer compelling characteristics that make them not only
interesting tools for fundamental studies, but also intriguing candidates for technological applications. In particular,
nanoelectromechanical systems (NEMS) vibrating in their resonant modes provide promising opportunities and
advantages for developing novel transducers and sensors, in the previously inaccessible regimes. In fundamental
physics, recently there have been considerable interests and intensive efforts in exploiting such NEMS devices for
quantum measurements. In technology development, significant milestones have been achieved using prototypical
devices and systems, and rapid progresses are currently being made in resonant sensing; plus other interesting
applications are emerging. At the juncture from understanding fundamentals to creating practical technologies, there are
great challenges and also enormous opportunities for the engineering of NEMS resonators and oscillators.
This tutorial will give an introduction to fundamentals of NEMS and an overview of recent efforts in developing and
engineering nanoscale electromechanical resonators and oscillators. After discussing the basic ideas and fundamental
aspects of such devices, I shall introduce prototypes of devices enabled by the state-of-the-art nanofabrication
techniques, including both top-down and bottom-up approaches. Related and enabling materials, along with their
interesting properties and relevant challenges, will also be discussed. I will then discuss device characterization
techniques and introduce recent advances in very-high and ultra-high frequency (VHF/UHF) NEMS resonators and
oscillators, along with important challenges such as noise and integration. Finally, I will review and discuss some
representative areas of applications, latest highlights and new possibilities in this field, and their interesting and promising
interactions with a few of today’s mainstream technologies.

4:00 p.m. – 6:00 p.m.
Room: Seacliff A
Next‐Generation Frequency Standards
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Warrington.pdf)
Bruce Warrington, National Measurement Institute
Optical frequency standards have reached systematic uncertainties of a few parts in 10^17, equivalent to an error of a few
seconds accumulated over the lifetime of the universe, and are able to detect time dilation caused by a change in height
of less than one metre in the Earth's gravitational potential. Next‐generation microwave frequency standards are set to fly
aboard the International Space Station, testing relativistic red‐shift to a few parts per million and transferring time to
ground stations with picosecond‐level precision. How are these astonishing feats of ultra‐precise measurement achieved?
The presentation will cover a short history, some core techniques, and the two main approaches to realising an optical
frequency standard: single trapped ions and neutral atoms in optical lattices. Space‐borne microwave frequency
standards and linear ion traps will also be briefly described, as well
as the challenges in comparing standards across large distances. To conclude, we will
speculate on a redefinition of the SI second, currently defined with reference to cesium,
and on the frontier for the measurement of time and frequency.
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4:00 p.m. – 6:00 p.m.
Room: Seacliff B
The Kalman Filter
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides_Galleani.pdf)
Lorenzo Galleani, Politecnico di Torino
The motion of a satellite, the trajectory of an airplane, the position of a boat: all these quantities can be predicted
accurately and efficiently with a Kalman filter. Since its introduction half a century ago, the Kalman filter has revolutionized
the field of applied optimal estimation. Literally hundreds of applications have been made and the number is still growing.
Also atomic timing benefits greatly from the Kalman filter. GPS time, for instance, is generated by the Composite Clock,
an algorithm based on the
Kalman filter. In this tutorial we do two things. First, we define the Kalman filter by using a simple example, namely, the
motion of a boat. Second, we discuss a few applications of the Kalman filter to atomic timing, including the GPS
Composite Clock.

4:00 p.m. – 6:00 p.m.
Room: Seacliff C
Theory and Analysis of Quartz Crystal Resonators
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/FCSTutorial_2011_Resonator.pdf)
Yook-Kong Yong, Rutgers University
Ji Wang, Ningbo University
Quartz crystal resonators as a key element for frequency control and detection have wide applications in modern
electronics. The manufacturing technology of quartz crystal resonators have under gone tremendous changes in last few
decades with focused efforts on accuracy, stability, miniaturization and novel applications. These changes required
extensive investigations on improving the theory and analytical techniques as represented by improvements in the Mindlin
plate equations and the development of finite element analysis aimed at the analysis and design of novel structures of
resonators. The critical roles of traditional quartz crystal resonators have been targeted to be replaced by newer
technologies such as the surface acoustic wave (SAW) resonators, acoustic wave MEMS, and lately the film bulk acoustic
wave resonators (FBAR), but the sophistication of quartz crystal resonator technology itself has demonstrated the
continuing and sustainable presence of the traditional quartz resonator with improved performance and refined structure
for unique roles in many critical applications.
This tutorial will provide an overview of the needs of future development, design, and research of the quartz resonator
technology through an introduction of the material, basic theory, approximate equations, practical methods, and design of
the traditional resonator. The lecture will be presented to cover the following: 1) History and trends of quartz
crystal resonator technology, 2) Basic theory of wave propagation, 3) Quartz crystal material, 4) Mindlin plate equations,
5) Analytical considerations, 6) Finite element methods.

lvii

Panel Discussion
Subject: To What Extent Will Quartz be Squeezed Out By CSAC and MEMS?
Tuesday, May 3rd, 10:30 a.m. – 12:30 p.m.
Grand Ballroom B/C
Panelists:
Chair: John Vig, Consultant, USA
Jean-Pierre Aubry, Oscilloquartz, Switzerland
Martin Bloch, Frequency Electronics, Inc., USA
John Kitching, NIST, USA
Amit Lal, Cornell U., USA
Robert Lutwak, Symmetricom, Inc., USA
Gaetano Mileti, The LTF laboratory - University of Neuchâtel, Switzerland
Clark Nguyen, UC Berkeley, USA
During the past several decades, many billions of quartz crystal oscillators have been produced. The applications have
ranged from inexpensive clock oscillators to high stability devices for military and space applications. No technology has
been able to seriously compete with quartz - until recently. Now, competition to quartz is emerging. MEMS oscillators are
now competing with quartz at the low end, and, recently, the Chip Scale Atomic Clock (CSAC) has become available to
compete with some applications at the high end.
At last year’s Symposium, a panel of experts, together with an enthusiastic audience, debated the question, “To What
Extent Will MEMS Replace Conventional Quartz Resonators?” This year, a panel of experts will continue and extend the
debate to the question, “To What Extent Will Quartz Be Squeezed Out by CSAC and MEMS?” The panelists, who include
experts in atomic clocks, MEMS, and conventional quartz technologies, will compare the advantages and disadvantages
of the three technologies. Brief updates on the state of MEMS oscillator technologies and markets will be provided at the
start of the panel discussion.

lviii

Future Conferences

2012 IEEE International Frequency Control Symposium
19 - 24 May 2011 – Baltimore, Maryland, USA
www.ifcs2012.org

EFTF 2012 European Frequency & Time Forum
23-27 April 2012
Chalmers University of Technology, Gothenburg, Sweden
http://www.eftf2012.org/EFTF2012Home.htm
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Exhibitors

ACS is the proud producer of Lattice Etch, the only non-aqueous HF solution specifically
formulated for the etching (chemical milling and/or polishing) of crystalline quartz available
on the market. Lattice Etch provides superior etching performance with consistent and
predictable results. Used by leaders in the frequency control market for years to produce
high frequency fundamental quartz crystals.
http://adv-chem.com/

AMSystems designs and manufactures thin film processing equipment for the
industry, research labs and universities. Our equipment ranges from single wafer
R&D modules to production cluster tools. We provide a complete solution for
FBAR/SAW technologies, including thin film deposition and thickness uniformity
trimming. AMSystems can help build early prototypes utilizing our dedicated
equipment.
http://www.amssb.com

Anapico Ltd
Switzerland based Anapico Ltd is a innovative manufacturer of test equipment such
as signal source analyzers and low phase noise RF and microwave signal
generators. The displayed APPH6000 signal source analyzer measures phase noise
down to -190 dBc/Hz.
http://www.anapico.com/
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Brandywine Communications is the premier supplier of GPS and time code
based precision time and frequency products including wireline and wireless
telecommunication networks. Brandywine offers a full suite of Next Generation
synchronization, timing and monitoring products to maximize a telecom
network’s performance and flexibility to the network. Better timing and synchronization means better quality for voice,
video and data services.
http://www.brandywinecomm.com/

Time interval analyzers with 3 ps resolution and 4 million measurements per
second in modular instrument formats.
http://www.b-i-inc.com/

Discovery Semiconductors, Inc. is an industry leader in
manufacturing ultrafast, high optical power handling InGaAs
photodetectors, RF over fiber optical receivers, balanced optical
receivers and several custom products for applications ranging
from analog RF links to ultrafast digital communications. Discovery’s instrumentation includes their Lab Buddy, Highly
Linear Photodiode (HLPD), and Optical Coherent Receiver System.

http://www.discoverysemi.com

EndRun Technologies is the only provider of indirect-GPS disciplined
oscillators. Designed and manufactured in California, EndRun
synchronizes time and frequency systems using GPS or indirect-GPS
(indoor antenna with IS-95 CDMA). A wide variety of products are
available spanning from GPS fiber optic links, GPS inline pre-amplifiers,
NTP time servers, IEEE-1588 grandmaster clocks, primary time &
frequency references and distribution. The gem of the product line includes
the ultra-low-noise oscillator that provides the most precise and stable
GPS-derived frequency reference in the world. Guaranteed.
http://www.endruntechnologies.com/
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Frequency Electronics, Inc. is a world leader in the design, development and manufacture of high
precision timing, frequency control and synchronization products for space and terrestrial
applications. Frequency Electronics’ products are used in commercial, government and military
systems, including satellite payloads, missiles, UAVs, aircraft, GPS, secure radios, SCADA,
energy exploration and wireline and wireless communication networks.
http://www.freqelec.com/

GuideTech is a leading provider of precision test and measurement instruments for
scientific laboratories, development and volume manufacturing applications based on
its patented “Continuous Timing Interval Analyzer” (CTIA) technology. GuideTech's
multi-channel timing test systems substantially improve test throughput of Automated Test Equipment (ATE) systems
through fast measurement rates, greater accuracy, increased parallelism, and through critical high-speed timing test
coverage. The Company sells its PC-based timing instruments since 1988 into the scientific lab market to customers such
as NIST, NASA, CERN, US Naval Observatory, Northrop, Rolls Royce and other respected science organizations
worldwide. GuideTech’s PC products and test systems are available in ISA, PCI, PCIe, PXI, and PXIe. With very strong
R&D, the company is scheduled to launch 9 new products in 2011.
http://www.guidetech.com

Jackson Labs Technologies, Inc. designs and manufactures Precision Timing and
Frequency References including ground-breaking Chip Scale Atomic Oscillators
(CSACs) and ultra-miniature GPS Disciplined Oscillators. Our smallest product is
less than 1 inch square and consumes less than 0.5W, and our highest
performance product is slightly larger than a pack of cigarettes, and is based on a Cesium Vapor Atomic Reference for
ultra-fast warm-up, very low power, and very good holdover performance.
http://www.jackson-labs.com/

Noise XT is a high spectral purity instrumentation provider offering Phase and
Amplitude Noise Test Systems. Our products measure Absolute, Residual,
Added noise on CW and Pulsed signals with offsets up to 500MHz and on input
signals up to 140GHz. Our new product DCNTS exhibits the lowest noise floor of
the industry with down-to -195dBc/Hz performance. It is the only complete dual
phase noise test set with cross-correlation feature. Its unique signal processing
software allows very fast high performance measurements.
http://noisext.com/
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Pascall Electronics Ltd based on the Isle of Wight in England (UK) is a
leading supplier of RF & Microwave components, subsystems and custom
power supplies for aerospace, defence, marine and civil markets. Pascall has special expertise in providing industry
leading ultra low noise oscillators and frequency generators solutions covering VHF to X-band. Such devices are
particularly suited for radar, communication and high end test systems
http://www.pascall.co.uk/

Piktime Systems Ltd specializes in: *time transfer solutions for time scales
purpose, *high precision measurements of frequency and time, *distribution
of time signals and reference frequency. Our core product is time transfer
system TTS-4 which allows comparison of time scales and clocks on long distance. TTS-4 receiver is capable to carry
observations on all available frequencies for GPS, GLONASS and GALILEO. Our product offers high precision along with
comfortable and stable operation. Piktime Systems Ltd closely co-operates with The Astrogeodynamical Observatory
(AOS) of the Space Research Centre.
http://www.piktime.com/

Roth & Rau MicroSystems is a leading supplier of plasma and ion beam processing
systems for the semiconductor, MEMS, and sensor industries. Our “IonScan” frequency
trimming systems are widely used in SAW, BAW, and FBAR manufacturing for yield
maximization. We also offer a full range of precision thin film deposition and etching
systems for a broad range of processes, including Reactive Ion Etching (RIE), Plasma
Enhanced Chemical Vapor Deposition (PECVD), Ion Beam Etching (IBE) and Ion Beam
Sputter Deposition (IBSD), using our own in-house developed plasma and ion beam
sources.
http://www.roth-rau.de/konzern/microsystems/de/index.php

Sansei-Showa Co., Ltd produces production and test equipment for the Quartz
Crystal and Semiconductor industry.
http://www.sanseishowa.com/
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"Industry leader of test and manufacturing equipment for the frequency control industry." We make
measurement, temperature test, frequency adjustment, sorting and various other production
equipment for the frequency control industry.
http://saunders-assoc.com

Spectracom is a leading provider of time and frequency technology. Our
application-specific products are designed for synchronization and timing of
networks, systems and devices; calibration and test of precise frequency
instruments, and measurement of frequency signals. Products include sync tester/analyzers, GPS simulators, time and
frequency analyzers/counters, secure master clock synchronization systems, and more.
http://www.spectracomcorp.com/

SpectraDynamics, Inc. is a leading supplier of Time and Frequency Products with
exceptionally low noise and high stability. Our main product lines are Time and
Frequency Distribution Amplifiers, Frequency Synthesizers and Noise Measurement
Systems. SpectraDynamics, Inc. is proud to serve the Time and Frequency
community around the world.
http://www.spectradynamics.com/

Spectratime is a world's leader in high-performance crystal, rubidium, maser
and integrated GPS/GNSS reference clocks and related test instruments, by
offering smart, cost-effective and high-quality products for the telecom,
defense, broadcasting, instrumentation, and space industries.
http://www.spectratime.com/
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Symmetricom's precision frequency standards deliver exceptional performance
and unsurpassed accuracy, stability and reliability in the most challenging of
environments. Our hydrogen, cesium and rubidium standards and quartz
oscillators have supported more military communications, satellite ground stations,
metrology laboratories and test & measurement applications than any other precision frequency references in the world.
http://www.symmetricom.com/

T4Science is a world's leader in high-performance hydrogen maser clocks, by offering smart,
cost-effective and high-quality products and total support services for the multiple scientific
and GNSS space industries.

http://www.t4science.com/

XECO, Inc. is a manufacturer of quartz inverted mesa blanks offering many styles
and sizes of blanks both electroded and non-electroded from frequencies of 20 to
over 600 MHz fundamentals. For unique applications requiring special electrode
patterns or mesa shapes, XECO can produce blanks to your specifications with
minimal tooling fees. XECO exclusively uses swept quartz and a unique photolithographic process to produce blanks and
can offer the highest quality blank available on the market from an independent supplier.
http://www.xeco.net/

Technology-leader Zurich Instruments (ZI) designs and manufactures high performance
dynamic signal analysis instruments for advanced scientific research and leading industrial
applications. ZI products include lock-in amplifiers, phase-locked loops, instruments for
electrical impedance spectroscopy, and application specific pre-amplifiers. Headquartered in
Zurich, Switzerland, ZI was established in 2008. ZI customers are scientists and engineers in
leading research labs and organizations worldwide.
http://www.zhinst.com/
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Plenary Session Schedule
Welcome, Acknowledgements, & Information
(Clark Nguyen, Giorgio Santarelli, General Co-Chairs)
Technical Program Information
(Eric Burt, Patrick Gill, JPC Co-Chairs)
2012 IEEE-IFCS Announcement
2012 EFTF Announcement
IFCS IEEE Awards
(Andreas Bauch, Awards Chair)
Rabi Award
Cady Award
Sawyer Award
EFTF Award
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Acknowledgement of Recent IEEE Fellows
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Logistical Conference Information
(Clark Nguyen)
Adjourn
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Plenary Session Invited Talk

Quantum Information Processing and Atomic Clocks*
D. J. Wineland, NIST, Boulder, CO

Abstract:
For approximately the last fifteen years, the subject of quantum information processing (QIP) has occupied the efforts of
many laboratories, leading to logic gate implementations and demonstrations of basic protocols for universal quantum
computation. The potential strength of quantum computing derives in part from the exponentially-increasing size of state
space with the number of bits - when such “qubits” exist in superposition states. Primary drivers for this work include the
potential realization of efficient factoring (P. Shor) and unstructured searches (L. Grover), however these applications are
probably at least decades away. In the near term, simple elements of QIP can be applied to simulation of interesting
quantum systems or to metrology. For atomic clocks, simple logic gate protocols have been used to realize “quantum
logic spectroscopy” which has led to an Al+ optical clock with systematic uncertainty less than 1x10-17 (T. Rosenband et
al.). Particular entangled states created with QIP techniques can provide improved clock stability in certain
circumstances. Extensions of these techniques may also have more general spectroscopic applications.
* NIST work supported by ONR, AFOSR, IARPA, NSA, DARPA, and the NIST Quantum Information Program.

Bio:
DAVID WINELAND received a bachelor’s degree from Berkeley in 1965 and his Ph.D. from Harvard in 1970, under
Norman Ramsey. After a postdoctoral appointment at the University of Washington, under Hans Dehmelt, he joined NBS
(now NIST), where he is the leader of the Ion-Storage Group in the Time and Frequency Division at Boulder. The group’s
research has focused on laser cooling and spectroscopy of trapped atomic ions with applications to atomic clocks,
quantum-limited metrology, and quantum state control.

lxviii

Parallel Oral Session Schedule

Monday, May 2
Grand Ballroom B
A1L-A - Lattice Clocks I
Scott Diddams, NIST

10:50a.m. 11:10a.m.

11:10a.m. 11:30a.m.

INVITED: Trapping Induced
Frequency shifts by Comparison of
Two Sr optical lattice clocks at the 1017Level
Jérôme Lodewyck, et al.
LNE‐SYRTE
INRIM
Nicolaus Copernicus University
JPL

11:30a.m. 11:50a.m.

Higher‐Order Effects on the Clock
Transition 1S0 – 3P0 in Strontium
Atoms
Vitaly Pal’chikov, et al.

11:50a.m. 12:10p.m.

Reducing the Uncertainty of the Yb
Optical Lattice Clock
Andrew Ludlow
NIST
ECNU

12:10p.m. 12:30p.m.

Transition Frequency of the 698 nm
Clock Transition of 87Sr
Stephan Falke, et al.
Physikalisch‐Technische Bundesanstalt

10:50 a.m. - 12:30 p.m.
Grand Ballroom C
A1L-B - Silicon and CMOS MEMS
Resonators
Session Chairs:
Sheng-Shiang Li, National Tsing Hua
University
INVITED: Hybrid MEMS Resonators
and Oscillators
Sunil Bhave, Cornell University

A CMOS‐compatible 20MHz Poly‐SiGe
MEMS oscillator with low‐power
heating for stabilization over
temperature.
Roelof Jansen, et al.
IMEC
Mechanically-Coupled CMOS-MEMS
Free-Free Beam Resonator Arrays with
Two-Port Configuration
Ming-Huang Li, et al.
Institute of NanoEngineering and
MicroSystems
National Tsing Hua University
Bulk Modes in Single‐Crystal Silicon
Gavin Ho, et al.
ParibX, Inc
University of Denver
Georgia Institute of Technology

lxix

Seacliff Rooms
A1L-B - Time Transfer and Time Scales
Samuel Stein, Symmetricom
Aces MWL Status and Test Results
Marc Peter Hess, et al.
Astrium GmbH
Timetech GmbH
ESA/ESTEC
Single‐Frequency time and frequency
transfer with Galileo E5
María Del Carmen Martínez‐Belda, et al.
University of Alicante
Royal Observatory of Belgium
New realization strategy for UTC(PTB
Andreas Bauch, et al.
PTB
NUDT
Contribution to TAI frequency by a
travelling Primary Frequency Standard
Daniele Rovera, et al.
LNE‐SYRTE

Direct comparison of optical clocks
Using a telecommunication fiber link in
Tokyo
Miho Fujieda, et al.
National Institute of Information and
Communications Technology
The University of Tokyo

Parallel Oral Session Schedule (continued)

Monday, May 2
Grand Ballroom B
A2L-A - Fountain Clocks
Robert Lutwak, Symmetricom

1:30p.m. 1:50p.m

1:50p.m. 2:10p.m.

2:10p.m. 2:30p.m.

2:30p.m. 2:50p.m.

2:50p.m. 3:10p.m.

3:10p.m. 3:30p.m.

INVITED: Measuring the Blackbody
Radiation Shift – Comparisons
between Room Temperature and
Cryogenic (77K) Cs Fountains at
INRIM and NIST
T.P. Heavner, et al.
NIST
INRIM
Politecnico di Torino

Uncertainty evaluation of the
continuous cesium fountain frequency
standard FOCS‐2
Gianni Di Domenico, et al.
Université de Neuchâtel
METAS
Improved accuracy evaluation of the
NPL‐CsF2 primary frequency
standard
Ruoxin Li, et al.
Pennsylvania State University
National Physical Laboratory
Measurements with Multiple
Operational Fountain Clocks
Steven Peil, et al.
U.S. Naval Observatory
Quantitative Evaluation of Distributed
Cavity Phase Shifts to Improve the
Accuracy of SYRTE FO2
Jocelyne Guéna, et al.
LNE‐SYRTE
The Pennsylvania State University

1:30 p.m. - 3:30 p.m.
Grand Ballroom C
A2L-B - New Material Applications

Session Chairs:
Ralf Lucklum, Tech. Univ. of
Magdeburg
Piston Temperature Measurements
with SAW SensorsThomas Plum, et al.
Deutz AG
SENSeOR
Characterization of WO3 layers
deposited on Quartz and Lithium
Niobate SAW Resonators for the design
of gas sensors
M. David, et al.
Université deToulon var
Université Femto Besancon
Langasite SAW Tmperature and
oxygen multi-sensor
P. Zheng, et al.
National Energy Technology Laboratory
Carnegie Mellon University

Seacliff Rooms
A2L-C - Phase Noise Measurement and
Modeling
Warren Walls, US Naval Observatory
INVITED: Modeling Phase Noise in
Multifunction Subassemblies
Michael Driscoll, et al.
Northrop Grumman Electronic Systems

Vibration Isolation of
Acceleration‐Sensitive Devices
Joseph Donovan, et al.
Northrop Grumman Corporation

SAW Sensor Correlator System
Performance Parameters
Nikolai Kozlovski, et al.
University of Central Florida

Limited Live‐Time Measurements of
Frequency Spectra
David Howe, et al.
NIST

Thin Film Plate Acoustic Wave Based
Resonant (FPAR) Pressure Sensors
Emil Anderås, et al.
Uppsala University

Simplified Phase Noise Model for
Negative Resistance Oscillators
Jeremy Everard, et al.
University of York

Elasto‐Acoustic Properties of
ReCa4O(BO3)3 (Re=La, Pr, Nd, Y. Gd)
Piezoelectric Crystals
Thomas Shrout, et al.
Pennsylvania State University
Crystal Photonics Inc.

An integrated phase noise measurement
bench for the on‐chip characterization
of resonators and VCOs
Sylvain Godet, et al.
Axess Europe
LAAS‐CNRS
ST Microelectronics
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Parallel Oral Session Schedule (continued)

Tuesday, May 3
Grand Ballroom B
B1L-A - Ion Clocks
Eric Burt, JPL/NASA

8:30a.m. 8:50a.m.

8:50a.m. 9:10a.m.

9:10a.m. 9:30a.m.

9:30a.m. 9:50a.m.

9:50a.m. 10:10a.m.

10:10a.m. 10:30a.m.

Precision Calculation of Blackbody
Radiation shifts for Metrology at the
18th Decimal Place
Marianna Safronova, et al.
University of Delaware
PNPI
Joint Quantum Institute
Precision Calculation of Blackbody
Radiation shifts for Metrology at the
18th Decimal Place
Nils Huntemann, et al.
Physikalisch-Technische Bundesanstalt
Search for time-evolution of the fine
structure constant using two optical
transitions in a single Ion of 171Yb+
Steven King, et al.
National Physical Laboratory
Experiments with trapped thorium
ions: Towards an optical nuclear clock
with Th-229
Ekkehard Peik, et al.
Physikalisch-Technische Bundesanstalt

8:30 a.m. - 11:00 a.m.
Grand Ballroom C
B1L-B - Novel structures for MEMS
Resonators
Session Chairs:
Gianluca Piazza, University of
Pennsylvania
INVITED: Ferroelectric PZT RF
MEMS Resonators
Jeffrey Pulskamp, et al.
US Army Research Laboratory
Cornell University

Ultra High Frequency Air/Aluminum
Nitride Fractal Phononic Crystals
Nai-Kuei Kuo, et al.
University of Pennsylvania
A new acoustic resonator concept based
on acoustic waveguides using
Silicon/Periodically Poled
Transducer/Silicon structures for RF
applications
Florent Bassignot, et al.
FEMTO-ST
DGA
High-Q Factor in electrostrictive thin
Fflms resonators
Mathieu Pijolat, et al.
CEA LETI
FEMTO-ST
Motional Impedance of Resonators in
the Nonlinear Regime
Hyung Kyu Lee, et al.
Stanford University

lxxi

Seacliff Rooms
B1L-C- Two Way Optical and
Microwave Links
Mizuhiko Hosokawa, NICT
INVITED: Time transfer by laser link T2L2: Current Status and Future
Experiments
Etienne Samain, et al.
Observatoire de la Côte d'Azur
CNES

Construction Progress in the Photon
Counting Detector for the European
Laser Timing Experiment
Jan Kodet, et al.
Czech Technical University in Prague
CSRC
TWSTFT Experiment by Employing
Dual Pseudorandom Noise (DPN)
Codes between NICT and TL
Shinn-Yan Lin, et al
Chunghwa Telecom
National Tsing Hua University
Transatlantic 2.5 MChip/S Two-Way
Satellite Time and Frequency Transfer
with Surface Acoustic Wave Filters
Victor Zhang, et al.
NIST
LNE-SYTRE
Dual-Stage Quad-Mixer Satellite
Simulator for TWSTFT
Faisal Ali Mubarak, et al.
Dutch Metrology Institute

Parallel Oral Session Schedule (continued)

Tuesday, May 3
Grand Ballroom B
B2L-A - Combs
Scott Crane, USNO

1:30p.m. 1:50p.m.

INVITED: The evolving optical
frequency comb: Expanding
applications for a precision optical
frequency synthesizer
Scott Diddams, et al.
NIST

1:50p.m. 2:10p.m.

2:10p.m. 2:30p.m.

2:30p.m. 2:50p.m.

Carrier-envelope phase stabilization
with as little As 120 pJ Laser Pulse
Energy (10 mW at 80 MHz) with a
new method
Peter Hommelhoff, et al.
Max-Planck-Institut für Quantenoptik
INVITED: Chip Scale Optical
Frequency Combs
Tobias Kippenberg, et al.
EPFL
MPQ

2:50p.m. 3:10p.m.

3:10p.m. 3:30p.m.

Low-Noise Near-Infrared Optical
Frequency Comb from a Solid-State
Femtosecond Laser
Stéphane Schilt, et al.
Universite de Neuchatel
ETH Zurich

1:30 p.m. - 3:30 p.m.
Grand Ballroom C
B2L-B - Liquid Sensors

Session Chairs:
Fabien Josse, Marquette University

Seacliff Rooms
B2L-C- Frequency Synthesis & CMOS
Oscillators
Jeremy Everard, University of York

Surface Functionalization and
Monolayer Formation on Silicon
Resonant Nanoballances
Babak Tousifar, et al.
University of Denver
Damping and Mass Sensitivity of
Laterally Vibrating Resonant
Microcantilevers in Viscous Liquid
Media
Russell Cox, et al.
Marquette University
Georgia Institute of Technology
Universite de Bordeaux
Liquid Sensor Utilizing a Regular
Phononic Crystal with Normal
Incidence of Sound
Ralf Lucklum, et al.
Otto-von-Guericke-University
Wuhan University

INVITED: A History of the
Development of CMOS Oscillators: the
Dark Horse in Frequency Control
Michael McCorquodale, et al.
Integrated Device Technology

Influence of Ambient Parameters on
the Response of Polymer-Coated ShSurface Acoustic Wave Sensors to
Aromatic Analytes in Liquid-Phase
Detection
Florian Bender, et al.
Marquette University
Stanford University
Surface Acoustic Wave Flow Sensor
Yizhong Wang, et al.
University of Pittsburgh
Peking University

Design and Performance of the RF
Synthesiser for the ELISA cryocooled
Sapphire Oscillator
Wolfgang Schaefer, et al.
TimeTech GmbH
FEMTO-ST
European Space Agency

Solidly Mounted Resonators with
Carbon Nanotube Electrodes for
Biosensing Applications
L. Garcia-Gancedo, et al.
University of Cambridge
Universidad Politecnica de Madrid
University of Bolton
University of Cambridge
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A Highly Stable CMOS
Self‐Compensated Oscillator (SCO)
Based on an LC Tank Temperature
Null Concept
Ayman Ahmed, et al.
Si-Ware Systems

A 4.6 GHz, 15 mW Frequency
Synthesizer CMOS ASIC with MilliHertz Frequency Resolution for
Miniature Atomic Clocks
Yazhou Zhao, et al.
Ecole Polytechnique Fédérale de
Lausanne
ASULAB
A Novel High Frequency Synthesizer
Using Injection-Mode Coupled VCSO
for Low Jitter and Low Noise
Applications
Ulrich Rohde, et al.
University of Cottbus
Synergy Microwave Corp

Parallel Oral Session Schedule (continued)

Grand Ballroom B
C1L-A - : Local Oscillators &
Resonators

8:30a.m. 8:50a.m.

Patrick Gill, NPL
INVITED: Sensitivity Training for the
Laser Interferometer Space Antenna
(LISA) Mission
William Klipstein, et al.
California Institute of Technology

8:50a.m. 9:10a.m.

9:10a.m. 9:30a.m.

9:30a.m. 9:50a.m.

9:50a.m. 10:10a.m.

10:10a.m. 10:30a.m.

Laser stabilization at the 10‐16 level
Yanyi Jiang, et al.
East China National University
NIST
University of Colorado
Robust, portable ultra‐stable lasers
for non‐laboratory applications
David Leibrandt, et al.
NIST
Force‐insensitive Fabry‐Perot etalon
Stephen Webster, et al.
National Physical Laboratory
Frequency‐stabilization to 6x10‐16 via
spectral‐hole burning
Michael Thorpe, et al.
NIST

Wednesday, May 4
8:30 a.m. - 10:30 a.m.
Grand Ballroom C
Seacliff Rooms
C1L-B - Optimized and Tunable
C1L-C- Celebrating Kalman Filter 50th
MEMS Resonators
Anniversary
Session Chairs:
Yoonkee Kim, US Army
Demetrios Matsakis, USNO
3.2 GHz AlN Lateral Overtone Bulk
INVITED: Applications of Kalman
Acoustic Resonator
Filtering from 1960 to Present
Songbin Gong, et al.
Mohinder Grewal, California State
University of Pennsylvania
University
Tunable Silicon Bulk Acoustic
Resonators with Multi‐Face AlN
Transduction
Roozbeh Tabrizian, et al.
Georgia Institute of Technology
Reduced Kalman Filters for Clock
Voltage‐Controlled Phase Matching to
Ensembles
Optimize Micromechanical
Charles Greenhall, California Institute of
Array‐Composite Resonator Output
Technology
Power
Mehmet Akgul, et al.
University of California at Berkeley
Acoustic Bragg Reflectors for
A Kalman Filter UTC(k) prediction
and steering algorithm
Q‐Enhancement of Unreleased MEMS
John Davis, et al.
Resonators
National Physical Laboratory
Wentao Wang, et al.
MIT
Tunable Piezoelectric MEMS
Synchronizing Computer Clocks using
Kalman Filters
Resonators for Real‐Time Clock
Judah Levine, NIST
Diego Emilio Serrano, et al.
Georgia Institute of Technology
Linear Acoustic Bandgap Arrays for
Using the Kalman filter to detect time
Spurious Mode Suppression in
and frequency jumps in atomic clocks
Lorenzo Galleani, et al.
Piezoelectric MEMS Resonators
Logan Sorenson, et al.
Politecnico di Torino
Georgia Institute of Technology
INRIM
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Parallel Oral Session Schedule (continued)

Grand Ballroom B
C2L-A - : Microclocks & Novel
Concepts

10:50a.m. 11:10a.m.

11:10a.m. 11:30a.m.

11:30a.m. 11:50a.m.

11:50a.m. 12:10p.m.

John Kitching, NIST
Dark Line Resonances in Cs‐Ne
microcells for Chip Scale Atomic
Clocks
Rodolphe Boudot, et al.
FEMTO‐ST
All‐Optical Integrated Rubidium
Atomic Clock
Lute Maleki, et al.
OEwaves Inc
The Aerospace Corp
Low‐power chip‐scale Rubidium
Plasma Light Source for Miniature
Atomic Clocks
Vinu Venkatraman, et al.
École Polytechnique Fédérale de
Lausanne
University of Neuchâtel
MOT Loading Enhancement with
Stimulated Light Forces
Tara Liebisch, et al.
NIST
CPT pump‐probe measurement of the
Cs clock transition DC Stark shift
Jean‐Luc Robyr, et al.
University of Fribourg

12:10p.m. 12:30p.m.

Wednesday, May 4
10:50 a.m. - 12:30 p.m.
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the internal atomic energy levels that is linear in lattice laser
intensity. However, their spatial dependence in a lattice
formed by the interference of several traveling waves does not
match the one of the main dipole electric term. This in turn
leads to a change of the oscillation frequency in the lattice
potential wells and thereby of the spacing of the atomic
external energy levels. This effect is expected to differ for
both clock states. The net M1/E2 frequency shift of the clock
frequency scales as U01/2 and again cannot be compensated for
by tuning the lattice frequency. In Ref. it is argued that this
effect could be as large as 10−16 for U0 = 50 Er,! We perform
the first experimental study of the M1/E2 effect showing that
it is controllable to within 10−17 even for U0 as large as 700 Er.

Abstract— We present a comprehensive study of the frequency
shifts associated with the lattice potential in Sr lattice clocks. By
comparing two such clocks with a frequency stability better than
5.10−17 after one hour of averaging time, and varying the lattice
depth up to U0 = 900 Er with Er being the recoil energy, we
evaluate lattice related shifts with an unprecedented accuracy.

Three different types of frequency shifts induced by the
lattice have been identified as potential limitations to the
accuracy of optical lattice clocks [1]. The first one is related to
the non scalar feature of the atom-lattice interaction, which
results from the atomic hyperfine structure [1,2]. It induces a
small vector and tensor component in the confinement
potential. In addition to the intensity dependence, this makes
the light shift slightly dependent on the lattice polarization and
geometry. We report the first observation of these effects in a
Sr lattice clock and measure them with percent accuracy. We
also show that the tensor effect can be used to operate a clock
with 87Sr in an optimal 3D lattice.
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In order to reduce this limitation, several improvements
could be made: reducing the LO frequency noise that is
aliased, achieving a higher duty cycle with longer probe times
or reduced dead time [2], or choosing a form of spectroscopy
which is less sensitive to the aliasing process (e.g. shortpulse Ramsey spectroscopy). All of these are useful from a
practical perspective. However, by improving the LO laser
coherence and stability, we can achieve both reduction of
the LO frequency noise and longer probe times. In order
to improve the LO stability, the level of Brownian thermal
noise in the optical cavities used for laser stabilization must
be reduced. When stabilizing a laser to an optical cavity, the
thermal-noise limited laser instability dominated by the cavity
mirrors [3] is given by:
s


4kb T 1 − σ 2
2 1 − 2σ d
σtherm = ln2 3/2
φsub + φcoat √
Ew0 L2
π 1 − σ w0
π
(1)
Here, σ, E and φsub are Poisson’s ratio, Young’s modulus and
the mechanical loss for the mirror substrate, and φcoat and
d denote the mechanical loss and thickness of the thin-film
reflective coating. w0 is the laser beam size on the mirror, T
is the mirror temperature (K), kB is Boltzmann’s constant and
L is the cavity length. In order to improve laser stabilization
by reducing the thermal noise, we designed a cavity with
length L = 29 cm, fused silica substrates with low mechanical
loss (φsub ≈ 10−6 ) and a somewhat large beam size using
mirrors with a somewhat longer radius of curvature (R = 1
m). For these parameters, the thermal-noise-limited fractional
frequency instability is 1.4 × 10−16 .
To reduce acceleration-induced cavity length changes, the
optical cavity sits horizontally on four symmetrically placed
Viton hemispheres [4], [5]. The precise support position is
optimized to reduce the vertical acceleration sensitivity. Figure
1 shows the vertical acceleration sensitivity as a function
of support position, indicating both finite-element simulation
results as well as experimentally measured sensitivities. Simulation results are also shown for cavity acceleration sensitivity
offset from the cavity optical axis. The measured sensitivity
reaches as low as 7 kHz/(ms−2 ) at the laser wavelength of
578 nm. The experimental measurement also includes weak,
incidental acceleration in the horizontal dimensions. During

Abstract—We report results for improving the stability and
uncertainty of the NIST 171 Yb lattice clock. The stability improvements derive from a significant reduction of the optical Dick
effect, while the uncertainty improvements focus on improved
understanding and constraint of the cold collision shift.

I. I NTRODUCTION
Optical lattice clocks have potential for achieving time and
frequency measurement at unprecedented levels of accuracy
and stability. However, to date these young systems are far
from reaching this potential. Here, we describe efforts to mitigate effects which, left unresolved, pose significant obstacles
to achieving these levels of performance. To improve the clock
stability, we reduce the optical Dick effect. To improve the
eventual accuracy of this system, we probe cold collisions
between the lattice-confined atoms.
II. R EDUCING THE OPTICAL D ICK EFFECT
The fundamental limit to the instability of an atomic frequency standard is given by the quantum projection noise
(QPN). For an optical atomic clock that probes a large
ensemble of quantum absorbers, the QPN limit can be quite
low. For example, for a Yb or Sr lattice clock with 105 atoms, a
1 Hz transition linewidth, and a cycle time of Tc = 1 second,
the QPN instability limit is below 10−17 at 1 s. However,
while such clocks have resolved optical transition linewidths
approaching 1 Hz, the instability of these systems is much
higher than indicated above. Instead, the fractional frequency
instability is such that it would require significantly more than
104 seconds to reach the 10−17 level. This is because these
systems are usually limited by the Dick effect [1], i.e. as
the atoms are periodically interrogated by the local oscillator
(LO) with a period of Tc and for a probe duration of Tp , the
frequency noise of the LO is downsampled onto the transition
spectrum and contaminates the clock stability. In this way, the
frequency noise, the probe time Tp , and the cycle time Tc all
influence the magnitude and downconverted Fourier frequency
of the aliased noise and thus the stability degradation. The
previous operating conditions for our Yb lattice clock were
Tp =
√ 0.08 s and Tc > 0.5 s. With a frequency noise of 0.5
Hz/ Hz at a Fourier frequency of 1 Hz, this led to a Dicklimited instability of 1-2 × 10−15 at 1 s.
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While the use of fused silica mirrors helps reduce Brownian
thermal-mechanical noise, it makes the cavity more susceptible
to thermal expansion. However, a balance between the thermal
expansion of the cavity components can be achieved, and we
have been able to demonstrate operation of these cavities at
the zero crossing of the coefficient of thermal expansion. This
is done at a temperature conveniently just above ambient [6].

While the presence of many atoms in the optical lattice is
desirable for low clock instability due to quantum projection
noise, another consequence of large atom number is high
number density which can lead to significant interactions
between the atoms. These interactions can shift the clock
transition frequency and in so doing can potentially compromise the absolute uncertainty of the optical standard. Non-zero
interactions in a 171 Yb optical lattice clock were first observed
using one-pulse Rabi spectroscopy [7]. More recently, we have
studied the resulting cold collision shift of the clock transition
using two-pulse Ramsey spectroscopy, for atoms confined both
in a one- and two-dimensional optical lattice. The choice
of Ramsey spectroscopy was driven by simplification: the
interactions yielding the collision shift occur primarily during the Ramsey dark time, when the atomic population is
not simultaneously being driven by the probing laser field.
By studying the collision shift as a function of excitation
fraction, sample inhomogeneity, and Ramsey dark time, we
have determined that the collisions responsible for the shift
are dominated by p-wave interactions between a ground and
excited state atom pair [8].

By comparing two independent cavity systems, we measured the frequency noise spectrum of the cavity-stabilized
laser as shown in Figure 1. The red line is the thermal
noise limit for each reference cavity. Up to several Hz, the
laser frequency noise is close to the thermal noise limit.
This low level of frequency noise in turn reduces the aliased
noise contributing to the Dick effect. Furthermore, the reduced
frequency noise spectrum yields laser coherence times which
allow us to extend our clock probe time up to 1 second. For
a more conservative operating condition
of Tp = 0.3 s, the
√
Dick instability is at 1.5 × 10−16 / τ , for measurement time
τ . This constitutes an order of magnitude improvement over
our previous Dick limit, and enables a significant improvement
of the clock stability. By using the narrow atomic transition
as a frequency discriminator, we have made measurements
√
consistent with a clock instability at the 5 × 10−16 / τ
fractional frequency level [6].

We have been able to identify regimes where the cold collision shift can be canceled, which is metrologically interesting
for clock operation. One such case is given by controlling the
excitation fraction just above 50%, where the shift on each
clock state is the same. By operating at these conditions, the
collision shift was measured to be consistent with zero at or
below the 10−17 fractional frequency level. Figure 2 highlights
such a measurement, showing the frequency instability of the
measured collision shift. This data is taken by stabilizing the
probe laser to interleaved samples of high and low atomic
density, and measuring the frequency shift between the two
cases. Due to the clock stability improvements described in
section II, we are able to measure the shift at the 10−17 level
with only several thousand seconds of measurement time. This
measurement emphasizes the potential of the Yb lattice clock
for very high measurement stability, as well as high accuracy
through control of the cold collision shift.
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Fig. 1. top: Vertical acceleration sensitivity of the optical cavity. Experimental
measurement (blue diamonds), simulation results (red triangles), simulation
results for 250 µm removed from the cavity optical axis (black squares). The
support position, d, is measured from where the cavity taper begins. bottom:
Measured frequency noise spectrum for the laser locked to the fully-isolated
cavity. The solid red line gives the theoretical prediction of the Brownian
thermal noise.

normal operation, the reference cavities sat on vibration isolators.
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Hybrid MEMS Resonators and Oscillators
10× reduction in power consumption of direct-conversion
radio receivers.
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Building of initial pioneering work at Berkeley and Delft,
we demonstrated solid-dielectric transduced thickness shear
mode MEMS resonators with 807 MHz center frequency,
motional impedance RX < 100: and Q’s > 7,000 [1]. We have
developed ‘orthogonal frequency tuning’ technique for
independently changing the series and parallel resonant
frequencies of dielectrically transduced thickness shear mode
resonators. Using this technique our channel-select filter array
is capable of dynamically tuning center frequency and filter
bandwidth, thereby reducing capacitive loading at the filter
input. This enables reception of multiple waveforms, and leads
to substantial reduction in the number of filters in nextgeneration frequency-agile transceivers [2].

Abstract— With quality factors (Q) often-exceeding 10,000,
vibrating micromechanical resonators have emerged as leading
candidates for on-chip versions of high-Q resonators used in
wireless communications systems. However, as in the case for
transistors, extending the frequency of MEMS resonators
generally entails scaling of resonator dimensions. Unfortunately,
smaller size often coincides with lower-power handling
capability and increased motional impedance. In this paper we
introduce novel transduction techniques which can improve the
motional impedance of MEMS resonators by 1000× over
traditional 'air-gap' transduced resonators, present latest results
on narrow-bandwidth parametric filters for frequency-agile
radio receivers, and discuss performance scaling of NEMS
resonators to X-band frequencies.

I.

The thickness shear mode resonators have high Q and low
RX. However, their second-order dependence on CAD-defined
dimensions severely limits the frequency design space.
Contour-mode resonators can be designed across a much
wider frequency range but have minimal tuning capability [3].
We have invented, designed and demonstrated a digital tuning
technique for a filter consisting of mechanically coupled
contour-mode resonators. By altering the polarization voltage
applied to each resonator in the array we can digitally change
the filter center frequency and alter the bandwidth from 1.4
MHz to 700 kHz (Figure 1) [4]. Unlike the analog voltage
tunable shear-mode filters, the digitally-tunable filters are
significantly less sensitive to variations and noise on the DC
polarization voltage. We also proposed and demonstrated a 2D
filter arraying technique to make the filters less susceptible to
process variations [5]. We worked with Professor Tom
Kenny’s group at Stanford and developed an epi-silicon
encapsulation process for vacuum packaging our resonators
and filters in milli-Torr, clean micro-environment (Figure 2)
[6].

INTRODUCTION

Maturity in micro-electro-mechanical systems (MEMS)
fabrication technology has opened the opportunity to design
high
quality
factor
(Q)
mechanically-coupled
micromechanical structures capable of implementing ultralow-power frequency-domain signal processing functions. We
endeavor to demonstrate new and high-impact micro-electromechanical circuits using such mechanically-linked networks.
In the OxideMEMS Lab we have invented new mechanical
designs and efficient transducers to manufacture MEMS
resonators with high resonance frequency, low motional
impedance, strong transducer coupling coefficient, low bias
drift and large tuning range. We characterized and cataloged
these resonators, developed and verified butterworth van-dyke
(BVD) resonator models, investigated their coupling
mechanisms to demonstrate channel-select filters, and
explored inter-domain coupling to design merged resonant
body transistors.
II.

Dielectric-transduction enables us to design high-Q, low
impedance resonators and filters. However, dielectric
transducers have very small bandwidth (< 0.2%), preventing
them from being used for wide bandwidth IF filters.
Aluminum Nitride (AlN) has been used to fabricate IF filters
with 2% band-width, however these are fixed-frequency
filters. We collaborated with Army Research Labs and codeveloped voltage tunable ferroelectric contour-mode
resonators and filters using lead zirconate titanate (PZT)-onSilicon technology [7]. We have demonstrated resonators with
5% center frequency tuning and impedance < 100:. At
MEMS 2009 we demonstrated the first monolithic, frequency

DIELECTRICALLY TRANSDUCED RESONATORS

Modern wireless transceivers are designed under a
mandate to minimize the use of off-chip passive devices.
However, the increasingly-crowded radio spectrum and the
impending arrival of next generation 7-band cellular phone
and the joint task force radio system (JTRS) has necessitated
front-end filters capable of eliminating both out-of-band and
out-of-channel interferers. Such channel-select filters will also
relax the dynamic range requirements of the LNA and the
phase noise requirements of the local oscillators, leading to a

978-1-61284-110-6/11/$26.00 ©2011 IEEE

5

agile, channel-select filter bank integrating RF MEMS PZT
switches with PZT-on-Silicon contour-mode filters (Fig 3) [8].
III.

and piezo-resistive detection, in which carrier mobility is
dynamically modulated by elastic waves in the resonator. We
demonstrated piezo-resistive sensing of silicon-based
dielectrically transduced resonators with 1.6% frequency
tuning and control of piezo-resistive trans-conductance gm by
varying the current flowing through the device [11].
Furthermore at Transducers’09, we demonstrated selective
excitation of targeted harmonics in poly-silicon dielectrically
transduced bar resonators by varying dielectric position in the
resonator body (Figure 5). We also showed frequency scaling
behavior, with improved transduction efficiency at higher
frequency. RF resonators up to 6.2 GHz were demonstrated,
with f·Q products up to 3.1×1013 [12]. The high Qs measured
in these resonators indicates the ability to scale resonators to
high frequency without compromising f·Q product.

AQUEOUS TRANSDUCTION

The frequencies of contour mode resonators are defined by
CAD-defined lateral dimensions and can cover frequencies
from 40 MHz – 2.4 GHz. But unlike shear mode resonators,
the frequency expressions for contour modes and flexural
vibration modes do not directly couple. It is therefore more
difficult to perform orthogonal frequency tuning of contour
mode resonators. BioMEMS groups have recently
demonstrated that by using an LO signal that is faster than the
response time of a polar fluid, it is possible to prevent
electrode polarization and double-layer formation, enabling
electrostatic transduction in liquid media. To determine
whether the same approach enhances the performance of
contour-mode RF MEMS resonators, we used an air-gap polySiGe disk resonator and submerged it under a water droplet.
However, immersing the resonator in water caused excessive
mass-loading and Q losses resulting from viscous drag. To
eliminate mass-loading and viscosity effects of the waterdroplet on the resonator, we coated the resonators with a
hydrophobic, non-conformal self-assemble monolayer (SAM).
We rolled a water droplet over the resonator such that it had
enough time to wick the nano-gaps, but greatly reduced the
chance of water seeping under the resonator. We were
surprised to measure Q > 3,000 and motional impedance RX <
4.2 k:, reduced from 510 k: with air-gap transduction.
Replacing air in the sub-micron transducer gap with DI water
enhanced the electrostatic spring by > 50× and extended the
tuning range to 3%, the highest tuning-range reported for
contour-mode resonators [9] (Figure 4).
IV.

The initial calculations for optimizing internal dielectric
transduction assumed the silicon and dielectric transducers
had similar acoustic velocity and Young’s modulus. Recently,
we refined and published a complete theoretical treatment
without such assumptions and provided correction factors for
optimally designing the internal dielectric transduced
resonators [13].
V.

RESONANT BODY TRANSISTOR

The Resonant Body Transistor is a NEMS resonator
integrating a sense transistor directly into the resonator body,
geometrically similar to a suspended (HF undercut and
released) split-gate FinFET, as shown in Figure 6. The region
in light grey in Figure 6 represents the active region of the
resonator, while the dark grey region is highly doped. The
active region near the drive electrode is biased into
accumulation (red), so that a large capacitive force acts across
the thin dielectric film (yellow), driving longitudinal resonant
motion in the body. A gate voltage is applied to the opposing
electrode, generating an inversion channel (blue) which
results in a DC drain current. At resonance, elastic waves
formed in the resonator modulate the drain current both by
physically changing the gate capacitance and by piezoresistive modulation of carrier mobility. The internally
amplified RBT has significantly lower output impedance than
capacitive detection mechanisms, simplifying impedance
matching with active circuits.

INTERNAL DIELECTRIC TRANSDUCTION

Placing the dielectric or ferroelectric transducer on top of
the resonator avoids the dielectric from hindering the
contour-mode resonator vibration. However, such transducers
suffer from two inefficiencies – the Poisson’s effect and
improper placement of the dielectric above regions of
minimal strain. Both affect the effective coupling coefficient,
and fractional bandwidth of the resonator. In the
OxideMEMS lab we developed the concept of internal
dielectric transduction, in which dielectric transducers are
incorporated directly into the resonator body. With dielectric
films positioned at points of maximum strain in the resonator,
this transduction improves in efficiency with increasing
frequency, enabling resonator scaling to previously
unattainable frequencies. Using internal dielectric
transduction in longitudinal-mode resonators, we have
demonstrated a frequency-quality factor (f.Q) product of
5.1×1013 [10].

The RBT was designed and fabricated at CNF. Using internal
dielectric transduction for driving the resonator into acoustic
resonance, the RBT uses a field-effect transistor embedded
into the resonator to detect resonance. We demonstrated an
11.7 GHz RBT with a Q > 1,800 in vacuum (Figure 6) [14].
This is by far the highest frequency ever measured in silicon.
Moreover, due to its use of internal dielectric transduction, the
RBT promises to scale favorably to 60GHz.

We measured these resonators by capacitively driving and
sensing acoustic vibrations in the device. However, capacitive
detection often requires 3-port scalar mixer measurement,
complicating monolithic integration of the resonators with
CMOS circuits. The internal dielectric bulk-mode resonators
can be utilized in a 2-port configuration with capacitive drive
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Figure 1.a: Four series mechanically-coupled
checkered-electrode resonators. Each
resonator has individually addressable
RF+DC lines. The silicon device layer is an
RF ground to prevent substrate losses. All RF
paths are metalized, routed on an elevated
oxide bridge to reduce capacitance and deg off DRIE trench.
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Figure 1.b: Transmission response of three filters after
termination using the PNA’s pole-Z conversion function.
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Fig. 2.a: SEM of the fabricated resonator. The zoom-in picture
of middle part shows the thin poly electrode on top of the
resonator bar. The zoom-in picture of left part shows electrical
contact between epi-silicon and device layer.
layer

Fig. 2.c: Transmission response using 2-port measurement.
Capacitive feed-through masks the electromechanical
resonance.
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Fig. 2.d: Transmission response using pseudo-differential
measurement technique to cancel capacitive feed-through.
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Fig. 2.b: Schematic of the pseudo-differential measurement.
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Fig. 3.a: SEM of a monolithically integrated single pole dual
throw PZT MEMS switch and two PZT contour mode filters.

Fig. 3.b: SEM and S21 data at 0 volts (OFF) and 7 volts (ON)
for the PZT RF MEMS switch.

Fig. 3.c: (a) S21 response for an integrated SP2T switch and filter with the switch in the off-state (0 V), (b) S21 response for the left
switch and filter with the switch on (7 V) and with 10 VDC applied to the filter, and (c) S21 response for the right switch and filter
with the switch on (7 V) and with 10 VDC applied to the filter.
(a)
(a)
Tuning Range: 0.1%
Water drop rolling over resonator

Anchor failure. Onset
of pull-in

Water left behind in gap

( )
(b)
(b)
Tra
ansmission (dB)

-30
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Q = 3800
VP = 5V

-40
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-45
45
-50
41.9

42.0
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42.2
Frequency (MHz)
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Figure 4.b. (a) 0.1% resonant frequency tuning of the air-gap
transduced disk resonator before anchor failure, (b) In
DI water, the resonator is tuned up to 3%, before the onset
of electrolysis.

Figure 4.a. (a) Schematic of water droplet rolled across the
resonator, wicking the transducer gap, but minimizing the
water left underneath the resonator (b) transmission
response: Q of 3,800 at 42 MHz with Rx = 3.9 k:
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Fig.5.a. left: SEM of
6.2 GHz polysilicon
bar resonator (4.3 x 40
x 2 ȝm). top: SEM of
resonator cross
section, showing 15nm
solid nitride film.
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Fig.5.c. Cross section of resonator showing
dielectric (yellow), with normalized mode
shapes of 3rd and 9th harmonics of
longitudinal resonance (1D in-plane
motion).
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Fig.5.d. Motional impedance vs. position of dielectric transducer in 3rd and 9th harmonics of 8 different resonators. Selective positioning
of dielectric can excite M only 9th harmonic at 4.72 GHz, N only 3rd harmonic at 1.55 GHz, and O both 3rd and 9th harmonics.
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A CMOS-compatible 24MHz poly-SiGe MEMS
oscillator with low-power heating for frequency
stabilization over temperature
R. Jansen, M. Libois, X. Rottenberg, M. Lofrano, J. De Coster, R. Van Hoof, S. Severi, G. Van der Plas, W. de Raedt,
H.A.C. Tilmans, S. Donnay and J. Borremans
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stability over a wide temperature range, and requires a highresolution, sufficiently linear temperature sensor.

Abstract—MEMS based timing devices have been proposed as
an alternative to Quartz systems for certain applications.
Through using an oven-controlled system it is possible to
stabilize the frequency response of such a MEMS system over a
large ambient temperature range. This work presents a BAW
MEMS resonator in poly-SiGe which achieves significantly
lower power consumption for frequency stabilization over
temperature through Joule heating than for a similar system in
SOI, while showing promising phase noise performance in an
oscillator setup. Since the poly-SiGe resonator can be processed
on top of standard CMOS, this enables the possibility of full
integration of an Oven-Controlled MEMS Oscillator.

I.

A second possibility involves keeping the resonator at a
fixed temperature by placing the device in a micro-oven [6].
This approach is followed in this work, creating an OvenControlled MEMS Oscillator (OCMO), which potentially
yields good clock stability over ambient temperature. The
target temperature for the resonator should be set above the
specified ambient temperature range, for example at 95˚C.
Hence, a power-efficient micro-oven is needed that can keep
the resonator at 95˚C. A bar-type BAW resonator system is
presented that proposes to heat the resonator, keeping it at a
constant temperature above the maximum operating range and
therefore minimizing the effect of ambient temperature
changes on the resonance frequency. This design is made
possible through the use of T-type supports which allow for
Joule heating through the supports, while simultaneously
optimizing the design in terms of anchor losses to the
substrate, therefore maximizing the Q [7]. The T-type design
is rigid in the direction of actuation, allowing the relatively
high bias voltages needed to lower the motional resistance and
ease the design of an oscillator system.

INTRODUCTION

Silicon-based resonators provide an attractive alternative
to replace conventional frequency control and timing devices
that are based on high quality factor (Q) resonators such as
quartz crystal, piezoelectric ceramic and surface acoustic wave
(SAW) [1,2]. The bar-type bulk-acoustic (BAW) poly-SiGe
resonators exemplify this by offering the possibility to
integrate MEMS and CMOS in a “MEMS-last” approach
[3,4]. Optimizing the quality factor Q is crucial, as it is a
critical figure of merit for resonators and has a large impact
both on the motional resistance and on the phase noise for
circuits employing these resonators.

In this paper such an oscillator system is demonstrated
using commercially available off-the-shelf components
(COTS), showing sufficient phase noise performance for
many applications, with the promise of full integration of the
poly-SiGE resonator with CMOS to produce an OvenControlled MEMS Oscillator (OCMO). Furthermore we show
that the lower thermal conductivity of poly-SiGe compared to
SOI provides a significant advantage in the amount of power
needed to heat the resonator for similar devices manufactured
in both technologies.

A further important consideration for timing devices is the
frequency stability over temperature (typically ±10ppm down
to ±0.1ppm over temperature range -40˚C to +80˚C). Due to
the relatively large frequency drift of MEMS devices over
temperature (in the order of tens of ppm/˚C) in comparison to
quartz, a compensation scheme is required to stabilize
frequency over temperature. Several frequency-correcting
mechanisms can be employed, typically steered by an ambient
temperature sensor. A well-known solution is to embed the
MEMS oscillator in a fractional PLL, whose fractional
frequency control word is steered by a temperature sensor [5].
In such a system, the PLL provides a clock output, stable over
temperature. However the output is polluted with fractionalPLL noise. Moreover, the feed-forward temperature
compensation requires multipoint calibration for ppm-level

978-1-61284-110-6/11/$26.00 ©2011 IEEE

This work is organized as follows: Section II introduces
the poly-SiGe technology, Section III describes the resonator
design using T-shaped supports, while section IV discusses
the implementation and of an oscillator based on the SiGe
resonator using COTS. We demonstrate the proposed polySiGe OCMO is thus adequate for analog performance and for
temperature stabilization through Joule heating.

11

III.

SiGe mechanical
layer

Bondpad

The bar-type BAW resonators studied in this paper
consist of right parallelepipeds suspended in free space by
means of T-supports, e.g., as in Figure 2. Figure 3 shows a
SEM image of such a bar-type resonator as realized in imec’s
poly-SiGe MEMS platform [3,8]. The bar vibrates along its
width in an extensional mode. A bar targeting a resonance
frequency fres is designed with a bar width W close to λlong/2,
where λlong is the acoustic longitudinal wavelength at fres. The
resonance frequency, for the first width extensional mode, is
approximately given by:

H-gap

Above-IC
MEMS part

Anchor

Electrode

V-gap
MEMS Via

M4

M3

Standard
CMOS part

M2

M1

M1

f res ≈
Figure 1, Cross-section layer build-up of the SiGe MEMS above-IC

II.

Anchor

POLY-SIGE MEMS TECHNOLOGY

Connection
length
Anchor

Electrode
Bar length L

1
2W

E

A. T-type support
The T-type support comprises of a support placed parallel to
the side of the resonator connecting to the resonator at the
symmetry line with a short, narrow connection. Figure 4
contains SEM images of a manufactured resonator with a
Table: Design parameters considered in this work.

Variable

Symbol

Value

Design Frequency (SiGe)
Bar Width
Bar Length
Support Width
Support Length
Transduction Gap
Connection Width
Connection Length

fres
W
L
Wsup
Lsup
dgap
Wconnect
Lconnect

24 MHz /48 MHz
110μm /55μm
220μm/110μm
1 μm
Design dependent
250 nm
2 μm
2 μm

Anchor

Support length
(LTsup)

Bar width W
Electrode

Anchor

Anchor
Connection

Anchor

Support
width

(1)

ρ

where E and ρ denote the Young’s modulus and specific
mass of the resonator material, respectively. In this work an E
of 120 GPa, ρ of 4575 kg/m3 and W of 110 μm result in a
resonance frequency of 24MHz. The other design parameters
are presented in Table 1. The bar resonator is electrostatically actuated via two electrodes separated from the
resonator by transduction gaps (250 nm in this work), e.g., as
shown in Fig. 2.

Poly-SiGe IMEC MEMS technology allows for the
fabrication of MEMS devices directly above a planarized
CMOS wafer, on top of the metal interconnection lines, as
described in [3,8]. This integration approach enables cost and
area reduction as several CMOS functionalities, such as
sustaining amplifier and temperature-compensation, can be
placed just below the resonator. Ultimately, other
functionalities such as a real time clock, gyros,
accelerometers or pressure sensors can be integrated on the
same die. For explanatory purposes, Figure 1 illustrates the
cross-section of a resonator above the complete CMOS
process. In this work, however, the MEMS device is defined
on top of a simple AlCu interconnection that mimics the top
metal of a CMOS backend stack. A SiC layer is deposited to
protect the CMOS metallization during the vHF MEMS
release process [3]. Vias are opened into this layer to realize
the connection with the IC. A chemical vapor deposited
(CVD) SiGe layer fills in the vias and form simultaneously
the electrode. After electrode patterning, the wafer is
planarized to ensure optimal definition of the 3μm high
density plasma (HDP) oxide sacrificial gap. Anchors are
defined in the oxide layer and then filled during the
deposition of the SiGe MEMS structural layer by a
combination of CVD and plasma-enhanced CVD (PECVD)
processes [9].

Connection
width

BAR RESONATOR DESIGN

Electrode
Transduction
Gap

Bar
Resonator
Bar length L

Electrode
Transduction
Gap

Bar width W

Anchor
T-Support
Anchor
Figure 3, SEM image of a SiGe bar-type BAW resonator with acoustically
long T-type supports. Design parameters are as in Table 1 for a 48MHz
device, with a support length of 38μm.

Figure 2, Schematic top view of a bar-type BAW resonator with
“acoustically long” T supports. [7]
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IV. OVEN-CONTROLLED MEMS OSCILLATOR
An Oven-Controlled MEMS Oscillator (OCMO)
potentially yields good clock stability over ambient
temperature. The target temperature for the resonator should
be set above the specified ambient temperature range, for
example at 95˚C. Hence, a power-efficient micro-oven is
needed that can keep the resonator at 95˚C.

T-type support. A λ/4 transformer technique can be applied to
obtain an optimum support length LTsup,opt to minimize energy
losses to the anchors, with LTsup,opt given by:

LTsup, opt ≈

2iλ flex

+

Lcl −cl ,1

,
i = 0,1,2,3...
(4)
4
2
where for a given clamped-clamped beam, the flexural
wavelength λflex is given by:

(

)

λ flex = lim L( n + 2) − Ln
n →∞

(6)

where L(n+2) and Ln are the lengths of beams with respectively
(n+2)th and nth flexural harmonics occurring at the frequency
fres [7]. We can compute λflex with eq. (6), after which LTsup,opt
is obtained from eq. (4). Lcl-cl,1 is the length of a clampedclamped beam with first flexural resonance frequency equal
to fres, approximated by [7]:

Lcl −cl ,1 ≈

1.028Wsup E ρ

(5)

f res

Figure 5 demonstrates the benefits of using this technique. It
shows the measured Q values against support length for a bar
type resonator with design frequency at 48 MHz, along with
simulations of the Q factor due to anchor losses. It can be
seen that maxima for the Q values do indeed exist at
multiples of λflex/2 given a certain offset as described by eq.
(4). Therefore the Q factor can be optimized for longer
support lengths, allowing us to design supports with higher
thermal isolation between the resonator and the anchor.

Anchor

Figure 6, Schematic layout of the resonator, top view, showing the current
used for Joule heating to keep the resonator at a fixed temperature.

A. Resonator design for use in OCMO
We use the T-type support described in the previous
section for the BAW type bar resonator targeted at 24 MHz.
This T-type support design provides several advantages for
an OCMO design. Firstly the design is very stable in the
direction of actuation, which allows the application of large
bias voltages [7]. The supports also provide both a thermal
resistance for Joule heating, as well as thermal isolation
between the bar and the substrate. Figure 6 demonstrates how
the current for Joule heating flows through the supports.
Since the resonator is intended to operate in a vacuum
packaged environment, the predominant thermal losses occur
through the anchors which are connected to the substrate. The
thermal isolation provided by the support length is therefore

Anchor
Connection

Power through Support [ μW]

Bar

Supports

Figure 4, SEM image of the resonator with T-type support, with the insert
showing a closer view of the support itself.
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Figure 7, Simulated power required to heat SiGe resonator (with design
parameters as in Table 1 for 24MHz and support length 38μm) to a
temperature of 95˚C degrees with ambient at -40˚C.

Figure 5, Measurement of Q and COMSOL simulation of the anchor loss
Qanch versus support length for a T-support, with λflex/2 shown to be 7.5µm.
Devices were designed to operate at 48 MHz.
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crucial in determining the amount of power needed to keep
the resonator at a fixed temperature. In Fig. 7 FEM
simulation results can be seen showing that a minimum
support length of 35μm is required (with support width at
1μm) to keep the heating power under 250μW. Using eq. (4)
the support was designed to have a width and length of 1μm
and 38μm respectively, maximizing the quality factor while
meeting the required length specification provided by the
thermal limitations.
B. Oscilator using COTS components
To demonstrate the feasibility of the system, a 24MHz
oscillator has been built around the SiGe resonator using
COTS components. Figure 8 shows a diagram depicting the
system and contains an amplifier, a tunable phase shifter, a
band-pass filter, a 20 dB coupler, a programmable attenuator
and a limiter. The resonator is probed on wafer inside a
vacuum chamber. Figure 9 depicts the measured phase noise
of the 24MHz oscillator. For reference, the phase noise of the
same setup using a commercial 26MHz quartz crystal is also
shown. Both achieve the GSM specifications (referred to
24MHz and also indicated on Figure 9) at lower offset
frequencies. At higher offset frequencies, the SiGe oscillator
exhibits a higher noise floor. This is partly due the larger
amount of gain required due to the relatively larger motional
resistance of SiGe resonator as opposed to the crystal.
However the SiGe performance is also limited by the 50Ω
external loop components and is expected to improve through
full CMOS co-integration of the sustaining amplifier. Indeed,
a trans-impedance amplifier can be designed with far lower
input-referred noise than an off-the-shelf 50Ω amplifier. Also,
the tunable attenuator used to control the amount of gain in the
system is one source of noise that can be removed when using
a custom designed amplifier with the correct gain
specifications. When considering the performance achieved
despite the limitations of the probing setup and the COTS
components used in this design, it can be seen that the
technology shows potential to achieve GSM phase noise
performance.

has a thermal conductivity that is more than 40 times lower
than silicon (2.8 W/mK and 120 W/mK for SiGe and Silicon
respectively), providing a distinct advantage in this
implementation. Since the device is intended for packaged
vacuum operation the majority of the thermal losses occur
through the supports to the substrate. For the SiGe resonator,
the thermal resistance of the T-type support is much larger
than for the SOI support, which results in large power
savings. The measured power required to heat the resonator
to the targeted 95˚C is shown in Figure 7 for SiGe and SOI
resonators with the same physical dimensions. The SiGe
system needs far 40 times less power (<250μW at -40oC
ambient) than an SOI implementation would need (> 10mW
at -40oC ambient). In reality the generation of heater currents
requires more power than that dissipated in the supports,
resulting in a larger effective heater power. These SOI
numbers compare to the work in [6]. A drawback for the
implementation in SiGe is the lower quality factor of the
poly-crystaline structures compared to the crystalline SOI.

Phase
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Figure 9, Measured phase noise of the SiGe MEMS oscillator using a COTS
sustaining amplifier loop. For reference, the measured phase noise of a
26MHz XTAL oscillator using the same COTS setup. Also depicted is the
phase noise specification for GSM.

Required Power (mW)

C. Power consumption for heating in SiGe and SOI
The OCMO micro-oven functionality is implemented by
heating the resonator through use of Joule heating. Currents
are applied through the T-type supports as demonstrated in
Figure 6. The amount of power required to reach 95˚C is of
crucial importance to the feasibility of the system. Poly-SiGe
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Figure 10, Measurements showing the required heater power applied through
support legs of 38μm to maintain resonator temperature at 95˚C with varying
ambient temperature for SOI and SiGe resonators with identical
configurations.

Figure 8, Oscillator setup using COTS sustaining amplifier
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isolation to the substrate. The SiGe resonator requires
significantly less power to heat than a similar device in SOI.
Furthermore, the SiGe platform allows the resonator to be
processed on top of CMOS, enabling a fully integrated
OCMO system.
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24,000 for SiGe (at 24MHz) and 121,000 for SOI device (at
38.7MHz). The higher Q for SOI indicates that SOI resonators
have an advantage with respect to SOI for achieving low
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the system with the SiGe does show potential to meet the
GSM specification, indicating that SiGe is good enough. On
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micro-oven in SOI (in excess of 10mW) is prohibitive for a
TCXO replacement, making SiGe a more suitable technology
in which to implement an OCMO.
V.

[8]

[9]

CONCLUSIONS

[10]

We demonstrate an oscillator using a bar-type BAW
MEMS resonator that shows promising phase noise
performance. The resonator is designed using T-shaped
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a deep-submicron gap fundamental-mode free-free beam
resonator centered at 11.5 MHz was designed and fabricated
by utilizing a foundry CMOS-MEMS platform with motional
impedance down to 112 k and Q’s greater than 1,500 under
dc-bias voltage of 60V [5]. However, the previously-designed
beam resonator is limited by one-port electrical configuration
due to its fundamental vibrating mode shape; therefore, the
monolithic CMOS-MEMS oscillator implementation will
become very difficult. Moreover, the large dc bias voltage
(often greater than 50V) is required to attain acceptable
motional impedance for a single resonator due to its
insufficient transduction area. In addition, the power handling
capability is also restricted by the tiny device size of such a
“single” resonator.

Abstract—Integrated CMOS-MEMS free-free beam resonator
arrays operated in a standard two-port electrical configuration
simultaneously with low motional impedance and high power
handling capability centered at 10.5 MHz have been
demonstrated by the combination of pull-in gap reduction
mechanism and mechanically-coupled array design. The
mechanical links (i.e., coupling elements) using short stubs
connect each constituent resonator of an array to its adjacent
ones at the high-velocity vibrating locations to accentuate the
desired mode and reject all other spurious modes. A single
second-mode free-free beam resonator with quality factor Q >
2,200 and motional impedance Rm < 150 k has been utilized to
achieve mechanically-coupled resonator arrays in this work. In
array design, a 9-resonator array has been experimentally
characterized to have around 10X performance improvement on
motional impedance and power handling as compared with that
of a single resonator. In addition, two-port electrical
configuration is much preferred due to its low feedthrough
nature and high design flexibilities for future oscillator and filter
implementation rather than its one-port counterpart.

I.

To overcome the aforementioned issues without affecting
Q, in this work, second-mode free-free beam resonator arrays
combined with pull-in mechanism for gap reduction are
designed to replace the previous fundamental free-free beam
resonator version. The major advantages of resonator array
design mainly comes from (i) the large transduction area to
effectively reduce the required dc-bias voltage while
maintaining reasonable motional impedance and (ii) higher
power handling capability compared to that of the single
resonator since the maximum handling power is proportional
to the effective stiffness of the resonator. Furthermore, the

INTRODUCTION

Vibrating off-chip mechanical tank components such as
quartz crystals and SAW resonators are widely used in
wireless transceivers and electronic systems for precision
timing and filtering applications. In particular, quartz crystal
oscillator, a classical timing reference device, has been used in
consumer electronics for more than fifty years because of its
exceptional Q and excellent thermal stability. In recent years,
electrostatic silicon-based resonators are very promising in
terms of their low motional impedance, high Q, small volume,
satisfactory power handling capability, and IC compatible
processes, paving a way of realizing miniature MEMS
oscillators [1]. However, commercialized MEMS oscillators
currently available in the timing market are still using twochip stacking with wire-bonding connections, therefore
against the ultimate miniaturization and integration [2][3].
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In contrast, CMOS-MEMS based high-Q resonators
become a promising candidate for realizing monolithic
integration of resonators and circuits [4]. In our previous work,

Pull-in Electrode (Optional)

Fig. 1: Perspective view schematic of a 2nd-mode free-free beam resonator
array consists of 9 identical resonators in a standard two-port electrical
configuration.
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simplicity.

two-port electrical configuration proposed in this work not
only alleviates the electrical feedthrough between the input
and output ports but also separates the signal and dc-bias ports,
hence making monolithic CMOS-MEMS oscillator
implementation possible. A comprehensive study of CMOSMEMS resonator arrays is provided in this work to address
issues on motional impedance and power handling capability.
II.

To achieve the mechanically-coupled resonator array, the
identical resonators are placed nearby, and each constituent
resonator is connected to the adjacent ones by mechanical
coupling links, as described in [6]. The resonance frequency
of an arrayed resonator is very similar to that of a single
resonator if all of the constituent resonators of the array are
operated in phase, as shown in Fig. 2(b). However, in general
such a multiple degree-of-freedom mechanical system would
generate plenty of spurious modes near the desired mode in
contrast to single resonance behavior, thereby preventing the
implementation of subsequent filter and oscillator applications.
To eliminate the spurious modes [7][8], stiff mechanical
coupling elements (half-wavelength couplers or short stubs at
high-velocity vibrating locations) can be used to effectively
push the spurious modes away from the desired frequency;
electrical phasing design also helps to select only one
vibrating mode and reject all the others. The use of highvelocity coupling and electrical phasing design in this work
selects the in-phase vibrating mode of a resonator array as
shown in Fig. 2(b) while eliminating all other unwanted
modes.

ARRAY DESIGN AND GAP REDUCTION MECHANISM

The perspective view of a deep-submicron gap free-free
beam resonator array is shown in Fig. 1 with a typical twoport biasing and excitation configuration. Two parallel
electrodes are placed underneath the resonator array with an
original gap of around 1m before pull-in operation for gap
reduction. One end of the torsional supporting beams is
connected to the outer pull-in frame while the other end is
attached to the nodal points of the resonator array to minimize
the acoustic loss, hence attaining high Q. As also shown in
Fig. 1, the pull-in frame is suspended by four meander springs.
Since these meander springs have very low stiffness (i.e., very
low pull-in voltage), the optional pull-in electrodes in Fig. 1
can be shorted to ground in a normal operation.
The mechanical resonance frequency of a single free-free
beam resonator is determined by its material properties,
including equivalent Young’s Modulus E and density , and
geometric parameters, including beam thickness hr and length
Lr. The vibrating mode shape of a second-mode free-free
beam is shown in Fig. 2(a); the corresponding resonance
frequency of the beam can be derived using Euler-Bernoulli
beam theory, given by

f o  2.833

E hr
 L2r .

For a capacitively-transduced resonator, the motional
impedance Rm and maximum handling power Pomax are
governed by the following equations
Rm 

kre d o4
oQVP2 o2 Ae2

Po max 

o kre
Q

(2)

2
X max

(3)

where do, kre, o, Q and Ae are electrode-to-resonator gap
spacing, equivalent stiffness, radian resonance frequency,
quality factor, and electrode-to-resonator overlap area,
respectively, and where VP and o are the dc-polarization
voltage and free-space permittivity, respectively. In (3), the
parameter Xmax denotes the maximum vibration amplitude of
the resonator. To reduce the motional impedance Rm and
increase the maximum power handling capability Pomax of a
resonator, mechanically-coupled array design concept is
adopted here to effectively increase both the equivalent
stiffness kre and transduction area Ae, hence lowering Rm and

(1)

Note that the electrical stiffness is neglected in (1) for
Nodal Points

fo=10.25MHz
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High-Velocity Coupling Locations

Fig. 2: Finite element simulated mode shapes for (a) a single free-free beam
resonator and (b) a 9-free-free beam resonator array. The supporting beams
are placed at the nodal locations of both the free-free beam resonator and
array to reduce the anchor loss, hence improving the quality factor.

do=280nm

(b)

Fig. 3: Cross-section view schematics of the CMOS-MEMS resonator array
illustrating resonator status (a) before and (b) after a dc-bias voltage is applied
into the resonator structure.
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Meander Spring

that this single resonator only has three torsional supports for
minimizing the anchor loss while the resonator array in
Fig. 4(a) possesses six torsional supports for persevering
enough polarization voltage VP to avoid device breakdown.

Meander Spring

IV.
I/O Electrode

As mentioned above, a typical two-port biasing and
excitation configuration is used to characterize the fabricated
CMOS-MEMS resonator and array. As shown in Fig. 5, the
fabricated resonator was placed in a cryogenic vacuum probe
station to measure its capacitive transduction characteristics
under a vacuum level of 100Torr. Since the meander springs
of the pull-in frame are of low stiffness, the optional pull-in
voltage port shown in Fig. 5 is connected to ground
throughout the following measurement results. To operate the
device, a dc-bias voltage VP is applied into the resonator to
perform pull-in, as a result producing a deep-submicron
electrode-to-resonator gap of around 280nm. Then a small ac
signal vi is applied onto the input electrode. Such a small ac
signal vi together with the dc-bias voltage VP would generate
electrostatic force to drive the resonator into resonance as
frequency of vi matches the resonance frequency of the beam
structure, hence sourcing out a motional current im to the
output electrode. The motional current then goes back to the
network analyzer, showing a high-Q frequency response due

(c)

(b)

Fig. 4: (a) Global view of a 9-resonator array where the constituent resonator
components are located at the center of the pull-in frame. (b) Fabricated single
free-free beam resonator using the same pull-in frame. (c) Meander-spring
zoomed view of the 9-resonator array.

increasing Pomax. To further reduce the motional impedance,
the pull-in gap reduction mechanism to enable deepsubmicron gaps is an efficient approach to minimize Rm.
Fig. 3(a) and (b) present the gap-reduction operation of the
resonator array with status (a) before pull-in operation where
dc-bias VP is 0V and (b) after pull-in gap reduction where dcbias VP is 30V. The final gap of around 280nm is set by
altitude difference of the two polysilicon layers in the 0.35m
CMOS process.
III.

FABRICATION PROCESS

The free-free beam resonator arrays were fabricated by
using a generalized 0.35m 2P4M CMOS-MEMS platform
provided by TSMC followed by a maskless wet-release
process [4]. A commercial silicon-dioxide etchant with very
high selectivity between metal and oxide was used to perform
the maskless oxide release process without the help of critical
point dryer. After wet release process, the surrounded
sacrificial oxide was removed, leaving the resonator structures
together with their pull-in frames suspended above the
input/output (I/O) electrodes and pull-in stoppers by the use of
the soft meander springs.

Single Res.
do=280nm
VP=65V
fo=10.43MHz
Q=2,268
Rm=141k

-60
-70

Transmission [dB]

Fig. 4(a) presents a global SEM view of a fabricated
CMOS-MEMS second-mode free-free beam resonator array
containing 9 identical resonators. The array couplers (at highvelocity vibrating locations) and I/O electrodes are also
indicated. In this work, a single resonator was also fabricated
for comparison with a SEM view shown in Fig. 4(b). The
meander-spring zoomed view is also shown in Fig. 4(c). Note
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Fig. 8: Comparison of single resonator and 9-resonator array under the same
motional impedance and input power level.

Fig. 6 presents the measured transmission amplitude and
phase plots for a single second-mode free-free beam resonator
centered at 10.43 MHz under a dc-bias voltage of 65V in
vacuum. The motional impedance of the resonator is less than
150 k with quality factor greater than 2,200, comparable to
that of the fundamental mode free-free beam resonators (oneport electrical configuration) fabricated by using the same
CMOS-MEMS process [5]. To characterize the performance
of the resonator array, Fig. 7 presents measured frequency
characteristics of the fabricated single free-free beam
resonator and the nine mechanically-coupled resonator array
tested under the same bias voltage VP of 30V and 100Torr
vacuum environment. Obviously, the resonator array exhibits
lower motional impedance than that of the single resonator as
expected. In theoretical calculation, the motional impedance
reduction ratio is proportional to the number (9 in this work)
of constituent resonators used in an array. In Fig. 7, motional
impedances of 2.23 M and 220 kfor single resonator and
9-resonator array, respectively, were measured, showing the
reduction ratio is around 10.1 which is in good agreement with
the ideal ratio of 9. The discrepancy of Rm reduction ratio
mainly comes from the contribution of additional transduction
areas between short stubs and I/O electrodes in an array.

mechanism to enable deep-submicron electrode-to-resonator
gap spacing have been successfully demonstrated with
preferred electrical configuration (i.e., two-port operation) and
much lower dc-bias voltage (only 30V versus more than 60V
used in previous single beam resonator) for attaining
satisfactory motional impedance. In addition, the power
handling capability of the mechanically-coupled resonator
array is significant improved, hence paving a way for realizing
low phase noise monolithic CMOS-MEMS oscillators in the
future.
ACKNOWLEDGMENT
This work was supported by the National Science Council
(NSC) of Taiwan under grant of NSC-99-2220-E-007-012.
The authors also wish to appreciate the TSMC and National
Chip Implementation Center (CIC), Taiwan, for supporting
the IC Manufacturing.
REFERENCES
[1]

To characterize the relative enhancement of the power
handling capability for the mechanically-coupled resonator
array, single resonator and 9-resonator array were tested under
the same transmission conditions, i.e., the same motional
impedance and input power level. As shown in Fig. 8, these
two resonators with similar motional impedance Rm and
quality factor Q were operated under the same driving
condition of PNA = 5dBm, showing different measured
transmission spectra. PNA denotes the power directly from the
network analyzer in Fig. 5. In such a power level, the single
resonator was driven into the Duffing nonlinear regime while
the 9-resonator array was still far away from its bifurcation
point, showing significant power handling improvement using
mechanically-coupled array approach.
V.

0.995

o kre

[2]
[3]
[4]

[5]

[6]

[7]

CONCLUSION

[8]

In this work, two-port CMOS-MEMS free-free beam
resonator arrays combined with pull-in gap reduction

19

C. T.-C. Nguyen, “MEMS technology for timing and frequency
control,” IEEE Trans. Ultrason., Ferroelect., Freq. Contr., vol. 54, no.
2, pp. 251-270, Feb. 2007.
Discera, Inc., http://www.discera.com/
SiTime, Inc., http://www.sitime.com/
W.-C. Chen, W. Fang, and S.-S. Li, “A generalized CMOS-MEMS
platform for micromechanical resonators monolithically integrated with
circuits,” J. Micromech. Microeng., 21 (2011) 065012.
W.-C. Chen, W. Fang, and S.-S. Li, “Quasi-linear frequency tuning for
CMOS-MEMS resonators,” Proceedings, 24th Int. IEEE Micro Electro
Mechanical Systems Conf. (MEMS 2011), Cancun, Mexico, pp. 784787, Jan. 2011.
S. Lee and C. T.-C. Nguyen, “Mechanically-coupled micromechanical
arrays for improved phase noise,” Proceedings, IEEE Int. Ultrasonics,
Ferroelectrics, and Frequency Control 50th Anniv. Joint Conf.,
Montreal, Canada, pp. 280-286, Aug. 2004.
M. Demirci and C. T.-C. Nguyen, “Mechanically corner-coupled
square microresonator array for reduced series motional resistance,”
IEEE/ASME J. Microelectromech. Syst., vol. 15, no. 6, pp. 1419-1436,
Dec. 2006.
Y.-W. Lin, “Low phase noise micromechanical reference oscillators for
wireless communications,” Ph.D. Dissertation, University of Michigan,
Ann Arbor, May 2007.

Bulk Modes in Silicon Crystal Silicon
Gavin K. Ho

Siavash Pourkamali

Farrokh Ayazi

ParibX, Inc.
Mountain View, CA USA
gavinho@ieee.org

Dept. of Electrical and Computer Eng.
University of Denver
Denver, CO USA

School of Electrical and Computer Eng.
Georgia Institute of Technology
Atlanta, GA USA

A silicon plate resonator with a large lateral dimension is
introduced to satisfy the requirements for low R1, high Q, and
good linearity. See Figure 1. As the lateral dimension is
increased, it is known that wavelike properties commonly
appear in the observed modes. The modes for some isotropic
plates are shown in Figure 2.

Abstract—Bulk dilation modes in rectangular plates of
particular orientations in single crystal silicon are found to have
distinct advantages over to those in isotropic materials. Finite
element modeling using an anisotropic model reveals plates
aligned to the ‹110› direction in (100) silicon have modes which
offer excellent capacitive coupling and good isolation to the
supports. Low impedance and high Q are predicted for select
geometries. Experimental results are included, showing a 100MHz resonator having an unloaded Q of 90,000, which
demonstrate an f-Q product of ~1×1013.

I.

INTRODUCTION

Micromechanical resonators [1] are a promising alternative
to traditional macro-scale frequency control devices. Silicon
is an attractive material since it is well characterized, it has
deterministic material properties, and it offers low acoustic
loss.
Electrostatic micromechanical resonators, also known as
capacitive resonators, are attractive for a number of reasons.
Since metallization is not necessary on the resonating
structure, the resonator can be monolithic in the strictest sense.
Very high quality factors, no built-in stress, and excellent
long-term stability are possible in silicon capacitor resonators.

Figure 1. Perspective view of a capacitive plate resonator with two supports
and two fixed electrodes.

The characteristic motional resistance R1 in early
demonstrations of capacitive resonators was 10 kΩ to 1 MΩ.
It is desirable for resonators, especially those at higher
frequencies, to have lower R1. Reducing R1 (i.e., increasing
output current from an input voltage) involves increasing
electrode area, improving electromechanical coupling, and
optimizing the mode shape of the resonator.
0.2L

High Q reduces the close-to-carrier phase noise. Ensuring
high Q requires minimizing the magnitude of the loss
mechanisms. It is necessary to minimize both the intrinsic and
extrinsic loss mechanisms. The design-dependent extrinsic
losses are reduced through mode isolation (from other modes)
and designing for mode shapes which limit energy leakage
into the surrounding medium.
Good linearity is also desired in the resonator for a low
noise floor. The linearity limit of a resonator is determined by
material properties and physical dimensions. It is evident that
a large resonator is desirable.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

0.8L

1.8L

4.1L
Figure 2. Typical mode shapes in narrow, wide, and very wide rectangular
plates in isotropic materials (ν=0.28).
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The objective of this work includes: 1) characterizing the
dilation modes of rectangular plates in isotropic and
anisotropic materials and 2) understanding whether plate
modes can be optimized for the metrics of interest. Finite
element analysis is performed in ANSYS using SOLID186
elements and isotropic and anisotropic material models.
II.

III.

The analysis begins by extending the findings on bulk
dilation modes of isotropic plates summarized in [2]. In a
plate with a small width w (e.g., 0.2L), the mode is entirely
uniform along the ends. See Figure 2. As w is increased to
0.8L, some non-uniformity is observed. Lateral motion at the
support location exists. For a plate with a width of 1.8L, the
most prominent mode is a third mode along the x direction.
For a width of 4.1L, the most prominent mode is a seventhorder mode along x. Although the frequencies of these modes
are very similar, the latter three modes are in three different
modal families.

BULK DILATION MODES

A brief discussion of bulk dilation modes in capacitive
resonators follows. The natural frequencies are

fn =

nva ,
2L

(1)

Focusing on the seventh-order modal family of an
isotropic material with a Poisson ratio ν of 0.28, observe the
attributes of the mode as the width is increased. See Figure 3.
For w=3.5L, there are out-of-phase regions which cause
charge cancellation. The mode in this geometry has poor
coupling and a large kr. For w=4.1L, the displacement is
somewhat uniform. With this geometry, the ux motion at the
support is minimal. For w=4.3L, the displacement is most
uniform. This is the optimal plate geometry for coupling and
the kr is 1.2. Further increasing w to 4.8L leads to a more
wavelike mode with substantial ux motion at the support. In
these thin isotropic plates, the optimal coupling and optimal
support isolation occur for different values of w.

where n is the mode number, va is the acoustic velocity and L
is the length of the resonator. The motional resistance of a
capacitive bulk dilation mode resonator may be simplified to

R1 =

krπ Ei ρ m d 4 ,
2
2Qε 2VP A

ISOTROPIC PLATES

(2)

where kr is the relative dynamic stiffness, Ei is the elastic
modulus in the i direction, ρm is the mass density, d is the gap
size, ε is the permittivity of the gap, VP is the polarization
voltage, and A is the overlap area of the electrodes. It is
evident that increasing A reduces R1 – more current is
available when the transduction area is increased. Reducing kr
also reduces R1. An interesting observation is that R1 is not
directly dependent on frequency. Contrary to the trend in
prior art, higher frequency resonators do not necessarily have
higher R1.

The solutions for isotropic plates having widths of [0,10]L,
thickness t of L/5, and ν = 0.28 are summarized in Figure 4. kr
and normalized ux (to the average uy) are plotted. The minima
for kr, for w>2L, are approximately 1.2. There are geometries
in which the support ux is small. However, ux is quite sensitive
to the width.

kr is a comparison between the dynamic stiffness kn and
the stiffness of a slender ideal 1-dimensional resonator.

kr =

kn
kn ,1D

(3)

w = 3.5L

It is strongly dependant on the mode shape. One goal of this
work is to understand the effect of increasing A on kr.
The dynamic stiffness kn for each mode is found from the
energy in the mode W and the average of the displacement of
the resonator electrode surface normal to the fixed electrode
uy. For a low kn (and consequently low kr), all the energy in
the mode is preferably attributed to uy.
kn =

2W
uy

2

w = 4.1L

w = 4.3L

(4)

w = 4.8L
Figure 3. Variation of mode shape within a modal family for width of 3.5L,
4.1L, 4.3L, and 4.8L (isotropic, ν=0.28).
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Figure 4. Relative dynamic stiffness, normalized support motion, and normalized frequency in isotropic plates with ν=0.28 and a thickness of L/5.
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IV.

ANISOTROPIC PLATES

The analysis for anisotropic plates is performed similarly.
A very interesting observation is that uniform modes are
observed in plates aligned to the ‹110› direction in (100)
silicon. A thorough analysis was completed for plates with t
equal to L/5 and L/2. The mode shape for L/5-thick plates
with w=[3.4,4.1]L are very uniform (Figure 5). For w=3.7L,
the mode has the smallest ux response at the support. The kr
and normalized support ux are shown in Figure 6.

w = 3.4L

There are several advantages for these anisotropic plates.
First, kr is ~1 for a large variety of widths. Next, ux is smaller
compared to isotropic plate modes. The ux minima coincide
with the kr minima. Also, ux has low sensitivity to w.

w = 3.7L

Increasing the thickness to L/2 reveals further advantages.
See Figure 7. Compared to L/5 plates, the range of widths for
which kr ≈ 1 is broader. The ux also have lower sensitivity to
w. The most beneficial attribute is that the transduction area is
increased without increasing die size.

w = 4.1L
Figure 5. Variation of mode shape within a modal family for width of 3.4L,
3.7L, and 4.1L (anisotropic, t=L/5).
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Figure 7. Relative dynamic stiffness, normalized support motion, and normalized frequency in anisotropic plates aligned to ‹110› in (100) silicon having a
thickness of L/2.

24

Periodicity is evident from the results. Widths of even
multiples of L provide small motion at the supports and good
coupling. The optimal widths for minimizing support loss are
2.0L, 3.9L, 5.8L, 7.7L, and 9.7L.
V.

CONCLUSIONS
Bulk dilation modes of plates aligned to the ‹110› direction
in (100) silicon were found to have improved attributes over
plates in isotropic materials. In anisotropic plates, the relative
dynamic stiffness is unity for many geometries. For a broad
range of widths, a 1-dimensional assumption applies. The
thorough exercise also revealed specific widths at which the
motion of the support location is minimal. This enabled a
100-MHz resonator to demonstrate an f-Q product of 1×1013.
Future work includes characterizing modes in plates with
larger thickness.

EXPERIMENTATION

Resonators with L=40μm and t=L/2 were fabricated using
the HARPSS-on-SOI process [3]. A resonator with a width of
9.7L and 225-nm gaps is shown in Figure 8. The resonance
frequency of this resonator was measured to be 103 MHz
along with a quality factor of 90000. See Figure 9. The
optimized design enabled the f-Q product of ~1×1013.
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SHM (acronym of “Space Hydrogen Maser”), an active
hydrogen maser for space applications. The performances of
the two clocks are combined to generate an on-board
timescale with the short-term stability of SHM and the longterm stability and accuracy of the PHARAO clock. The onboard comparison of PHARAO and SHM and the distribution
of the ACES clock signal are ensured by the Frequency
Comparison and Distribution Package (FCDP), while all data
handling processes are controlled by the eXternal PayLoad
Computer (XPLC). A GNSS receiver installed on the ACES
payload and connected to the on-board time scale will provide
orbit determination of the ACES clocks. One of the main
objectives of the ACES mission consists in maintaining a
stable and accurate on-board timescale that will be used to
perform space-to-ground as well as ground-to-ground
comparisons of atomic frequency standards. The ACES clock
signal will be compared to ground clocks using two separate
links: a time and frequency transfer link in the microwave
domain (MWL) and an optical link (ELT). These comparisons
will enable fundamental physics tests and applications in
different areas of research.

Abstract—Atomic Clock Ensemble in Space (ACES) is a mission
using high-performance clocks and links to test fundamental
laws of physics in space. The ACES microwave link (MWL) will
make the ACES clock signal available to ground laboratories
equipped with atomic clocks. The ACES MWL will allow spaceto-ground and ground-to-ground comparisons of atomic
frequency standards. The MWL comprises the Flight Segment
(FS) as part of the ACES payload as well as a distributed set of
Ground Terminals (GT), collocated with the ground atomic
clocks. MWL is a two-way, two-frequency link transmitting a
carrier signal modulated by a PN code, both phase coherent
with the local clocks. MWL is designed to reach a time
resolution (TDEV) of 0.3 ps in less than 300 s of integration time.
In addition to the MWL, operating in microwave domain, ELT
is an optical link based on the exchange of laser pulses detected
and time stamped in MWL in the local time scale in space and
on ground.
The engineering model of the MWL FS and the first
prototypes of the MWL GT will be used for end-to-end testing of
the MWL performance. The end-to-end test is using a set-up,
where the MWL FS and GT are connected by cables through a
test equipment that allows the full simulation of the signal
dynamics during an overflight of the ISS over a MWL GT. The
MWL design and test results of the individual elements will be
briefly reported. The results of the end-to-end test will be
presented and perspectives for clock comparisons with ACES
discussed.

I.

INTRODUCTION

ACES is a distributed system designed to disseminate a
high stability and accuracy clock signal [1,2]. It consists of a
space payload generating the ACES atomic frequency
reference and a network of ground terminals connected to
high-performance atomic clocks on ground.
Transported on the International Space Station (ISS) by the
Japanese transfer vehicle HTV in the 2014-2015 timeframe,
the ACES payload will be installed at the external payload
facility of the Columbus module, using the space station
robotic arm.

Figure 1. ACES Payload Design. Front: SHM; back: PHARAO, side panels
removed for better visibility.

The ACES payload (Fig. 1) accommodates two atomic
clocks: PHARAO (acronym of “Projet d'Horloge Atomique
par Refroidissement d'Atomes en Orbit”), a primary frequency
standard based on samples of laser cooled caesium atoms, and

The planned mission duration is 18 months. During the
first two weeks, the functionality of the clocks and of MWL
will be tested. Then, a period of 6 months will be devoted to

The work presented is performed under ESA contract
16242/02/NL/JS.
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the characterization and performance evaluation of the clocks.
During this phase, a clock signal with frequency inaccuracy in
the 10-15 range will be available to ground users. Under
microgravity conditions, it will be possible to tune the
linewidth of the atomic resonance of PHARAO by two orders
of magnitude, down to sub-Hz values (from 11 Hz to 110
mHz). After the clocks optimization, performances in the 10-16
range both for frequency instability and inaccuracy are
expected. In the second part of the mission (12 months,
possibly extended up to 30 months), the on-board clocks will
be compared to a number of atomic clocks on ground
operating both in the microwave and optical domain.

stability of the H-maser with the long-term stability and
accuracy of the caesium clock (Fig. 2).

ACES will perform worldwide comparisons of advanced
clocks operating on different atoms or molecules reaching a
frequency resolution in the 10-17 regime. These measurements
will test general relativity and seek for new interactions
beyond the Standard Model.

Figure 2. Fractional frequency instability specified for the PHARAO, SHM,
and ACES clock signals in space

The ACES mission is developed by ESA with ASTRIUM
as prime contractor. PHARAO is funded and developed by
CNES as contribution to the ACES mission.

The ACES clock signal will be distributed via a dedicated
Microwave Link (MWL). Frequency transfer with time
deviation better than 0.3 ps at 300 s, 7 ps at 1 day, and 23 ps at
10 days of integration time will be demonstrated (Fig. 3).
These performances, surpassing existing techniques
(TWSTFT and GPS) by one to two orders of magnitude, will
enable common view and non-common view comparisons of
ground clocks with 10-17 frequency resolution after a few days
of integration time. Thanks to the recent development of
optical frequency combs [3,4], which significantly simplify
the link between optical and microwave frequencies, ACES
will be able to take full advantage of the progress of optical
clocks [5,6], today reaching instability and inaccuracy levels
of a few parts in 1017.

The ACES Mission is presently in phase C/D. All
instruments and subsystems are in an advanced state of
development with engineering models delivered and flight
models manufacturing started. The ACES Payload and
Ground Segment Critical Design Reviews (CDR) have been
successfully passed in 2009 and 2010, respectively.
Development is now proceeding towards a delivery of the
ACES payload flight model in 2013. ACES is designed for a
mission duration of 1.5 years with the possibility for extension
to a minimum of 3 years.
II.

ACES SCIENTIFIC OBJECTIVES

ACES will also deliver a global atomic time scale with 10accuracy, it will allow clock synchronization at an
uncertainty level of a few hundreds of ps, and contribute to
international atomic time scales (TAI, UTC…).

ACES will conduct the first experiments with cold atoms
under microgravity conditions equivalent to a freely falling
laboratory; it will perform fundamental physics tests to high
resolution, and develop applications in different areas of
research.
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A.

New Generation of Microwave Clocks for Space
A new generation of space clocks reaching frequency
instability and inaccuracy of few parts in 1016 will be validated
by ACES. PHARAO will combine laser cooling techniques
and microgravity conditions to significantly increase the
interaction time and consequently reduce the linewidth of the
clock transition. Improved stability and better control of
systematic effects will be demonstrated in the space
environment. PHARAO will have a fractional frequency
instability of 1·10-13·τ -1/2, where τ is the integration time
expressed in seconds, and an inaccuracy of few parts in 1016.
The reliability offered by active H-masers will be made
available for space applications by SHM. SHM will
demonstrate a fractional frequency instability of 1.5·10-15 after
only 10000 seconds of integration time. Two servo-loops will
lock together the clock signals of PHARAO and SHM
generating an on-board time scale, combining the short-term

Figure 3. Time instability specified for PHARAO, SHM, and MWL.

B. Fundamental Physics Tests with ACES
According to Einstein’s theory of general relativity,
identical clocks placed in different gravitational fields
experience a frequency shift that, in the frame of the PPN
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approximation, depends on the difference between the
Newtonian potentials at the clocks positions. The comparison
between the ACES on-board clocks and ground-based atomic
clocks will measure the frequency variation due to the
gravitational red-shift with a 35-fold improvement on previous
experiments [7], testing Einstein’s prediction at the 2 ppm
uncertainty level.

III.

MWL STATUS

The ACES clock signal distributed by FCDP is finally
transmitted to ground stations by the ACES microwave link.
The proposed MWL concept is an upgraded version of the
Vessot two-way technique used for the GP-A experiment in
1976 [7] and the PRARE geodesy instrument. The system
operates continuously with a carrier frequency in the Ku-band.
The high carrier frequencies of the up and down links (13.5
GHz and 14.7 GHz respectively) allow for a noticeable
reduction of the ionospheric delay. A third frequency in the Sband (2.2 GHz) is used to determine the Total Electron
Content (TEC) and correct for the ionospere time delay. A
PN-code modulation (100 Mchip/s) of the carrier removes the
phase ambiguity between successive comparison sessions
separated by large dead times. The system is designed for
multiple access capability, allowing up to 4 simultaneous
ground users distinguished by the different PN-codes and
Doppler shifts.

Time variations of fundamental constants can be measured
by comparing clocks based on different transitions or different
atomic species [8]. Indeed, any transition energy can be
expressed in terms of the fine structure constant α and the two
dimensionless constants mq/ΛQCD and me/ ΛQCD, depending on
the quark mass mq, the electron mass me, and the QCD mass
scale ΛQCD [9,10]. ACES will perform crossed comparisons of
ground clocks both in the microwave and in the optical
domain with a frequency resolution of 1·10−17 in a few days of
integration time. These comparisons will impose strong and
unambiguous constraints on time variations of fundamental
constants reaching an uncertainty of 1·10−17/year in case of a
1-year mission duration, down to 3·10−18/year after three
years.

A. MWL Flight Segment
The engineering model of the flight segment electronic
unit (Fig. 4) has been completed and tested.

The foundations of special relativity lie on the hypothesis
of Local Lorentz Invariance (LLI). According to this principle,
the outcome of any local test experiment is independent of the
velocity of the freely falling apparatus. In 1997, LLI tests
based on the measurement of the round-trip speed of light
have been performed by comparing clocks on-board GPS
satellites to ground hydrogen masers [11]. In such
experiments, LLI violations would appear as variations of the
speed of light c with the direction and the relative velocity of
the clocks. ACES will perform a similar experiment by
measuring relative variations of the speed of light at the 10−10
uncertainty level.
C. Applications
ACES will also demonstrate a new technique, called
“relativistic geodesy”, to map the Earth gravitational potential.
This technique uses a precision measurement of the Einstein’s
gravitational red-shift between two clocks to determine the
corresponding difference in the local gravitational potentials.
The possibility of performing comparisons of ground clocks at
the 10-17 frequency uncertainty level will allow ACES to
resolve geopotential differences at 10 cm.

Figure 4. MWL Flight Segment engineering model under test.

MWL long-term stability is ensured by the continuous
calibration of the receiver channels provided by a built-in testloop translator. For shorter durations (< 300 s), time stability
is driven by the noise performance of the Ku transmitter and
receiver and of the DLL (Delay-Locked Loop) boards. The
100 MHz chip rate has already enabled a time stability better
than 2 ps to be achieved with code measurements. Carrier
phase stability is shown in Fig. 5, where time deviations down
to 80 fs at about 100 s are reported. For longer durations, time
deviation remains well below the 1 ps level even in the worst
conditions of signal to noise density ratio (C/N),
corresponding to very low elevation angles of the ISS over a
ground terminal. The thermal sensitivity of the system has
been measured and used to calibrate MWL phase comparison
data against temperature variations. The sensitivity to a series
of key parameters such as clock input power, received signal
C/N, supply voltage, Doppler, Doppler rate, etc. has been
measured. The susceptibility of the system to narrowband and
broadband interference, as well as to multipath effects has
been characterized.

A dedicated GNSS receiver on-board the ACES payload
will ensure orbit determination, important for comparing
clocks and performing fundamental physics tests. In addition,
the GNSS subsystem will be connected to the ACES clock
signal, opening the possibility to use the GNSS network for
clock comparisons or remote sensing applications (GNSS
radio-occultation and reflectometry).
In addition to the ACES MWL, the European Laser
Timing (ELT) link will allow clock comparisons, time
transfer, and ranging experiments in the optical domain. The
combination of ELT and MWL will provide a bench to test
two different time transfer and ranging techniques, also
opening the door to studies of atmospheric propagation delays.
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Support and Operation Center (USOC). The system is housed
below a protective radome cupola (fig. 8), which also allows
to stabilize the temperature of the enclosed volume by an air
conditioning system, part of a separate service pallet. The
MWL ground terminal is presently being assembled (fig. 7).
After dedicated tests on the ground terminal, a MWL system
level test will be conducted. The test will be performed using
dedicated test equipment that will allow reproducing the signal
dynamics both in terms of amplitude and frequency (Doppler)
variations.

Carrier Phase Stability (DLL#1)
-97 dbm
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-112 dbm
-117 dbm
MWL FS EU Specification
MWL System Short-Term Spec
MWL System Long-Term Spec
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Figure 5. MWL Flight Segment stability of the carrier phase, expressed in
time deviation, for different carrier-to-noise power density ratios.
Measurement are compared to MWL system requirements and derived MWL
FS contributions.

The engineering model of the flight segment S-band and
Ku-band antennas (fig. 6) have been completed and tested.
The antennas exhibit a extremely flat phase pattern over the
complete field of view covering 140°.

Figure 6. Engineering Model of the MWL Flight Segment Ku-Band
antenna.

B. MWL Ground Terminal
The MWL ground terminal electronics is similar to the
MWL flight hardware, symmetry being important in a twoway system to reduce instrumental errors. The ACES MWL
Ground Terminal (MWL GT) is a microwave station
interfacing the local clock on ground to the ACES payload
allowing space-to-ground clock comparisons. To reduce phase
instabilities due to the tracking motion, the electronic unit of
the MWL GT has been rigidly attached to the antenna unit.
The Ku-band signal is delivered to the antenna feeder via a
waveguide, a high stability RF cable is used for the S-band.
The antenna is a 60 cm offset reflector with a dual-band feed
system automatically pointed in azimuth and elevation by a
steering mechanism. A computer controls the steering unit
based on ISS orbit prediction files, collects telemetry and
science data both from the local clock and the MWL GT
electronics, and interfaces directly with the ACES Users

Figure 7. MWL Ground Terminal under assembly (top: steering unit with
antenna and electronics unit, middle, bottom: electronics unit front panel,
backplane).
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Signal

Nominal
impedance

Figure 8. MWL Ground Terminal protective radome

The MWL ground terminals will be collocated with the
ground atomic clocks operated by metrology institutes and
research laboratories. The hosting site will provide the clock
signal to the MWL ground terminal (table 1) ensuring ground
clock synchronisation to UTC to 0.5 μs (100 ps after 10 days
for at least two of the ground clocks).

The total weight of system is 270 kg for the radome pallet
and 380 kg for the service pallet and air-conditioning system.
Power supply demand include about 6 kW for all electronics,
thermal chiller and cabinet cooling with an additional 3-5 kW
for the radome thermal control, capable to operate the MWL
GT in a large range of ambient environments from -30 °C to
+45 °C.

Characteristics

Receiver characteristics

Single
ended,
AC
coupled, no galvanic
isolation w.r.t. chassis
ground

Nominal frequency

100 MHz ± 1·10‐7

Waveform

Sine

Input level

6 dBm ± 2 dB

Spurious of input signals

Harmonic: ≤ 69 dBc

50 Ω

VSWR

≤ 1.20

S11 stability

≤ 1.5·10‐3 pp/day

Connector

3.5 mm female

Signal

PPS

Slope

Rising slope

Trigger level

0‐4 V (programmable)

Impedance

50 Ω

Connector

3.5 mm female

For this purpose, a complete model describing the spaceto-ground comparison of clocks via MWL has been
developed. The model includes relativistic corrections up to
third order in v/c, which are still non negligible for reaching a
frequency uncertainty level well below 1·10-16. Algorithms to
measure and control the instabilities introduced by
atmospheric propagation delays (ionosphere and troposphere)
are included in the code, as well as algorithms for the correct
identification of phase ambiguities and cycle slips. The code
has been tested on raw MWL data having the same noise
behaviour measured during of MWL EM tests and processed
by an independent program which also models atmospheric
propagation delays and link-related signal attenuation. The
results presented in [12,13] show a good agreement with the
ACES system requirements.

CHARACTERISTICS OF THE MWL GROUND TERMINAL TO
LOCAL GROUND CLOCK INTERFACE.

Signal

input

C. MWL Data Analysis
MWL provides time-tagged code and carrier phase
measurements on the two Ku-band signals (up and down-link)
and on the S-band down-link signal. Housekeeping and
telemetry data, collected both at the ACES payload and on
ground,
provide
additional
calibration
parameters
(temperature, RF power, etc.) to be applied to MWL raw
measurements. ACES scientific products are generated by
analyzing MWL raw data, together with additional
information, in particular ISS orbitography, parameters for the
troposphere model, etc. Data analysis algorithms will be able
to deal with the intrinsic noise of the measurements, possible
events such as temporary signal loss, etc. and will provide
results at the expected performance levels even in adverse
conditions.
Algorithms
include
a
DRVID
(Di
erenced Range Versus Integrated Doppler)-based multipath
detection. Ionospheric delay calculation will be performed
zusing the Ku- and S-band downlink signals, possibly using
again DRVID in addition.

The MWL ground terminal comprises the radome pallet
including antenna, electronics unit, steering unit and radome
and the service pallet including control computer, steering unit
controller, power supply (and UPS), and water chiller to
thermally stabilise the MWL electronics unit. All these
elements are accommodated in an air-conditioned outside
cabinet. A dedicated air-conditioning system will maintain and
stabilise the temperature inside the radome.

TABLE I.

Characteristics
in a bandwidth of 100
kHz around the carrier

Based on this work, algorithms are presently developed
and implemented in the ACES ground segment infrastructure
to operationally exploit the MWL measurement and to
generate the ACES data products available to the scientific
community.

No harmonic: ≤ 69 dBc
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Figure 9. MWL end-to-end test RF EGSE providing full Doppler simulation.

IV.

MWL TEST RESULTS

A. MWL Test Program
The MWL system is thoroughly tested in incremental
steps. The MWL FS and MWL GT electronic units are
measured against a dedicated EGSE as well as using their
internal test loop translators to determine intrinsic stability.
The sensitivity against variations in the environment
(temperature, supply voltage, clock signal level, etc.) is
independently measured and sensitivity coefficients are
validated using realistic variation patterns. The antennas are
characterised for gain as well as for their individual phase
pattern, allowing to apply corrections in post-processing
depending on line-of-sight angles.
Following stand-alone tests, the system is validated in an
end-to-end test comprising MWL FS and MWL GT electronic
units connected by cables through a signal simulator RF
EGSE (fig. 10).

Figure 10. MWL end-to-end test set-up (MWL FS on the right, MWL GT
electronics on the left, RF EGSE in the two center racks)

B. MWL End-To-End Test Configuration
The MWL end-to-end test is presently conducted using the
MWL FS electronics unit Engineering Model and the MWL
GT electronics unit of the first item being build. Both items
under test are connected by cable including appropriate and
variable attenuation to offset the free-space range. An RF

Within the end-to-end test the system stability with
Doppler, Doppler rate and variations in signal amplitude is
verified. Delay calibration between uplink and downlink is
demonstrated in the end-to-end test.
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EGSE simulates Doppler, generated in a DDS and applied
coherently on the PN code and carrier signals (fig 9).

The end-to-end test data evaluation makes use of extensive
data post-processing developed specifically for the test and
being a part of the algorithms under development for the
ACES mission data exploitation itself.

The end-to-end test configuration supports both, common
clock and dual clock measurements. The common clock
configuration will be used to test the MWL intrinsic stability,
where the dual clock measurement resembles the operations
set-up during the mission; results obtained in this
configuration will be compared to measurements performed
externally between the two reference clock using a separate
phase comparator.

C. MWL End-to-End Test Results
First results have been obtained from the end-to-end test
(fig 11) with constant Doppler.
The figure shows the MWL end-to-end carrier phase
stability, expressed in time deviation. The upper curve
represents the measurement in the MWL FS of the MWL GT
received carrier phase against the local reference signal;
measured with DLL2. The lower curve represents the
measurement in the MWL GT of the MWL FS received
carrier phase against the local reference; measured with
DLL1. Results are based on raw data, i.e. before establishing
the lambda configuration and applying the two-way formula.

The end-to-end test includes static tests without Doppler
and signal amplitude variations followed by Doppler tests. It
concludes with a test including the full signal dynamics for a
typical ISS passage over a MWL GT.
In the end-to-end test configuration, the differential delay
calibration of uplink versus downlink is demonstrated. Delay
calibration is performed by comparing the ground clock PPS
to a PPS generated internally to the MWL GT.

Figure 11. MWL end-to-end test results (carrier phase stability with constant Doppler measured in the MWL FS (blue curve) and in the MWL GT (orange
curve)

The system performance reaches stability in the order of
50-60 fs, which is well within the specification requesting 240
fs. The MWL system remains stable up to several hundred
seconds of integration time, performance at integration time
larger than 1 thousand seconds is dominated by thermal noise
in the EGSE.
Remarkably, the system performance is already reached
with the code measurements at 300 seconds of integration
time (fig 12).
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V.

OUTLOOK

The MWL end-to-end test is planned to be completed by
June 2011. Based on a successful demonstration of
performance, the MWL FS flight model will be build and
manufacturing of the full set of MWL Ground Terminals will
be released.
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GIOVE-A was launched. Presently, there are two
experimental Galileo satellites in operation, GIOVE-A and
GIOVE-B, and the first four operational Galileo satellites
(building the Galileo In-Orbit Validation (IOV) constellation)
are due for launch in 2011. GIOVE satellites transmit the
ranging signals using all the code modulations currently
foreseen for the future Galileo, and provide therefore a
foretaste of their performance in real-life applications. Due to
the use of a higher PRN chip rate of 10.23 MHz and two
subcarriers spaced at 30.69 MHz resulting in a 51 MHz wide
signal bandwidth, the ranging signals of Galileo provide
significant improvement of the (long) multipath performance
as compared to current GPS/GLONASS. In 2008, some
studies with GIOVE-A data evidenced that the E5AltBOC
code demonstrates the highest multipath suppression as
compared to other signals and very low magnitude of average
multipath errors, down to the values about 20 cm [11].
Previous research done by the authors of this paper [12]
showed that this very precise GNSS pseudorange is very
promising for improving time transfer applications.

Abstract— The GNSS main technique currently used for
accurate time and frequency transfer is the so-called “geodetic
time transfer”, based on a consistent modeling of dual-frequency
code and carrier-phase measurements. This technique enables
frequency transfer with an uncertainty of 0.1 nanoseconds
thanks to the very low noise level of the carrier phase
measurements, but the accuracy of time transfer can only reach
the level of a couple of nanoseconds in the best cases, due to the
noise and multipath of the GPS and GLONASS codes. However,
in the near future Galileo will offer one promising signal,
namely the broadband signal E5, with an ultimate low range
noise in the cm range and with the lowest multipath error
impact observed before. This paper investigates the use of this
precise code for accurate time transfer.

I.

INTRODUCTION

Measurements from Global Navigation Satellite Systems
(GNSS) are used since the eighties to perform precise and
accurate Time and Frequency Transfer (TFT) [1-2].
Nowadays, the main technique used for TFT is the so-called
“geodetic time transfer”, based on the joint analysis of GPS
(and GLONASS) dual-frequency code and carrier-phase
measurements. It is widely recognized for its high frequency
stability (see for instance [3-5]), thanks to the very low noise
level of the carrier phases, enabling time transfer with an
uncertainty of 0.1 ns (nanoseconds), when ignoring the
uncertainty of the instrumental hardware delays calibration.
This calibration value can be determined with an uncertainty
at the level of about 1 ns for GPS links, as it has been shown
in recent experiments [6-7]. However, the time transfer
accuracy is also limited by the colored signature of the code
noise, affecting the medium-term stability of the solution and
inducing possible discontinuities at the day boundaries [8-10].
Therefore, the accuracy of time transfer given by this
technique can only reach the level of a couple of nanoseconds
in the best cases.

The purpose of this article is to develop accurate methods
for time transfer with Galileo E5AltBOC (E5 hereafter). In
section 2 we revise the current GNSS main time transfer
technique; section 3 presents the noise level of the E5 code
using the experimental GIOVE satellites observations and
investigates the possible approaches to use it for time transfer;
the fourth section presents some results from tests with Galileo
simulated data, and the last section is dedicated to the
conclusions of this work and perspectives for the future.
II.

P3 = α f ⋅ P1 − β f ⋅ P2 ,

On the other hand, the European Galileo system is
currently under development, and will be interoperable with
GPS and GLONASS. Galileo signal is on the air since
December 2005, when the first experimental Galileo satellite

978-1-61284-110-6/11/$26.00 ©2011 IEEE

STATE OF THE ART

The current geodetic time transfer method is based on a
consistent analysis of ionosphere-free combinations for the
code and carrier-phase measurements on L1 and L2 bands,
that is,

L3 = α f ⋅ L1 − β f ⋅ L2 ,
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with

III.

αf =

f12
f12 − f 22

≈ 2.545, β f =

f2
f12 − f 22

≈ 1.545,

A. E5 observation equation
The observation equation for E5 is quite similar to the
observation equation for P3, with an additional term
containing the ionospheric delay at frequency E5:

which are finally given by

P3 =|| xrec − x sat || −cΔtrec + cΔt sat + Trop + δ 3P + ε 3P ,
L3 =|| xrec − x sat || −cΔtrec + cΔt sat + Trop + λ3 N3 + δ 3φ + ε 3φ ,

(1)

E5 =|| xrec − x sat || −cΔtrec + cΔt sat + Iono5 + Trop + δ 5P + ε 5P , (2)
where

xrec is the receiver position, x sat is the satellite
position, c is the vacuum speed of light, Δtrec is the receiver
where

hardware delays for the P3 code,
of the phase combination,
multipath, and

φ

ε3

ε 3P

φ

δ3

contains the receiver hardware delays for this

ε 5P

is the pseudorange noise and multipath.

In order to obtain the receiver clock error, Δtrec , all the
other contributions to the E5 code must be corrected. As
explained before, the satellite positions and clocks can be
provided by external products. The troposphere zenith delay
can be either obtained from external products (if such products
exist for the station where the clock is located), or estimated as
explained before for PPP. The ionospheric delay is the main
limitation and requires being determined at the highest
possible precision level. Different ways can be used to correct
for the ionospheric delay. Combining the E5 code with
another code in order to perform an ionosphere-free solution,
as done with the GPS/GLONASS P3, will cause the loss of
the properties of this very precise code, due to the noise of the
second pseudorange used for the combination. This will thus
offer no advantage with respect to the present geodetic time
transfer approach. Alternative approaches exist and are
presented in the next section.

sat

δ 3P

δ 5P

frequency and

synchronization clock error, Δt
is the satellite
synchronization clock error, Trop is the tropospheric delay,
λ3 is the wavelength of the carrier-phase combination, N 3 is
the integer phase ambiguity of L3,

USING THE GALILEO E5ALTBOC PSEUDORANGE FOR
TIME TRANSFER

contains the receiver

is the initial phase delay

is the pseudorange noise and

is the ionosphere-free carrier-phase noise.

The carrier phases themselves allow to give a precise
signal evolution, at the subnanosecond level, as already
mentioned, but they need to be combined with code data, due
to the fact that they contain an unknown initial ambiguity
(integer number of cycles, see (1)) which must be solved. The
P3 code is used for this task, determining then the absolute
receiver clock offset. The noise of the ionosphere-free P3
combination is given by the expression

B. Ionosphere correction of the E5 pseudorange
measurement

σ P = 2.5452 ⋅ σ P2 + 1.5452 ⋅ σ P2 ≈ 3 ⋅ σ P .
3

1

2

1

1) Ionosphere correction for single-frequency receivers

The ionosphere-free combination therefore amplifies the
pseudorange noise and multipath with respect to the individual
code measurements. As a consequence, the accuracy of the
time transfer solution is at the level of up to a couple of
nanoseconds.

Having only single-frequency measurements at our
disposal requires external products for the ionosphere
correction. It is therefore necessary to use maps providing the
Total Electron Content (TEC) as a function of the latitude and
longitude, in order to get the ionospheric delay for each signal
path. Using global TEC maps proposed in the IONEX format,
as for example those provided by the IGS analysis center
CODE [16], however only corrects for the long wavelength
and long term variations (above 2 hours) of the TEC. It was
demonstrated with GPS that this is not sufficient for time and
frequency transfer: the ionosphere-free combination P3
improves time transfer by a factor of 2 with respect to using
P1 code corrected with the CODE TEC maps, for
intercontinental baselines [17].

The most important parameter for time transfer is Δtrec ,
i.e. the receiver clock synchronization error with respect to the
reference of the satellite clocks. When the receiver frequency
is driven by or synchronized with an external atomic clock
frequency, Δtrec gives indeed access to this external clock.
The solution for Δtrec is obtained from a least-squares fitting
of the code P3 and carrier phase L3 observations. Using a
Precise Point Positioning (PPP) approach [14-15], it is
possible to determine at the same time the Δtrec , the station
position, the tropospheric zenith delay Trop, and the float

On the other hand, regional ionosphere maps, currently
under development (as for instance the ones produced by the
US National Oceanic and Atmospheric Administration
(NOAA)), offer a better spatial and temporal resolution with
respect to the global maps, as they are built with more dense
networks. They could then provide a more precise correction
for the ionospheric delay on pseudoranges; this will be tested
in the future.

carrier phase ambiguities ( λ3 N3+ δ 3 ); the satellite positions
and clocks are provided by external products, e.g. the IGS
P
products. Note that δ 3 will be absorbed in the clock solution
φ

Δtrec , and should be corrected for using external calibration
parameters (receiver, antenna and cable delays).

35

Another approach to correct the ionospphere could be to
estimate this effect by means of an appropriaate model from the
Code-minus-Carrier (CMC) observable. Thee latter is obtained
from the difference between the E5 code and carrier-phase
measurements, and retains only the ionospheere correction and
the carrier-phase inherent ambiguity term.. Indeed, the L5
carrier-phase observation equation reads:

L5 =|| xrec − x sat || −cΔtrec + cΔt sat − Ionoo5 + Trop +
+ λ5 N 5 + δ 5φ + ε 5φ .

(3)

Note that the ionosphere contribution Ioono5 contains here
only the first order (i.e. in 1/f2 where f is the ffrequency), which
affects the code and carrier phase with the sam
me magnitude but
opposite signs. By differencing equations (2) and (3), we
obtain the CMC combination:

CMC =

E5 − L5
δ P (λ N + δ Φ )
= Iono5 + 5 − 5 5 5 + ε CMC . (4)
2
2
2

Figure 1. Comparison between the vertical ionospheric delay in TEC units
for a 5-day period estimated with surface fittiing based on a ionospheric shell
model from CMC , and the simulated VTEC (taken from CODE IONEX
maps).

CMC therefore contains only the ionosppheric delay, plus
an ambiguity term (constant over each coontinuous satellite
track) and a constant term. The ionospheric delay, Iono5, can
be estimated by using a single-layer spheerical ionospheric
shell model [18], i.e.,

al-frequency receivers
2) Ionosphere correction for dua

CMC = MF ⋅ ( ZID0 + ∇ϕ ⋅ (ϕ IP − ϕ 0 ) + ∇ λ ⋅ (λIP − λ0 ) )
+

δ 5P
2

−

(λ5 N 5 + δ 5φ )
+ ε CMC ,
2

Ionoi Ionno j
=
.
f j2
fi 2

where MF is the elevation-dependent mappiing function, ZID0
denotes the zenith ionospheric delay at thee station position,
∇ ϕ and ∇λ are latitudinal and longituudinal gradients,
respectively,

ϕ IP

and

λIP are

If dual-frequency data are avaailable, a combination of
carrier phases measured on two frequ
uencies can be used to get
the first order ionospheric delay for each signal path. First of
all, as the ionosphere is a dispersivee medium, the ionospheric
delays for different frequencies fi and fj are related by the
expression

Then, the geometry-free combinaation of L1 and L5 carrierphase observations can be expressed as

⎛
f2⎞
'
φ
+ ε GF
LGF = L1 − L5 = Iono5 ⎜1 − 52 ⎟ + N GF
, (5)
f
⎝
1 ⎠

the geodeetic latitude and

longitude of the ionosphere pierce point (IPP
P); ϕ0 and λ0 are
the latitude and longitude of the station. Usinng a least- squares
fitting of all observations above a givenn elevation, it is
possible to determine the TEC at the zenitth plus latitudinal
and longitudinal gradients. We tested thiss approach using
simulated Galileo data (see later), and ussing the mapping
function MF=1/cos z, where z denotes the zzenith angle of the
satellite. The differences between the VTE
EC retrieved with
this model and the simulated VTEC can rreach the level of
some TEC units (see Fig. 1), corresponding to more than one
nanosecond for the GNSS frequencies. Thhe technique can
therefore not be used for our purpose as not eenough precise.

'
where N GF
is an ambiguity paraameter that includes the
difference between the ambiguitiess in the two frequencies,
plus some biases. In order to estim
mate the ionosphere, this
ambiguity must be first solved for. The
T latter can be done by
means of the geometry-free combinaation of E1 and E5 codes,
which retains the ionospheric delay plus
p a collection of biases
of the receiver and satellite hardwaree (the so-called differential
code biases, or DCBs), that is,
⎛
f2⎞
P
EGF = E5 − E1 = Iono5 ⎜1 − 52 ⎟ − c ( DCB
D rec + DCB sat ) + ε GF
. (6)
f1 ⎠
⎝
Then, by making the differencee between (5) and (6) we
can estimate the ambiguity parameterr as

'
N GF
=

( LGF − EGF )

arc without
cycle slips

− c( DCBrec + DCB sat ).

And finally, we can obtain the ionospheric
i
delay of each
E5 measurement as
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Iono5 =

1 ⎧
⎡
⎨ LGF − ⎢ ( LGF − EGF )
α GF ⎩
⎣

arc without
cycle slips

}

−

(7)

−c( DCBrec + DCB ) ⎤⎦ ,
2
2
where α GF = 1 − f 5 f1 .
sat

C. The E5 Code-Plus-Carrier combination
Instead of using the E5 observation only, we propose here
to take advantage of the Code-plus-Carrier observable (CPC),
which is at first-order ionosphere-free. By adding equation (3)
to (2), we get CPC, which reads

E5 + L5
=|| xrec − x sat || −cΔtrec + cΔt sat + Trop +
2
(8)
φ
P
δ 5 ( λ5 N5 + δ 5 )
+
+
+ ε CPC .
2
2

CPC =

It is important to note that the noise and multipath εCPC of
this combination are mainly the noise and multipath of the
pseudoranges, as the carrier-phase noise is significantly lower.
Then,

σ CPC =

Figure 2. From [12]: Comparison between the clock solutions obtained with
either dual-frequency ionosphere-free combination of pseudoranges, or the
CPC combination.

σE

1
σ E25 + σ L25 ≈ 5 ,
2
2

The improvement in terms of noise level obtained with the
CPC with respect to the classical dual-frequency ionospherefree codes appears clearly. The rms of the GPS P3 and of the
GIOVE E1+E5 combinations are about 7.8 and 4.8 ns,
respectively, whereas the rms of the CPC E5 falls down to 0.4
ns. That means that the latter has a noise level about 10 times
lower than the ionosphere-free E1+E5 and more than 15 times
lower than GPS P3. The small variations of the CPC curve
correspond to E5 multipath.

that is, CPC has half the noise and multipath of the E5 code.
Therefore, the time transfer solution obtained with CPC
should have a noise reduction by a factor of 2 with respect to
the solution obtained with E5 only. Moreover, the CPC
combination also mitigates higher-order ionospheric effects,
with a reduction of 25% of the second-order delay (~1/f3) and
33% of the third-order delay (~1/f4) with respect to the code
observable [19]. However, the CPC combination is
ambiguous, so that the time transfer method based on this
combination will have to deal with the ambiguity resolution in
the first step.

If we do not consider the instrumental calibration issues,
the clock solutions so-obtained correspond to the quantity
which determines the accuracy of the time transfer solutions.
The advantage of the CPC will be therefore to improve the
accuracy of time transfer with respect to the dual-frequency
ionosphere-free combination, i.e. with CGGTTS (Common
GPS GLONASS Time Transfer Standard) or PPP, provided
that the ambiguities of the CPC are precisely determined. In
order to do that, we can for instance use the Code-minusCarrier combination (4), as it has the same ambiguity that
appears in CPC (see (8)). However, this approach requires
again the correction of the ionosphere effect, as with the E5
code only approach. To that purpose, the double-frequency
geometry-free combination of carrier-phase and code
measurements on E1 and E5 bands can be used.

In [12] we presented some results of the time transfer
solution obtained with CPC once the ambiguities were solved,
with current data available from GIOVE satellites. These are
reported in Fig. 2, which presents for the time link GNORGUSN, i.e. Noordwijk (Netherlands)-USNO (US), the clock
solutions obtained with either the CPC, or the ionosphere-free
codes using the combination of E1 and E5AltBOC (labelled as
E5(a+b)) for GIOVE, and P1 and P2 for GPS. The results are
shown for one satellite track of GIOVE-B and of GPS PRN
19, these two satellites appearing visible at the same time for
both stations. The clock solutions have been computed using
pseudorange observations at a 30 second sampling rate, and
correcting them for the geometric distance satellite-receiver,
for the satellite clock and for the relativistic effect due to the
satellite orbit eccentricity, using the IGS orbits for GPS and
the CONGO orbits [20] for GIOVE-B. The tropospheric
delays were taken from the IGS products [19] for USNO and
for DLFT (25 km far from GNOR). The station positions were
fixed to a priori known coordinates. The clock solutions are
presented in Common View in order to get rid of the reference
time scale which is different for GPS and for GIOVE satellites
clock products.

Let’s recall now that the time transfer solution with CPC
E5 should be 2 times less noisy than that using only E5. This
will be verified in the next section, where we investigate the
two approaches that have been presented, with data simulated
with the ASiF software [13]. To summarise, these two
approaches are:
E5-only approach:
1. - Estimate the ionospheric delays from the geometryfree code and carrier-phase combinations of E1 and E5.
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2. - Correct the E5 observable with the previous value and
then, solve for the clock solution with a least-squares fitting:
either determine the receiver clock, the station position and the
wet troposphere path delays; or fix the position and
troposphere, and determine only the receiver clock.

parameters will therefore be a parameter influencing the
accuracy of the clock solution and will require further
investigations.

CPC E5 approach:
1. - Estimate the ionospheric delays from the geometryfree code and carrier-phase combinations of E1 and E5.
2. - Correct the ionosphere in the CMC equation to
determine the ambiguities.
3. – Enter these ambiguities in the CPC observable and
then, solve it as in the E5-only approach.
IV.

CLOCK RESULTS FROM SIMULATED DATA

The ASiF software [13] simulates measurements in
RINEX 3.0 format and satellite products in clk formats for
the GPS and Galileo constellations. The satellite orbits are
modelled with a keplerian motion; receiver and satellite
clocks are simulated using the procedure proposed in [21];
tropospheric delays are taken from the IGS products [22];
ionospheric delays are generated from CODE IONEX maps
[16]; a white noise is then added to the measurements. In the
present study, we considered pseudorange white noise with a
standard deviation of 6 cm for E5 and 13 cm for E1, with no
multipath effect, and white noise with standard deviation of
13 mm for the carrier phases.
Following the two procedures previously described, we
estimated the receiver clock using a least-squares inversion as
in the Atomium PPP software [23], i.e. with an analysis of
one-day data batches. The clock solution was computed either
fixing the position and troposphere to a priori known values,
or determining them in the same analysis. Figs. 3 and 4 show
the difference between the simulated clock and the clock
retrieved by the least-squares inversion with the two
approaches (E5-only or CPC E5), for 5 consecutive days. The
first conclusion that arises from these results is that, as
expected, the noise of the clock solution obtained from the
CPC combination is half the noise level of the solution
obtained directly from the E5 pseudoranges. Secondly, we
see that estimating also the troposphere and the position, as it
is done in classical PPP, induces errors on the clock solution
of the order of about 50 ps in the present case. Finally, we
can consider that the accuracy of our clock solution is given
by the average difference between the computed and
simulated clocks over one day. This difference is smaller than
20 picoseconds in both cases. However, it is important to
note that only white noise has been considered for E5 and E1
pseudoranges. Although E5 is not much influenced by
multipath, this effect should be also taken into account in the
future, as it will directly impact the clock solution accuracy.
In the case of E1, or any other different from E5, the noise
and multipath are more significant, and will then affect the
precision on the ionosphere correction (see (7)). Moreover,
the simulation did not consider different hardware delays for
each frequency, which play also a very important role in the
ionosphere determination. The uncertainty on these

Figure 3. Differences between the computed and simulated clock; the
computed clock was obtained using either the E5 code directly or the E5
CPC combination. The position and tropospheric delays are fixed to a priori
known values.

Figure 4. Same as figure 3, but here the position and tropospheric delays
are also estimated in the least-squares analysis.

V.

CONCLUSIONS

This paper investigated the applications of the future
Galileo code E5AltBOC for time transfer. Thanks to its high
precision and low multipath, this code can offer large
improvement to the time transfer accuracy. The sum of code
and carrier phase measurements (called CPC for Code plus
Carrier) on E5AltBOC has been proved to be two times less
noisy than the E5AltBOC code; its use for time transfer shows
therefore a big interest. Some comparisons with true GPS and
GIOVE data demonstrated that the CPC combination is more
than 15 times less noisy than GPS P3. As the CPC is an
ambiguous observable, the combination CMC (Code Minus
Phase) has been proposed to solve for the ambiguities. This
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combination needs however to be first corrected for the
ionospheric effect, which can be precisely determined only
from dual-frequency code and carrier-phase measurements.
Some tests with simulated data have shown that the accuracy
of the E5-based clock solution, measured as the mean offset
between the computed and simulated clocks, is lower than 20
ps. However, the impact on the clock solution of multipath
and of the precision of the differential code biases which were
not considered here, need to be carefully investigated in future
work.

[16] http://aiuws.unibe.ch/ionosphere
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Abstract—The Physikalisch-Technische Bundesanstalt (PTB)
realizes its atomic time scale UTC(PTB) as approximation to the
international time reference UTC. It serves as the basis for
PTB’s time services, for the local clock comparisons and for
international time comparisons. Since February 2010
UTC(PTB) has been realized using an active hydrogen maser
steered in frequency via a phase micro stepper according to an
algorithm described in this paper. Thereby the long-term
stability and accuracy of PTB’s primary clocks is combined with
the typical short-term frequency stability of a hydrogen maser.
During the last 12 months, the caesium fountain clock CSF1 was
used as the steering reference on more than 98% of the days,
which resulted in an excellent stability of UTC(PTB). During the
last six months, including March 2011, its deviation from UTC
was less than 4 ns.

I.

II.
A.

Available equipment
PTB currently operates two cold-atom based caesium
fountain clocks, CSF1 [2] and CSF2 [3], two older thermal
beam primary clocks, CS1 and CS2 [1], three commercial
caesium clocks of type Symmetricom 5071 (high-performance
option), and three AHM produced by Vremya-Ch. One
motivation of going to a new scheme of realization of UTC(k)
was to make better use of the available resources in the
laboratory. As long as UTC(PTB) was based on CS2 alone, it
already had a good reputation as one of the most long-term
stable and predictable time scales. A deviation from UTC by
more than 50 ns occurred only for a few ten days during the
last 10 years. The day-to-day stability was, however, worse
than that of time scales of other institutes realized with
hydrogen masers as the signal source. This fact became even
more obvious since two-way satellite time transfer and GPS
carrier phase-based time transfer became standard methods in
the field, and was considered no longer state-of-the-art. A final
motivation was a rather technical one: The CS2 ovens were
almost depleted of caesium, and clock operation could not be
assured beyond some point in time in 2010.

INTRODUCTION

The German Units and Time Act entrusts the PhysikalischTechnische Bundesanstalt PTB to realize UTC(PTB), a
representation of Coordinated Universal Time UTC, as the
basis for legal time in the country. It serves thus as the
reference for PTB’s time dissemination services, for the local
clock comparisons and for international time comparisons.
According to recommendations of the Consultative
Committee for Time and Frequency the deviation of UTC(k)
from UTC, where k stands for any laboratory active in this
field, should be as small as possible, preferably below 100 ns.
No unique prescription for the realization of UTC(k) follows
thereof. UTC(PTB) used to have its physical representation as
standard frequency and one pulse per second (1 PPS) signals
based on its primary clock CS2 for the last 20 years [1]. Since
February 2010 UTC(PTB) has instead been realized using an
active hydrogen maser (AHM) steered in frequency via a
phase micro stepper (PMS) according to an algorithm
described below. Thereby the long-term stability and accuracy
of PTB’s primary clocks is combined with the short-term
frequency stability of a hydrogen maser.
Subsequently we lay down the algorithm in current use
(Section II) and briefly describe the practical realization
(Section III). In Section IV results are presented. A discussion
and outlook on further work closes the paper.

Figure 1. Relative frequency instability of PTB’s atomic clocks, detailed
explanations in the text
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In Figure 1, the frequency instability of the available
frequency standards in PTB is depicted. It illustrates that the
performance of the various devices is quite different. Results
of AHM comparisons (green symbols) are shown for local
comparisons among two of them with averaging times
between 1 s and 10 days, and for comparisons of the same two
masers with the time scale UTC(NIST) of the US National
Institute of Standards and Technology for averaging times
between 1 day and 30 days. The performance of the fountain
CSF1 is shown in yellow symbols, with respect to an AHM
(squares) and to an optical frequency standard of PTB [4]
(circles) with an instability superior to CSF1. The data span
analyzed here is longer than that reported in Figure 3 of [4].
These data advised us to steer the maser frequency through the
PMS towards CSF1 at least once per day based on daily
average values of the frequency difference. The frequency
instability of all other available standards (CS1: dark blue,
CS2: light blue, three commercial clocks: earth tones) equals
that of the masers only after far more than 10 days of
averaging. Thus daily steering the maser frequency towards
those references has been based on linear fits to a number of
daily average values, extrapolated to the current day.

less than two such data are available (e.g. two extrapolated,
but not measured data), the steering is calculated based on
another option. For δf2 we use the estimated d, representing
the fractional deviation of the scale interval of TAI from the SI
second on the geoid, as published in the last line of the
Circular T Section 4.
Option 2: The AHM frequency is compared to all caesium
beam clocks. δf1 is updated daily, based on extrapolation of
past data for an interval adapted to the frequency instability of
the reference clocks, mostly 25 days. To estimate δf2 the
monthly published rates rTAI of the clocks with respect to
TAI from the ALGOS data base are used. Individual clock
results are combined using their most recent statistical weights
wTAI as published in the ALGOS data base.
Option 3: As a fall-back option, steering is made based
either on CS2 or CS1, similar to Option 2.
The third term δf3 is common to all three options. It
assures the long term steering of UTC(PTB) to UTC and is
currently calculated as {UTC-UTC(PTB)}LRD / 60 d, where
the time difference is taken at the last reported day in the most
recent issue of the Circular T, LRD. The values of δf3 (and
also δf2) are thus constant for about one month after a new
issue of the Circular T was received.

B. Basic algorithm design

C. How to ensure reliability and availability?
The first steps of realizing a time scale based on CSF1 were
made in 2002 [5]. Since then we collected a lot of
experiences of equipment failures and weaknesses of the
chosen strategies. Figure 2 should make clear that a maser
output failure is fatal. Therefore the realization of the time
scale is made in duplicate, named UTC(PTB) and
UTH(PTB), based on two different AHM, and both time
scales should be in close agreement. Switching of all signals
(5 MHz and 1 PPS) requires manual intervention, but is
simple to do. The PMS has proven very reliable, so it appears
a more likely event that no software input is available. In this
case the frequency steering remains unchanged, and alarms
are distributed. The data required for the calculation of δf1 are
collected using well developed measurement infrastructure.

Figure 2. UTC(PTB) realization from a hydrogen maser

In the past, a frequency offset between UTC(PTB) and
CS2 used to be introduced through a phase micro stepper
(PMS) so that agreement of UTC(PTB) and UTC was assured
in the long term. This offset was introduced manually once
every few months based on the results published in the BIPM
Time Department Circular T. Now this “steering of the AHM”
is under software control as illustrated in Figure 2. The PMS is
commanded daily to shift the 5 MHz input frequency by the
relative amount δfsteer which has three additive
components, δf1, δf2 and δf3. The first component, δf1, is
intended to adjust the frequency of the maser to the rate of the
reference clocks as just described. The second term, δf2,
represents the individual reference clock rates with respect to
TAI. Three steering values δf1+ δf2 are calculated in parallel
each day and one is selected based on a pre-selected priority
and the availability of data:
Option 1: The AHM frequency is compared to PTB’s
fountain clock CSF1 hourly. If during day N-1 6 hours of data
are available, then the mean value, corrected for the daily
frequency drift of the maser is used as δf1 during day N. When
no valid data are available for day N-1, the steering for day N
is calculated from a linear fit to the last three daily values. If

Figure 3. Implementation of duplicate realization of PTB’s reference time
scale UTC(PTB)
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the relative frequency difference between the AHM frequency
and the fountains should be limited to about 10-13.

The generation of three optional inputs has proven as
sufficient to provide a steering value each day and also allows
cross-check among the results. The software can be re-started
manually at any point in time so that during working days
corrected input data could be used to produce a refined
steering value if necessary.
III.

IV.

RESULTS

The new realization scheme was implemented after 27
February 2010, MJD 55254, and was accompanied by a
replacement of some older cables (RG 58) by a more
appropriate double-shielded variant. All cable delay changes
were measured and later documented as required such that the
transition could be made without a step in the time scale. On
the other hand, the UTC(PTB) stability improved
immediately, as illustrated by a comparison to UTC(NIST)
using a GPS carrier phase comparison (NRCan PPP software
[6]) whose result is shown in Figure 4.

PRACTICAL IMPLEMENTATION

Figure 3 gives a simplified view of the implementation. In
order to implement Option1, a phase comparator is used to get
hourly mean frequency differences between CSF1 and two
AHM which provide the physical input to the generation of
UTC(PTB) and UTH(PTB), respectively. The same
measurement infrastructure is available for CSF2, but the
interfaces to the time scale generation have not been
established yet. These interfaces proved as one of the key
issues to be solved. Other than most fountain clocks operated
world-wide, both fountains output 5 MHz signals from a
quartz oscillator (XO). Such a signal is available even if the
XO is deliberately not locked to the fountain or if the regular
fountain operation failed, e. g., because of a loss-of-lock of
one of the lasers used for atom cooling and detection. Using
data in such a condition would result in an erroneous steering
command. The interface thus contains a two-level check of
data quality: use or do not use.
Figure 3 shows also part of the measurement infrastructure
linking the CS1 and CS2 in the clock hall and the commercial
caesium clocks with the two AHM, in order to implement
Options 2 and 3. In duplicate (not shown), the 1 PPS signals
are routed to signal switches and compared by two time
interval counters (TIC). Routinely the software accesses the
data files produced daily after midnight to get the required
clock differences. These are combined with previously
acquired data to get the frequency prediction of each clock
with respect to both AHM. These predictions are then
combined with rTAI-values of each clock, and in Option 2 a
weighted average is calculated based on the recent wTAIvalues.

Figure 4. Phase comparison UTC(PTB) – UTC(NIST) based on a GPS
carrier phases analysis using the NRCan PPP software [6] for a few days
before and after the change of the UTC(PTB) realization; independent phase
offsets removed in both data sets.

The software selects the daily steering command according
to pre-selected priorities: Priority 1 has always been given to
the use of CSF1 data (Option 1). A newly calculated value
δfsteer should agree with the value calculated one day before
within 2×10-14. If this condition is not met, the software checks
all available options. If a large step is found in all options,
then this step is applied and an alarm is generated. Such a
large step would point to a malfunction of the maser involved.
After a steering command was sent to the PMS, the
instrument is queried, and proper reception of the command is
verified. For each option and for each implementation, daily
log-files and archive files are produced which allow a check of
all calculations after the fact. Last but not least the software
supports two events which cannot be excluded to happen.
Based on auxiliary data, a change between the AHM in use to
the third one available in the lab is quickly made in case that
service is needed to the AHM in operation. Even an AHM
with cavity auto-tuning exhibits a (linear) frequency drift, and
the synthesizer which is part of the AHM electronics needs to
be stepped once in a couple of months as for practical reasons

Figure 5. Steering corrections calculated since October 2010, red: Option 1,
cyan: Option 2, green Option 3 (CS1), black based on CS2 with showing the
interruption of its operation in fall 2010

Since then, including March 2011, the frequency steering
could be based on Option 1 (CSF1 data) on about 98% of the
days. Of course, during many days CSF1 was useful for less
than 24 hours, but during the 13 months CSF1 was also used
in 7 measurements of the TAI scale unit (see Figure 9) during
which its operation has been ensured with a duty cycle
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approaching 100%. The combination software (Option 2)
became operational only in October 2010. Before that CS2
alone was used in Option 2 and CS1 in Option 3. In Figure 5
we show the steering values calculated since October 2010.
They include one intentional maser frequency adjustment. As
a matter of fact, the AHM selected as the physical source of
UTC(PTB) behaved quite predictable during the last months.
The alternate channel (UTH(PTB)) faced some abnormal
events. In Figure 6 we compare six months of
UTC-UTC(PTB), in 2009 - 2010 (CS2 based) and 2010 – 2011
(hydrogen maser based) , respectively. The improvement in
stability and thus predictability is appealing. During the last
six months, including March 2011 UTC(PTB) deviated from
UTC by less than 4 ns. In comparison with other timescales of
renown quality, we see that UTC(PTB) is now quite
competitive, despite of the fact, that a rather limited number of
clocks has been involved in its realization.

100 days. The cause of the oscillatory behavior is under study,
nevertheless the two independently realized time scales are
typically within ±1 ns.

Figure 8. Comparison among the two realizations of PTB’s time scale
during 100 days

V.

DISCUSSION AND OUTLOOK

From the very beginning of the project, the use of fountain
data as the reference for steering the AHM frequency was
given the highest priority. One issue in debate was the
optimum way to determine at all times the relation between
CSF1 and the rate of TAI. We opted initially to use the
estimated d from Circular T, Section 4, although d depends in
a complicated way on the past contributions of several
primary frequency standards, including CSF1 from time to
time [7]. Another choice would have been to rely always on
the last published value d(CSF1) or a mean value over recent
data of that kind.

Figure 6. Time scale comparison UTC-UTC(PTB) in 2009 - 2010 and
2010 – 2011, respectively

Figure 7. Time scale comparison UTC-UTC(k) during one year, including
March 2011; k as indicated in the figure

Figure 9. Three options to make the relation between CSF1 and the rate of
TAI: blue: reported vales d(CSF1) for periods when CSF1 is used to measure
the TAI scale unit; black: monthly values r(TAI-CSF1) as described in the
text; red: monthly reported value d from Circular T, Section 4, which was
actually used.

As mentioned before, the realization of UTC(PTB) is made in
duplicate, and in order to facilitate switching between the two
signals they should be in close agreement. One option is that
one realization is given the master status and the other slaved
to follow it. This is not what we do. In Figure 8 we illustrate
the relation between the two independently realized time
scales, UTC(PTB) and UTH(PTB) (see Figure 3), during

We also combined monthly average frequency values
<y(CSF1-AHM)>M built from the daily values, collected as
described above, with the monthly values rTAI for the AHM
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involved to yield r(CSF1-TAI) for a full month. There are two
subtle difficulties involved. As described before, a value
<y(CSF1-AHM)>M practically never covers 100 % of a month,
but the rTAI value for the AHM does. These rTAI-values, on
the other hand, do not represent true frequency averages but
are calculated by the BIPM from the slope of a linear fit to the
seven time difference values reported monthly according to
the ALGOS schedule. In Figure 9 we illustrate that the three
options lead to steering values differing by a few parts in 1015
in some cases. In consequence, the time scale built thereon
would behave differently. The result of one simulation made is
shown in Figure 10 where the fictive time difference
{UTC-UTC(PTB)}F, based on the monthly r(CSF1-TAI),
shows significantly larger deviations from zero as what was
achieved in reality. Fortunately, the use of d is the simplest to
implement, and as it provided good results we will continue to
follow this practice for a while.

large compared to the uncertainty with which they have been
determined [8]. Delay changes in the time transfer equipment
have to be avoided or at least have to be corrected for as
otherwise they spoil the quality of the timescale. Periodic
calibrations of the signal delays in the time transfer equipment
are a way to support this. Such activities are, however, on our
agenda anyway [9, 10] since PTB serves as the pivot
laboratory for all time comparisons made in context of the
realization of TAI.
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Figure 10. Deviation of UTC(PTB) from UTC: fictively calculated (black)
based on the monthly values r(TAI-CSF1) (black in Figure 9) and realized in
practice (red).

Simulations also covered the situation that one of the other
options had to be used all times instead of Option 1. They
included deviations from the practice of calculations described
above, namely the use of the most recent or an average value
for rTAI, and also the averaging interval for the calculation of
δf1 was questioned. We prefer to skip all details here, as in all
cases a realization of UTC(PTB) based thereon would by far
not have had the quality that was actually achieved using
Option 1.
In view of this, the work program ahead of us is obvious.
At first we implement the interfaces between the fountain
CSF2 and the time-scale generation software and later use that
input either as a separate option or we combine the data from
the two fountains. Having achieved this, the steering of the
hydrogen maser can be made twice per day. We also noted a
few minor inconveniences in the operation of the software
which shall be avoided in a future update.
One has to keep in mind that the UTC-UTC(PTB)
differences obtained during the last 6 months are no longer
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Contribution to TAI frequency by a travelling
Primary Frequency Standard
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Abstract— The Mobile Atomic Fountain has been used to
steer the TAI frequency when operating in sites without regular
link to BIPM. A brief description of the method used to link
this standard to a fly-wheel clock included in BIPM database
and results are presented. There is no evidence of different
behavior when the FOM is sitting in LNE-SYRTE or in remote
laboratories.

I. I NTRODUCTION
The steering of the frequency of TAI by the Primary atomic
Frequency Standards (PFS) has been introduced after that was
found a systematic bias in the majority of the commercial
cesium beam frequency standards of first generation [1].
With a few exceptions PFS do not run continuously to allow
the necessary tests necessary to the accuracy evaluation. For
this reason they are only used to steer the TAI frequency.
In normal practice a PFS measures the frequency of a high
stability flywheel oscillator. This oscillator participates to the
computation of TAI and a monthly report of its the frequency
measured by the PFS is sent to BIPM. The link uncertainty in
this case is very low because usually the PFS and the flywheel
clock are located in the same building, or at least in the same
campus as is the case for FO1 and FO2 at Paris Observatory.
The Mobile atomic FOuntain FOM developed at SYRTE
has contributed to TAI in this way for several years. In June
2008 the FOM has been moved to CNES in Toulouse for
a long campaign of test of the space clock PHARAO[2].
Two Hydrogen Maser were available as flywheel at CNES
but unfortunately both of them were not included in the
BIPM database and therefore useless to report to BIPM.
The main goal of the campaign was to check the PHARAO
Performances, and a complementary task was to continue the
synchronous comparison between all the PFS of LNE-SYRTE,
and possibly continue to report to TAI.
First result of comparison of distant fountain have been
achieved in October 2008 via a GPS carrier phase time transfer
link. After a period of validation of the method a first report
has been sent to BIPM with data of April 2009, followed by
3 others from the same location. In all report from CNES
the carrier phase GPS data processing has been performed by
CNES staff using a proprietary software[3].
In the following FOM has been moved to Max Plank
Institute in Garching for a measurement of the frequency of
1S-2S Hydrogen transition [4]. During summer 2010 FOM
has been moved to Observatoire de la Cote d’Azur OCA, near
Grasse, to serve as a reference clock for the T2L2 experiment

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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Fig. 1.

FOM Hardware

and from here 3 reports have been sent to BIPM. For the last
two campaigns the GPS data processing has been done with
the PPP software kindly licensed to SYRTE from NRCan. The
method of frequency transfer described here is a demonstration
of the possibility of operate a PFS outside of Metrology
Institute regularly contributing to TAI.
II. T HE M OBILE ATOMIC F OUNTAIN
Motivations:
• The mobile fountain FOM has been built when there was
no link allowing frequency comparisons at 10−15 in a
few days of operation.
• It was necessary to build a reference clock for the ground
test of PHARAO clock at CNES integration facility.
• In almost 10 years of operation FOM has been used as
primary frequency standard for several measurements of

optical/microwave frequency standards.
The mobile fountain FOM can be used to test the performances of newly developed time/frequency links.
• Since 2006 the mobile fountain FOM has contributed 25
times to the steering of TAI.
• Since 2008 the mobile fountain FOM has contributed 8
times to the steering of TAI from 3 different sites not
usually linked to UTC.
FOM can be operated in three different configurations to
match the availability of a local frequency reference:
• Autonomous mode, by using a low noise BVA quartzoscillator. This configuration delivers signals at 10 and
100 MHz with a short term instability of 1.4·10−13τ −1/2 ,
limited by the noise of local oscillator.
• Maser mode, by filtering the 100 MHz signal from an
H maser with a low noise BVA quartz-oscillator. This
configuration measure the maser frequency with a short
term instability of 1.2 · 10−13 τ −1/2 .
• Cryo mode, by using directly a 100 MHz or 1 GHz
signal from a cryogenic oscillator[5]. This configuration
measure the cryo frequency with a short term instability
of 8 · 10−14 τ −1/2 . In this case the stability is limited by
the quantum projection noise

GPS

•

A. FOM measurement campaigns
•
•
•
•

•

•
•
•

1999 MPQ Garching: Hydrogen 1s-2s measurement [6].
2003 PTB Braunschweig: Fountain comparison
2003 MPQ Garching: Hydrogen 1s-2s measurement [7].
2007 Innsbruck University: Measurement of Ca+ optical
clock [8].
2008-2010 CNES Toulouse: Test of PHARAO space
clock.
2010 MPQ Garching: Hydrogen 1s-2s measurement[4].
2010 OCA Grasse: T2L2 [9].
When in Paris: Comparison with FO1 and FO2[10],
measurement of Rb, Sr[11], Hg [12], ...

TABLE I
FOM UNCERTAINTY BUDGET

Quadratic Zeeman effect
Black body radiation

Cold collisions & cavity pulling
Microwave power dependence
Ramsey & Rabi pulling
Microwave recoil
Second order Doppler
Background gas collisions
Total
Red shift OCA
Red shift MPQ
Red shift CNES
Red shift LNE-SYRTE

Uncertainty
10−16

-295.9
165.8
25.1
0
0
0
0
0
-105.0
-1384.1
-520.5
-160.1
-68.7

1.2
0.6
5.0
6
<0.1
<1.4
<0.1
<1.0
8.1
3.0
3.0
1.0
1.0

LOCAL
H MASER

FOM

LNE−SYRTE
H MASER

DATA PROCESSING

Fig. 2.

Link Diagram

A typical uncertainty budget of FOM is presented in table I.
The largest value of the red shift is obviously obtained at OCA
(h=1268.72 m) A recent a survey[13] report the height of a
reference point located nearby the fountain with a uncertainty
of 1 cm. The same source also reports the local gravity g with
0.1 mGal. As the value of the red shift depends on the local
potential we take a conservative uncertainty of 3−16 We take
the same uncertainty in Garching because we have a poorer
determination of height. The agreement of the frequency of
the FOM with the SI at different heights is a confirmation of
the good estimation of the red shift.
III. L INK

OF

FOM

TO

TAI

The basic idea is to set up a link allowing the measurement
of the frequency of a flywheel oscillator that is inserted in
BIPM database and contributes to the generation of TAI.
Considering the experience gathered in years of fountain
comparison inside LNE-SYRTE we have decided to continue
on the same basis, that is the measurement of the maser
frequency averaged over a period that is slightly shorter then
the optimum time where the fountain and maser noises crosses.
Figure 2 shows the block diagram of the link between
the FOM and one of the Maser of LNE-SYRTE used as
flywheel oscillator for FO1 and FO2 fountains. In all the
visited laboratories the local maser is not inserted in BIPM
database and in some case not stable as the one in Paris.
When operating in Maser or Cryo mode FOM produces files
with 1 line of data per cycle. The most relevant information
is the central frequency of the microwave synthesizer, that is
the measured uncorrected frequency of the maser.
• The 1 cycle raw files are processed line by line by applying all the estimated correction, included gravitational red

B. FOM uncertainty budget

Correction
10−16

GPS REC.

GPS REC.
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•

•

•

•

Frequency of TAI-FOM and TAI-SI reported in circular T
9

8

7
Relative Frequency in 10^15

•

shift. The result is a 2 column file with the cycle timestamp and the relative frequency of the local H maser.
To avoid manipulation of huge amount of data dominated
by white frequency noise the 1 cycle files are packed in
files with one point ever 0.1 day.
GPS rinex files are processed with the NRCan PPP software and used to calculate the time difference between
the local H maser and the H maser 140 0890 located at
LNE-SYRTE.
The maser’s frequency difference, averaged over period
of 0.1 day, is obtained by smoothing and differentiation
of time differences.
The frequency of H maser 140 0890 is obtained by
difference of local and GPS frequency files.
Usual techniques are applied to estimate the frequency
and drift of the LNE-SYRTE H maser 140 0890 in
a standard BIPM interval, as well the Allan standard
deviation and the link uncertainty.

6

5

4

3
SI
FOM-OP
FOM-CNES
FOM-MPQ
FOM-OCA

2

1
54400

54600

54800

55000

55200

55400

55600

55800

mjd

Fig. 3. Frequency of FOM - TAI from BIPM Circular T. The red line shows
SI-TAI, with dotted lines as error bars

TAI C ONTRIBUTIONS
List of FOM contributions from different sites
• 54919-54944 CNES GPS carrier phase CNES software
• 55044-55074 CNES GPS carrier phase CNES software
• 55074-55104 CNES GPS carrier phase CNES software
• 55104-55119 CNES GPS carrier phase CNES software
• 55344-55359 MPQ GPS PPP NRCan software
• 55364-55399 OCA GPS PPP NRCan software
• 55404-55434 OCA GPS PPP NRCan software
• 55439-55469 OCA GPS PPP NRCan software
Figure III shows the frequency difference between FOM and
TAI. For comparison on the same graph the red line shows
the difference between SI, that is the best estimation of the
realization of the second, and TAI. From this plot it is evident
that the frequency of FOM is in good agreement with SI not
only when it is sitting in Paris Observatory but also when it
is travelling around Europe.
IV. C ONCLUSION
This is the first time that a Primary Frequency Standard
contributes to steering of TAI from different sites with different
gravitational red shift.
The perfect agreement of the frequency of the standard with
SI from locations differing in height more than a thousand
meter is confirmation of the correctness of the evaluation of
gravitational red shift.
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Abstract—We have compared the frequency of a roomtemperature cesium-fountain primary frequency
standard with that of a cryogenic (~80K) cesium
fountain. This comparison yields a measurement of the
blackbody frequency shift of the room-temperature
fountain.

I.

B. Error Budget
An abbreviated error budget for NIST-F1 is shown
in Table 1. It can be seen that the overall uncertainty
of the standard is dominated by the δf/f ~2.8×10-16
fractional uncertainty in the blackbody shift. This
uncertainty corresponds to a 1 K uncertainty in the
effective radiation temperature of the standard, and is
the uncertainty that the cryogenic fountains are
designed to effectively eliminate. A comparison of
the room temperature fountains with the cryogenic
fountains combines the systematic errors in the
fountains in ways that require individual treatment of
these systematic uncertainties: an obvious example is
the gravitational shift that largely cancels for both
clocks with the uncertainty in the shift dropping from
δf/f ~3×10-17 to δf/f ~1×10-18.

INTRODUCTION

NIST-F1 is a well characterized cesium-fountain
primary fractional frequency standard with frequency
inaccuracy at the δf/f ~4×10-16 level. This inaccuracy
is dominated by the uncertainty in the blackbody
correction of about δf/f ~3×10-16. NIST-F2 and ITCsF2 are cryogenic (80K) cesium-fountain frequency
standards coming into operation at the National
Institute of Standards and Technology (NIST) in
Boulder, CO and at Istituto Nazionale di Ricerca
Metrologica (INRIM) in Torino, Italy. Frequency
comparisons among these fountains yield a
measurement of the blackbody shift
II.

III.

A. NIST-F2 and INRIM CsF-2
The NIST and INRIM cryogenic fountains are
similar in that the design of the Physics package is
essentially identical. Details of the optical systems
and control electronics are however idiosyncratic to
each particular fountain. The physics package has
been described previously and only a short review is
given here [4],[5].

ROOM TEMPERATURE FOUNTAINS

A.

NIST-F1
NIST-F1 is the US primary frequency standard
and has been previously described in great detail
[1],[2],[3]. Thus we will give only a cursory
overview of the salient points regarding its
performance and uncertainties.

The fountains operate on a pure optical-molasses
atom-loading scheme (no MOT), with the beam
geometry being (1,1,1) (crystallographic notation that
defines the beam geometry). The atoms are launched
upwards at about 4.5 m/s and post-cooled in the
moving frame to temperatures around 500 nK. The
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(eg. microwave leakage, distributed cavity phase,
microwave spurious signals etc) are not yet
completely evaluated. The entries in the error budgets
generally reflect our most pessimistic measurements
and estimates and are usually limited by statistical
uncertainties in those measurements. At this time the
error budget for INRIM IT-CsF-2 is similar to that for
NIST-F2.

atoms fly upward through the room-temperature
vacuum system before entering the magnetically
shielded cryogenic region. In the cryogenic region the
atoms are state-selected and Ramsey interrogation
takes place. The microwave structure is essentially
identical to that of NIST-F1 [1],[2],[3] with the
exception that the microwave cavities are tuned to
resonance at 80 K instead of 318 K (NIST-F1) or 340
K (IT CsF-1). Detection takes place at room
temperature after the atoms have left the magnetically
shielded cryogenic region. The detection region is
very similar to that used in NIST-F1, and was
specifically designed to minimize vignetting, with the
modeled detection efficiency being uniform over the
entire cloud and vignetting being less than 10 %.

TABLE II.
NIST-F2 ERROR BUDGET – BIASES AND
UNCERTAINTIES ARE GIVEN IN UNITS OF δF/F = 10-15. THIS IS
CURRENT AS OF MARCH 2011.
Bias

Type B
Uncertainty

Gravitational Red shift

+179.15

0.03

Second-Order Zeeman

+287.178

0.03

Blackbody

-0.096

0.005

Microwave Effects

-0.0025

0.27

0.0 (0.07)

0.01 (0 .24)

0.02

0.02

Rabi Pulling

10

-4

10-4

Physical Effect

TABLE I.
NIST-F1 ERROR BUDGET – BIASES AND
UNCERTAINTIES ARE GIVEN IN UNITS OF δF/F = 10-15. THIS IS
CURRENT AS OF MARCH 2011.
Bias

Type B
Uncertainty

Gravitational Red shift

+179.95

0.03

Second-Order Zeeman

+180.25

0.01

Blackbody

-22.98

0.28

Ramsey Pulling

10 -4

10-4

Microwave Effects

-0.026

0.12

Majorana Transitions

0.02

0.02

0.0 (-0.56)

0.06 (0.16)

Fluorescence Light Shift

10

-5

10-5

AC Zeeman (heaters)

0.05

0.05

Second-Order Doppler

0.00

0.01

Cavity Pulling

0.02

0.02

DC Stark Effect

0.02

0.02

-4

-4

Background Gas Collisions

10

-3

10-3

10 -4

10-4

3x10 -3

3x10-3

0

0.01

Physical Effect

Spin Exchange (density =8)

Spin Exchange (density =10)
Cavity Pulling

Rabi Pulling

10

Ramsey Pulling

10-4

10-4

Bloch-Siegert

Majorana Transitions

0.02

0.02

RF Spectral purity

Fluorescence Light Shift

10-5

10-5

Integrator offset

Second-Order Doppler

0.02

0.02

Total Type B Standard Uncertainty
(Including Spin Exchange)

DC Stark Effect

0.02

0.02

-3

10-3

Background Gas Collisions
Bloch-Siegert
RF Spectral purity
Integrator offset
Total Type B Standard Uncertainty
(including Spin Exchange)

10

10

10-4

10-4

3x10-3

3x10-3

0

0.01

IV.

0.28
0.36

BLACKBODY SHIFT MEASUREMENT

Three measurement campaigns using NIST-F1
and NIST-F2 have been completed. These campaigns
(in Sept 2010, Dec 2010 and March 2011) after
appropriate data processing yield a measurement of
the blackbody shift in NIST-F1. In the course of a
measurement,
NIST-F1 and NIST-F2 are run
concurrently.
Each fountain is corrected for
systematic frequency shifts associated with the
Zeeman effect, spin-exchange collisions, and
differential gravitational effects.
The frequency
difference between the two fountains is then
compared to the frequency difference calculated for
the differing blackbody shifts in NIST-F1 and NIST-

0.30
(0.34)

B. Error Budget – NIST-F2 & IT CSF-2
An abbreviated error budget for NIST-F2 is shown
in Table 2. This is a preliminary error budget and
several systematic shifts, notably systematic
frequency shifts associated with microwave effects
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F2. That comparison yields a measurement of the
blackbody shift in NIST-F1.
Preliminary results from comparison of the NIST
fountains suggests that the difference between the
blackbody shift as predicted by theoretical
calculations [6] and the measured blackbody shift is
well within the experimental uncertainties (δf/f ~57*10-16) of the comparison.
Further measurements are underway and full
results will be published in a forthcoming paper.
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the fountain [3], operating at optimal power. This gives an m =
1 DCP uncertainty of 7.7 × 10−17, with a 0.3 mrad uncertainty
of the fountain tilt from vertical along two orthogonal axes.
For m = 2, we model the imaging of the atomic cloud at the
detection and use the model to set a DCP uncertainty at 7.8 ×
10−17. We also apply a correction of 13.8 × 10-17 for the m = 2
DCP frequency shift [4]. The total DCP uncertainty of 1.1 ×
10-16 is dominated by the m = 1 tilt sensitivity and m = 2
uncertainty.

Abstract— Presented is quantitative evaluation of two leading
uncertainties in the NPL-CsF2 fountain frequency standard.
The distributed cavity phase shift evaluation is based on recent
theoretical model where the cavity field is decomposed into a
series of 2D Fourier components in azimuthal angle in the
cylindrical cavity. Predictions of the model are reproduced
experimentally. The microwave lensing effect is caused by dipole
forces originating from radial variation of the microwave field
amplitude and cavity apertures. The new evaluation of the two
effects together with other recent improvements reduce the total
type B uncertainty of NPL-CsF2 to 2.3 × 10-16.

With a reduced DCP uncertainty, the largest uncertainty is
then the yet unobserved microwave lensing of the atomic
cloud by the dipole forces of the microwave clock field. The
dipole forces occur due to the radial variation of the
microwave field amplitude and a frequency shift results from
the system apertures [5]. We evaluate the shift to be 6.2 × 10-17
for the circular apertures and the 2D dipole forces of our
cylindrical cavity in NPL-CsF2. The shift is corrected, with an
assigned uncertainty of 50% of its value. Future measurements
will allow this to be further reduced.

The first accuracy evaluation of the primary frequency
standard NPL-CsF2 was performed in 2009 [1]. The largest
contributions to the total type B uncertainty were distributed
cavity phase shifts (DCP) and the microwave lensing of the
atomic cloud. Here we quantitatively evaluate these leading
uncertainties.
Our DCP uncertainty evaluation is based on a recent
theoretical model [2]. The difficulty of accurate threedimensional finite element modeling of the cavity field’s
phase is overcome by decomposing the field into a series of
two-dimensional Fourier components cos(mφ); φ is an
azimuthal angle in the cylindrical cavity. After measuring a
number of cavity resonances to precisely determine the cavity
geometry, the fields and atomic response were then calculated
for typical operational parameters of the NPL-CsF2 fountain.
Frequency errors due to m ≥ 3 modes are negligible since the
atomic trajectories are localized near the cavity axis.
Predictions of the amplitude dependence (Rabi frequency for
the interaction in the cavity) for m = 0 and m = 1 were
reproduced experimentally.

Further improvements recently introduced to NPL-CsF2
fountain standard optimize the operation near the zerocollisional shift point [6] and include a re-evaluation of
microwave leakage. These improvements and the quantitative
evaluation of the DCP shift and the microwave lensing reduce
the type B uncertainty of NPL-CsF2 by about a factor of 2, to
2.3 × 10-16.
ACKNOWLEDGMENT
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The agreement of the power dependence for m = 0 DCP
shifts validates the model, which allows us to make a
correction of 1.6 × 10−17 for the predicted shift at optimal
power; we take half of this value as an uncertainty. We
experimentally evaluate the m = 1 DCP uncertainty by tilting
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A. Relative Comparison
Despite these obstacles, several good periods of evaluation
were obtained. Data from an uninterrupted 100-day
comparison between NRF2 and NRF3 are shown in Fig. 1.
The plot in Fig. 1(a) is the relative phase between the
fountains after a single relative phase and frequency have been
subtracted. The relative frequency removed from the data is
7.4×10−16. A linear fit to the corresponding frequency data
returns a slope of 4.2(2.7)×10−18/day. The uncertainty is
derived from the result in [2] for determining errors on
frequency drifts in the presence of white frequency noise. In
general, we measure frequency drifts that are consistent with
zero (see section III. D.)

Abstract—Performance of the first two operational rubidium
fountains at the USNO is presented using relative measurements
and comparisons against other timescales. Recent results with
four fountains indicate frequency agreement at the 10−15 level
and good agreement with the primary frequency standards
contributing to TAI.

I.

INTRODUCTION

The U. S. Naval Observatory (USNO) maintains an
ensemble of atomic clocks for generation of a Master Clock,
the physical realization of UTC(USNO). As many as 20
hydrogen masers and 70 commercial cesium clocks can
contribute to the ensemble. The timescale used to generate
UTC(USNO) relies on the short-term frequency stability of
the masers and the long-term stability of the cesium clocks. In
order to advance timekeeping activities, 7 rubidium fountain
clocks are being added to the clock ensemble.

The Allan deviation between the two fountains, shown in
Fig. 1(b), exhibits white frequency noise out to an averaging
time of at least 23 days, with an average stability per fountain
of 1.6×10−13/τ1/2. During this 100-day comparison, each
fountain operated virtually hands-free.

The fountains will serve as a long-term frequency
reference, similar to but better than the lower-stability cesium
clocks, but will not provide any tie to the SI second. In order
for a fountain to be integrated into the USNO clock ensemble
like any other clock, it generates a continuous 5 MHz output
that can be measured against the Master Clock. The 5 MHz is
generated from a precision synthesizer referenced to a maser
that also serves as the LO reference for a fountain; the
fountain adjusts the synthesizer’s output based on its
measurement of the maser frequency. The maser can act as a
flywheel to minimize the effect of interruptions to fountain
operation, but the fountains have been designed to operate
continuously for long periods of time.
II.

NRF2 AND NRF3

The design and operation of the first operational fountains,
NRF2 and NRF3, have been described in [1]. The fountains
were installed in a new clock building at the end of 2008, and
have been under evaluation for about 2 years. During that
time, much has been learned about obstacles to continuous,
uninterrupted operation. Imperfections in the environmental
controls in the clock building and faulty commercial
electronics
have
disrupted
fountain
performance.
Additionally, the semiconductor laser systems that we use
need to be serviced at intervals of 1 to 2 years.

Figure 1 Data from 100-day comparison of NRF2 and NRF3. (a) Relative
phase after removing single relative frequency and phase. (b) Overlapping
Allan deviation versus integration time.
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B. Comparison to USNO Timescales
Fig. 2 shows a plot of the relative phase of NRF3 versus
the USNO cesium mean and maser mean. The cesium mean
is a timescale based solely on the cesium clocks and represents
a long-term frequency reference; the maser mean tracks the
cesium mean because each maser is characterized against the
cesium timescale before the maser mean is generated. The
plot in Fig. 2 demonstrates a relative drift between the longterm reference and the two rubidium fountains measured to be
2.1(0.5)×10−17/day.
While the comparison between NRF2 and NRF3 was
limited to 100 days, NRF3 ran uninterrupted for a period of 6
months. Over this period of time, NRF3 served as an internal
UTC predictor; because the Circular T provides UTC some
number of days in the past, the present value of UTC needs to
be estimated.
III.

Figure 3 Plot of the relative phase of the fountain mean and the maser mean
(black) and the cesium mean and the maser mean (blue) versus MJD.

B. Relative Frequencies
How well the frequencies of the four fountains agree is an
interesting question. This is a question of the reproducibility
of building and fielding these systems; in addition, the two
pairs of fountains (NRF2 and NRF3 versus NRF4 and NRF5)
have some different design elements.

FOUNTAIN ENSEMBLE

A. Fountain Mean
Recently a second pair of fountains, NRF4 and NRF5, has
begun operation, and all four fountains have been running for
about 2 months. One of the ways the rubidium fountains will
be used for timekeeping is to characterize the frequencies and
frequency drifts of individual masers, which is currently
carried out with the cesium clocks. With four fountains
running, a fountain mean is in the process of being
implemented as part of standard timescale generation.

The most significant potential source of frequency
differences between fountains is the second-order Zeeman
shift. The size of this shift is 575B2 (Hz/G2). The fountains’
magnetic fields are adjusted to be very close in value, to better
than 1 µG, using the frequency of the central fringe of the
magnetic field-sensitive 1→1 transition.
Any error in
determining this central fringe could lead to a frequency
difference between fountains. The other most significant
frequency biases, the black-body and gravitational shifts,
should be common mode to a very high degree for the four
systems. Other potential biases that could introduce frequency
differences among the fountains are the cold-collision shift,
cavity pulling, distributed cavity phase shift, and AC stark
shift from stray laser light. The parameters determining these
biases vary among some of the fountains.

Fig. 3 shows the relative phase of a preliminary fountain
mean over 60 days versus the maser mean, as well as the
relative phase of the cesium mean and the maser mean. No
relative frequencies have been removed, and the masers are
characterized by the cesium mean in each case. The plot
demonstrates the dramatic improvement in short-term noise of
a timescale generated with only four fountains compared to
that generated with dozens of commercial cesium clocks,
which directly translates to improved efficiency with which
the masers can be characterized, as well as the relative drift
between the fountain mean and cesium mean.

Using data from the first 60 days when all of the fountains
were running, the relative frequencies of all fountain pairs are
measured. The results are shown in Fig. 4, where the error
bars represent statistical uncertainties corresponding to the
Allan deviation for a given comparison assuming white
frequency noise. The raw frequencies (no biases adjusted for)
all agree at the level of 10−15 or better.

Figure 2 Relative phase of NRF3 and the cesium mean (grey), maser mean
(black) and NRF2 (red), versus MJD. Each set of data has had its own relative
phase and frequency removed. The NRF2 curve is the same data as in Fig.
Figure 4 Fractional frequency difference between two fountains for all
1(a).
fountain pairs.
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derived from the result in [2] for determining errors on
frequency drifts in the presence of white frequency noise.

C. Frequencies Compared to Primary Standards
A rough measurement can be made of the fountain
frequencies versus the frequencies of the primary standards
used in determining International Atomic Time (TAI). The
master clock is USNO’s physical realization of UTC, which
has the same frequency as TAI; a measurement of a fountain’s
frequency against the master clock, then, constitutes a
measurement of the fountain compared to TAI. The frequency
difference between TAI and the primary frequency standards
is provided by the Circular T. The difference between these
terms gives the frequency difference between a fountain and
the primaries, which should correspond to the frequency bias
of a given fountain.

IV.

Atomic clocks have found applications to fundamental
science in addition to their roles in precise time and frequency
metrology. According to current physical theories, which may
need to be modified in order to arrive at a theory of quantum
gravity, the relative frequencies of two atomic clocks using
different atoms should be constant in both time and space. In
particular, the principle of Local Position Invariance, an
element of Einstein’s Equivalence Principle, applied to atomic
clocks dictates that the frequency difference between two
different atomic clocks should stay constant as the clocks
experience the same, varying gravitational potential. The
varying gravitational potential that has been used to test this
principle is provided by the elliptical orbit of the earth about
the sun. This test therefore requires looking for an annual
oscillation in the relative frequencies of two different types of
atomic clocks.

We estimate the three most significant contributions to the
frequency bias for a given fountain and remove them from the
raw frequency difference between the fountain and the
primaries. The results are shown in Table I. The values of the
biases accounted for are -1.17×10−14 for the black-body shift
for rubidium at T=295 K, 9.2×10−15 for the gravitational shift
at an elevation of 84 m, and 6.97×10−14 for the second-order
Zeeman shift at a bias field of 0.910 mG. In each case the
uncertainty of the comparisons to the world’s primary
standards is dominated by the tie through TAI and
UTC(USNO), which is estimated conservatively at 3×10−15.
fountain number

Δν (×10-15)

NRF2

−.7

NRF3

−.8

NRF4

0

NRF5

−.3

SCIENTIFIC APPLICATION OF OPERATIONAL
FOUNTAINS

The best test of this type to date has been carried out by
comparing cesium primary frequency standards to hydrogen
masers over the span of 7 years [3]. The discrete frequency
measurements obtained with primary standards, typically
several measurements per year, necessitates a long period of
time to look for an annual variation. The authors of [3] relied
on several primary standards to increase the rate of available
measurements. Operation of a continuous fountain provides a
high rate of frequency measurements against the reference
maser (or other clock) that enables an annual variation to be
searched for more efficiently. Estimates using a 6 month data
set from NRF3 indicate that the statistical uncertainty
achievable on a search for an annual term is comparable to the
total uncertainty on the best current test of Local Position
Invariance [3].

Table I Average frequency difference between fountains and the primary
frequency standards contributing to TAI after removing the frequency bias
for each rubidium fountain.
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traversals and the Ramsey contrast as a function of microwave
amplitude provide sensitive and independent constraints.

Abstract— We report measurements and ab initio calculations of
the distributed cavity phase (DCP) shifts of the LNE-SYRTE
FO2 atomic fountain clock. The measurements and validated
model provide the first complete and quantitative evaluation of
the DCP shift in an atomic fountain, reducing the FO2 DCP
uncertainty to ±8.4x10-17. Here we emphasize the experimental
techniques that precisely determine the fountain parameters to
stringently test the DCP model.

I.

INTRODUCTION

The distributed cavity phase (DCP) shift is a first-order
Doppler shift in atomic fountain clocks. The field in the
microwave cavity used to interrogate the atomic transition is
not a pure standing wave since the conductivity of cavity’s
copper walls is finite. Power flows from the feeds to the cavity
walls, producing a small traveling wave and hence spatial
variations of the phase of the field, the distributed cavity phase
[1]. In a fountain, the atoms do not experience the same timedependent phase variations on the two cavity traversals
because of their transverse velocities, leading to this 1st order
Doppler shift.

Figure 1. Comparisons between measured and predicted (curves) transition
probabilities of resonant Ramsey pulses (R1R2) or a Rabi pulse on the
upward (R1) and downward (R2) cavity traversals, as a function of the
microwave amplitude, up to 11 π/2 pulses.

Our results demonstrating the first quantitative agreement
between measurements and calculations of DCP shifts appear
in [2]. In this paper, we do not repeat the results in [2] but
instead present the supporting data that tightly constrain the
fountain parameters, the position and velocity distributions of
the atomic cloud, spatial variation of the atomic detection, and
the truncation of the atomic cloud by apertures. We also
illustrate the importance of using DCP shifts to balance the
cavity feed amplitudes. This resolved a discrepancy in our first
measurements. With the validated model, the DCP uncertainty
of the SYRTE FO2 Cs fountain improves by a factor of 3.5, to
±8.4x10-17.
II.

We begin with a knowledge of the fountain geometry and
measurements of the initial atomic cloud size, position, and
velocity distributions. A CCD image of the cloud, with a
background of mechanical parts, and time of flight
measurements are used. The detection response is determined
by the detection laser beam power, spatial distribution, and
detuning from the 852 nm atomic cycling transition, and a
previous characterization of the spatial sensitivity of the
fluorescence detection system. In Fig. 1 we show R1R2 in
black, the usual Ramsey pulses, and then only Rabi pulses on
the way up, R1 in red, and down, R2 in blue. For each of
these, the microwave frequency is tuned to resonance. The
points are measurements and the solid lines are from our
model. The Ramsey R1R2 data essentially defines the
amplitude scale, R1 measurements are most sensitive to the
position distribution of the atoms during their upward passage,
and R2 measurements probe the position distribution of the
atoms during their downward passage, including the spatial
inhomogeneities of the atomic detection. The excellent

RABI OSCILLATIONS AS TEST OF THE MODEL FOR THE
FOUNTAIN GEOMETRY

DCP shifts depend sensitively on a number of fountain
parameters. Therefore, sufficiently stringent and independent
confirmation of the parameters is helpful to critically validate
the DCP calculations. We demonstrate that the Rabi flopping
probability on the upward and downward fountain cavity

This research was funded in part by CNRS, LNE, the NSF, and The
Pennsylvania State University.
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agreement is achieved with minor tuning of the detection
curvature in one direction and the initial cloud transverse
position. All other parameters in the model are the measured
values. The contrast of these Rabi oscillations is very well
reproduced for all three curves and, in particular, for the
nominal clock operation (black point at 1 π/2) where our
contrast is 0.985.
III.

COMPARISON BETWEEN 2009 AND 2010
MEASUREMENTS OF THE M=0 DCP SHIFT

The importance of verifying the fountain parameters as in
Fig. 1 became clear in our first measurements of the m=0 DCP
shifts. The DCP calculation, with no tuning of parameters,
reproduced the shape of the experimental data but with a clear
discrepancy of a scale factor of about 1.5 [3]. We could find
realistic values of the parameters to reproduce the m=0 DCP
shifts, but these parameters were inconsistent with the Rabi
flopping data in Fig. 1. Further work showed that there was a
contamination of the m=0 shift by a residual m=1 shift due to
feed asymmetries along with a small residual fountain tilt of
about 200 µrad. We now balance the feeds by insuring that
there are no frequency shifts at large tilts. Subsequent m=0
measurements with fountain tilts less than ±100µrad agree
with the DCP calculations. In Fig. 2 the two data sets, before
and after properly balancing the feeds (black and red squares)
are plotted along with the simulations for the pure m=0 term
with no free parameters (red curve) and a combined m=0 and
m=1 with weights given by the known feed asymmetry and
residual tilt (blue curve).

Figure 2. m=0 DCP shifts as a function of microwave power. The two data
sets and calculations (curves) correspond to measurements with imbalanced
feeds (black squares and blue curve) and with the feeds balanced to null the
tilt sensitivity (red squares and curve).
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were exposed to without any further information of time of
temperature gradients.

Abstract— In this contribution we introduce a new
approach for a piston temperature measurement
system based on surface acoustic wave (SAW)
resonators sensitive to temperature. The approach
offers a new and competitive way to support the
development of pistons and allows the research and
improvement in combustion processes.
I.

INTRODUCTION

Piston temperature measurements face some major problems.
The first measurements date back to the 1930s [1].They had
been made on 12 inch bore diesel engines running at 250
rpm. One used sensors that were connected with cables to the
measurement system. These cable led from the bottom of the
piston over the moving crankshaft to the crankcase. The
mechanical forces made the cables break, making long term
measurements nearly impossible. A very commonly used
method is based on active telemetric radio transmission.
With the sender and receiver placed on the crankshaft. This
approach also uses a wire connection between the piston, the
transmitter and receiver unit with the threat of breaking
wires. This measurement technique normally comes with a
massive intervention in the engine parts.
Other measurement approaches are performed with
mechanical linkage telemetry systems, where the sensor
elements are connected directly to the data acquisition
system with a metal arm with joints [2] as shown in Fig.1.
Further, the usage of metallurgical temperature sensors as
shown on the leftside in Fig.1, often called as “Templugs”, is
a quite common approach [3]. Such sensors are made of steel
alloys – serving as color indicators – which can be screwed
or glued on parts that are exposed to temperature. The
markers show an irreversible change in color depending on
the temperature they are exposed to. The benefit of this
temperature measurement approach is the easy handling and
the low costs of the approach itself. Unfortunately, they can
only serve as indicators for the maximum temperature they

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Fig. 1: Examples of piston temperature measurement approaches. Leftside:
mechanical arm with joints. Rightside: metallurgical temperature sensor.

Regarding the requirements for measuring the temperature of
a piston inside a running engine, surface acoustic wave
temperature sensors seems to offer an easy to apply and low
cost solution for an accurate validation of FEM simulated
temperature profiles of pistons. Differential SAW resonators
were used for achieving high accurate temperature
measurements and minimizing effects like cross sensitivity
due to acceleration, stress, frequency pulling or standing
wave effects.
II.

EXPERIMENTALS

A. Preparations before Testing
As first step to the measurement in the fired engine the
optimal positions of the sensor and interrogation antenna
with minor or no design changes to the engine were
evaluated empirically. Therefore, sensor and antenna were
mounted on potential positions and the signal link was
evaluated by measuring the signal strength while turning the
open engine manually until the optimal position for the
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transmission with no design changes of the engine was
found.
After having determined these optimal positions inside the
engine, the piston and the crankcase were prepared for
mounting the elements of the sensor system: SAW sensor,
sensor and interrogation antenna to perform further
reliability tests regarding the transmission on the open
engine. Finally, a convenient signal strength up to a half
stroke which resulted in an interrogation time slot of 10 ms
at a speed of 2300 rpm was found.
The exact mounting was done as follows and shown in Fig.2.
The machine parts were cleaned with acetone and isopropyl
and an electric isolation layer for the sensor antenna was
formed by an epoxy. On this layer the antenna and the cable
to the SAW-sensor were screwed inside the piston and
covered with the same epoxy suitable for high temperatures
up to 300°C and resistant to engine fuels, oil and lubricants.
After tempering the glued piston in an oven with about
100°C over several hours, the piston was applied in the
crankcase to verify the reception of the radio waves of the
transceiver unit again.
The antenna in the crankcase was fixed with a hose clamp on
the oil cooling injector. To support the cable with an
additional protection it was placed in a small rigid pipe made
of alumina.
To connect the antenna cable with the transceiver unit a hole
in the crankcase was chosen that normally is used for the oil
level gauge as shown in Fig. 4.

Acceleration [1/s²]

application sums up to 580 km operated at a speed of 1800
rpm for 24 hours [4].
The range of rotation speeds of interest were between 800
rpm and 2300 rpm. Within these ranges, a piston is exposed
to rough acceleration values of approximately 400 g as
shown in Fig. 3.
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Fig.3: Acceleration about rotation angle

B. Engine Test Set-Up
Before the first run with the applied piston the transmission
quality of the signal was tested with the mounted oil pan. No
interferences were found with that setting.
These tests were repeated after installing the engine on the
test cell (Fig. 4). Again the engine was turned by hand for
safety reasons.

Output of the
antenna cable

Fig. 2: Backside view of the prepared piston from the bottom of the oil pan.
1: transceiver antenna fixed to the oil cooling injector, a non moving part of
the crankcase; 2: mounted sensor antenna inside on the bottom of the
piston; 3: oil injector nozzle; 4: mounted SAW temperature sensor type
TSEAS10 by SENSeOR; 5: Crankshaft.

Fig.4: Engine TCD 7.8 in test cell before running.

The moving parts of an engine face beside the high
temperature stress also forces cased by rough accelerations.
Although the test engines are diesel engines that are typically
used in heavy duty off-road applications that are operated at
relatively low rotation speeds compared to spark ignited
combustion engines that are used in passenger cars. The
movement path of a typical piston in an typical consumer

C. Engine Test Run
The engine was fired and ran at 800 rpm. After a couple of
minutes while reaching the optimal engine run conditions,
the engine speed was changed to 900 rpm. The signalstrength was checked again to control the influence of oil
dust. The risk of dumping the signal strength with the
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increasing amount of oil dust was not observed and therefore
the dust had no effects on the transmission of the radio
waves and the measurements itself.
The engine speed was changed again after one could expect
that the engine was in a stable work point. This implied that
one did not expect significant temperature changes. Also the
signal seemed to be stable enough to get a result for the
temperature. The steps that were chosen for the engine speed
change had been 100 rpm higher up to 2290 rpm as shown in
Fig.8.
Occasionally the signal had to be optimized by changing the
engine speed slightly for avoiding standing wave effects.
For all speed steps no load was put on the engine for this first
run due to safety reasons.
After the test run the piston was removed of the engine and
the screwed and glued antenna and the SAW-sensor were
analyzed for damages or any relieves of the glue. The used
adhesive component was robust enough to resist within the
harsh environment inside a running and no damages of the
sensor or the antenna was observed.

unsuccessful measurement attempts. Nevertheless all
frequency sweeps for which neither reference nor
measurements frequencies were visible, were rejected.
Thanks to this strategy, a useful dataset has been gathered
exhibiting a meaningful temperature evolution trend. The
conversion from a frequency difference Δf = fref −fmes to a
temperature requires the application of calibration
coefficients individually identified during a preliminary
calibration step. Indeed, based on a second order polynomial
fit of the frequency f dependence with temperature T, the
function
f0 – f
= CTF1 × (T − T0 ) + CTF2 × (T − T0 )2
f0
classically used in the literature, with f0 the frequency at
reference temperature T0 and CTF1, CTF2 the first order
Coefficient of Temperature and second order Coefficient of
Temperature respectively, a temperature dependence law
was deduced as a function of frequency difference Δf
following T = A 0 + A1 + A 2 × Δf .

D. Signal Processing Strategies
Experimental data demonstrate that both resonances are
rarely identified simultaneously as shown in Fig. 5 and Fig.
7. The differential measurement strategy is based on the
principle that both a reference resonator with little
temperature drift, and a measurement resonator with a strong
temperature drift, patterned on a common piezoelectric
substrate, are affected in a similar way by environmental
disturbances (sensor aging, stress, radiofrequency parasitic
components), and hence a frequency difference provides the
needed long term stability and accuracy, independent of
environmental conditions and interrogation unit aging.

In the case of the sensor used during these experiments,
A0 (°C) = 109.6, A1 (°C2) = -118553 and
A2 (°C2/Hz) = -0.1284. The calibration coefficients are
classically identified in the -20 to +160°C range.
The application of calibration coefficients to the raw
measurements of a sensor located in a piston, associated to
the in-plane monopole antenna (35 mm interrogation range),
yields the temperature measurement exhibited in Fig. 6.

Fig. 5: Raw returned RF power measurement provided on the low
frequency output of the reader. Leftside: the minimum acceptable signal
level. Rightside: acceptable quality signal level. The output power is
controlled using a proportional feedback loop in order to keep the returned
power at the optimum level.

Fig. 6: Measurement of the temperature of a sensor located in the piston of
an engine running from 800 to 2290 RPM. The frequency difference was
converted to a temperature using calibration coefficients established prior
to the experiment. Outlying points were filtered automatically.

However, because the refresh rate is higher than several
hertz, the reference and measurement frequencies are not
needed during a same frequency sweep: measurements
recorded during successive frequency sweeps are still close
enough to validate the differential measurement strategy.
Hence, in order to increase the probability of a useful
measurement despite the poor radiofrequency link budget,
the last useful frequency measurement (either reference fref or
measurement fmes) were propagated to all successive

This dataset was cleaned by removing the points below
433.3 MHz and above 433.7 MHz for the measurement
resonance, and below 434.1 and above 434.44 MHz for the
reference resonance. As seen in another measurement set
(Fig. 7), obtained in the same rotation speed conditions and
with the same antenna, these outlying points yield
significant
measurement
dispersion.
Our
current
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understanding of the source of these unwanted points is
associated with the automatic gain control on the emitted
power since the sensor is not seen by the interrogation
antenna most of the time; the emitted power is maximum
(+10 dBm). If the sensor happens to come close to the
interrogation antenna – within reception range – while the
emitted frequency is close to the resonance, then the
received signal might appear as a local maximum even
though it is not the global maximum of the resonance. This
effect will be strongly reduced by extending the
interrogation range (asymmetric dipole antenna), which will
help the automatic gain control to remain locked most of the
interrogation time, but most significantly also means that
the unwanted points will remain far from the main
measurement curve (since close the resonance, locking on a
side-lobe has a low probability considering the frequency
sweep rate compared to the duration the sensor is seen by
the interrogation unit). Hence, a digital post-processing step
will always easily remove these unwanted data.

Fig. 7: Raw frequency measurements exhibiting a clear trend associated to
the measurement (measurement frequency around 433.5 MHz, reference
frequency around 434.2 MHz) and outlying points widely scattered above
and below the actual measurement.

III.

RESULTS AND DISCUSSION
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Fig.8: Measured and filtered temperature values in relation with the recorded engine speed during a test run.

66

600

700
time [s]

Temperature [°C]

Engine Speed [RPM]

The temperature was calculated of the measured frequency
values. The measurement showed frequency values which
seemed to be induced by reflections of the signal.

After processing these data as described above, the
temperature value at the piston could be determined as
shown in dependency of the engine speed in (Fig. 8).
These first terms provide encouraging results since usable
resonance frequency signals were obtained even with a poor
interrogation range. Various antenna configurations have
been identified which allow for an extended interrogation
range, potentially up to the full displacement of the piston
(yielding a continuous view of the sensor by the
interrogation antenna). Further sensitive parameters have
been identified during the tests on the site and have not
necessarily been optimized yet. The signal processing steps
to provide a consistent temperature reading were applied to
the recorded signal successfully. As further steps, using an
optimized antenna configuration and locating the sensor
close to the final position appear as reasonable milestones, to
be extended with the inclusion of multiple sensors which
require an extended frequency interrogation range since each
resonance occupies a different 900 kHz-wide frequency slot
beyond the ISM range.
Therefore a new approach of a new and competitive way to
support the development of pistons that allows the research
and improvement in combustion processes had been
identified. Successful tests with engine running at 800 rpm
up to 2300 rpm had been demonstrated where SAW sensors

able to withstand accelerations as high as 400 g inside
running engines with an interrogation time of 10 ms.
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imposed by wireless interrogation in ISM bands). In that
purpose, test devices have been fabricated, based AT Quartz
and (YXl)/128° LiNbO3 synchronous resonators operating
near the 434-MHz-centered ISM band, coated with various
WO3 thicknesses (100, 200 and 300 nm). These thins films
were characterized using X-ray diffraction/Rietveld
refinement and the samples morphology were analyzed by
Atomic Force and transmission electron microscopy. The
diffract pattern showed the monophasic layers with the same
crystallinity and they reveal a pseudo cubic phase (isotropic
behaviour). We then have measured the reflection coefficient
of the resonators allowing for fitting the coating elastic
properties by model updating. This fit has been first achieved
using quartz resonators and we have obtained the fitted
coefficients (apparent elastic constants C11, C12, C44 and mass
density ρ). They have been used to predict the coatinginduced frequency shift on lithium niobate resonators.
Although mass density is found to change dramatically versus
WO3 thickness (from 6500 to 3900 kg.m-3), the elastic
constants reveal more stable (C11 and C44 typically equal to
15, 8 and 2.5 GPa respectively). The max coating thickness
actually is found near 300 nm, but it turns out that above 200
nm, the resonator response is too degraded to allow for any
operation. A specific design then is proposed on LiNbO3 for
assessing the actual operation of the sensor.
In the first section of the paper, we report a direct analysis of
the deposited material also has been achieved to complement
and justify effective data derived using SAW–based
measurements. Next, we briefly describe WO3 coating
properties, with a particular insight in physical parameter
changes related to gas adsorption and the subsequent SAWsensor application. As such devices need accurate design
procedure to optimize their actual operation; the
characterization of WO3 elastic properties was a prerequisite
and therefore the experimental measurements of the
corresponding physical coefficients then is reported.

Abstract — Surface acoustic wave (SAW) gas sensors generally
require the use of a reactive layer for molecule adsorption. WO3
has been identified for a long time as a high potential sensitive
layer particularly for NH3, NOX, CO, etc. We report here on the
characterization of elastic properties of such material using the
dispersion behavior of SAW propagating under gratings
passivated wich WO3 films of various thicknesses. Quartz as well
as LiNbO3 SAW devices are used in that purpose, allowing for
the derivation of a reliable data set. Complementary structural
characterization using direct measurement techniques (DRX,
AFM, TEM,) are reported to confirm the analysis deduced from
SAW measurements. As a conclusion, the exploitation of WO3
for SAW-based sensor is discussed.

I.

INTRODUCTION

Surface Acoustic Wave (SAW) sensors are presently
receiving an increasing interest, although many works has
been dedicated to operate to such developments. A particular
effort is paid to develop devices capable to detect gas flows in
common environment for health protection or security
purposes. The arising of new materials and technologies
actually pushes to re-investigate the capability of such
devices to efficiently operate, particularly in harsh
environment such as toxic atmospheres and high temperature.
Hence, the possibility to remotely interrogate gas sensors
based on resonator structures can be actually implemented
and tested. In this work, we propose to characterize the
operation of SAW resonator sensors coated with tungsten
trioxide (WO3), a layer which exhibits selective detection
capabilities when heated near 350°C. The exploited principle
consists in the change of dielectric properties of the film
when adsorbing specific molecules (O3, NO2, NH3 and
ethanol). The design of such sensors requires the knowledge
of the actual properties of the detection film as it is directly
deposited atop the resonator electrodes, yielding modal
dispersion which must be accounted for to guaranty the
device operation according given requirements (such as those
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Finally, exploitation of the corresponding results using
LiNbO3 SAW resonators is discussed.
II.

porosity varies from 10 nm to 100 nm and they extended in
deep layers. The TEM image (fig 1.b) shows a cross section
of the oxide layer deposited on Si substrate reference. For all
studied thicknesses of WO3: 50, 100, 200 and 300 nm, all
films were homogenous.

WO3 THIN FILM PROPERTIES FOR GAS DETECTION

The structural configuration of the WO3 crystal lattice is
the distorted rhenium trioxide (ReO3) structure [1,2]. The
crystal structure of tungsten trioxide is temperature
dependent. The most common structure of WO3 is monoclinic
(P21/n). Based on the reversible changes in conductivity,
WO3 thin films have been used as sensitive layers towards
O3, NH3, NOx, CO, ethanol [3,4]. It was shown that the
conductivity of WO3 thin films changed in presence of NOx
gas with a dependence of temperature. At 375°C the
resistance of WO3 drop by a factor of 100 compared to its
initial value at room temperature from 6.109 to 6.107 ohms
respectively [5]. This behaviour can be explained by
physisorptions and chemisorptions mechanisms and catalytic
reactions between gases and material surface (phenomenon of
adsorption and desorption) [6]. Due to its electrical
properties, WO3 is an ideal candidate for applications SAW
gas sensors. Indeed, the interaction between gases molecules
and tungsten trioxide causes a change in conductivity of thins
films WO3 resulting from in a variation of the velocity and
propagation loss of the acoustic wave. By measuring the
change in the frequency characteristics of the SAW sensor, it
was possible to determinate different physical parameters of
the sensitive layer WO3 and sees the influence of the
viscoelastic layer on the SAW device (dielectric loss, mass
effect) [7,8]. To achieve this, it is imperative to have strong
knowledge in the field of piezoelectricity and acoustic.
III.

WO3

Figure 1. a) AFM image of WO3 films on quartz substrate after annealing at
400°C for 3 hours; b) TEM cross section of WO3 thin film thickness of 50
nm on Si substrate

The X-ray diffraction patterns and Rietveld refinement of
trioxide tungsten are in good agreement (figure 2) showing a
low crystallite size in accordance with TEM observation.
The XRD diagram show a polycrystalline structure identified
as monoclinic phase and indexed from standard data sheet.
The observed structural parameters are in good agreement
with JCPDS (No. 83-0950) data [9].
From Rietveld refinement results, it is proved that WO3 thin
films have a monoclinic phase close to cubic one. The
evaluated lattice parameter values of WO3 are a = 7.308 Å, b
= 7.514 Å, c =7.675 Å, α = γ = 90°, and β = 90, 632°. This
allows to hypothesize that WO3 films behave as an isotropic
system. All deposited layers (50 to 400 nm) were structured
in the same phase and the calculated parameters remain
unchanged.

STRUCTURAL CHARACTERIZATION

A. Experimental
WO3 thin films on the surface of a quartz substrate for SAW
devices were prepared by reactive radio frequency magnetron
sputtering at 13.56 MHz, using a 99.9% pure tungsten target.
The synthesis setup and standard procedure have been
described in more detail by previous work of the lab [6]. The
obtained films were annealed at 400°C for 3 hours.
B. Characterization and results
The morphological analyses of WO3 thin films were
conducted by Atomic Force (AFM) and Transmission
Microscopy (TEM, Philips TECNAI F20 FEG).
The structure properties of WO3 films were determined by Xray diffraction with Cu.Kα radiation (Siemens – Brucker
D5000 diffractometer). X-ray patterns were compared with
those of the Joint Committee on Powder Diffraction
Standards (JCPDS). The DBWS Tools 2.16 software was
used to perform Rietveld Refinement. Figure 1.a shown the
state surface of the deposited WO3 films on quartz substrates
and reveals a weak roughness and a porous surface. This

Figure 2. X-ray diffractogram (1.Exp) and theory Rietveld refinement
(2.The) of WO3 thin films with a thickness of 50 nm
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IV.

metallisation ratio a/p of 0.8 to benefit for the reflection
coefficient stabilitiy versus electrode width a. As suggested
above, the mirror period differs from the IDT one, being
fixed to 3.646 µm (same metallisation ratio) to force the
resonance within the stopband of the mirrors and hence
increasing their reflecvtion efficiency. The metal height h is
120 nm (h/λa c ~ 1.5%). The acoustic apperture is 320µm (40
λac) to avoid any possible diffraction effect. These devices
have been then covered with WO3 overlays of different
thicknesses (50, 100, 200, 300 and 400 nm) to achieve the
characterization discussed in the previous paragraph. Figure 4
shows the corresponding experimental electrical admittances
compared with theoretical harmonic admittances derived with
FEM/BEM. For each configuration, a set of material
constants has been fitted to achieve the maximum agreement
between both curves, reported in Table I. As one can easily
see, the acoustic dissipation increases along the WO3
thickness in such a way that above a 300 nm thick deposition,
the experimental signal was no more exploitable (fig.5). Also
the viscoelastic losses of the overlay has been fitted according
to experimental observations, yielding an equivalent
mechanical quality factor of 50 whatever was the WO3
thickness.

WO3 ELASTIC CONSTANTS CHARACTERIZATION

In this section, the theoretical and experimental protocols
for characterizing the WO3 overlay properties are described,
using Quartz SAW resonators (fig.3). The quality of the
obtained physical paremeters is the assessed for LiNbO3 (YZ)
devices better suited for dielectric perturabtion detections.

Figure 3. WO3 thin film deposited on SAW devices

A. Theoretical analysis
As layered devices are concerned, with the WO3 overlay
covering the electrodes, one cannot make the economy for
advanced simulation and analysis exploiting a combination of
finite element and boundary element methods (FEM/BEM)
developed in that purpose [10]. We here briefly recall the
analysis approach, detailed description of the calculation
fundamentals are reported in [11]. An harmonic admittance is
derived from FEM computation of a single period of an
infinitely long periodic transducer accounting for the
inhomogeneous boundary conditions induced by the
electrode/passivation surface conditioning. The acoustic
contribution of the substrate is accounted for by Green’s
function based BEM. For an accurate simulation of the device
behavior, one need a reliable set of physical constants, i.e.
elasticity coefficients, mass density and dielectric parameters
and associated intrinsic losses if available. Although some
data can be found in the literature, providing a starting point
for the simulation, a set of experiments has been achieved on
SAW resonators of fig.1 built on a (ST,X+ψ) cut with ψ a
small non zero propagation angle, therefore providing clear
contributions at both edges of the stop-band and hence a direct
evaluation of the reflection coefficient magnitude. This will be
used for improving the theory/experiment agreement and
consequently the accuracy of the above-mentioned constant
determination.

Figure 4. Theory/experiment assessment of SAW resonators on ATQuartz cut for different WO3 overlay thickness

In all the simulations, a relative dielectric constant of 230 has
been fixed according to published material [12]. As shown by
Table I, the mass density was changed along the WO3
thickness for best fit purposes. Although one could also
change the elastic constants in that matter, the reflection
coefficient gave helpfull tracks for the fitting strategy, as it
strongly depends on the combination of all the elastic
constants. One could imagine keeping the mass density
unchanged versus WO3 thickness but the ratio between the
elastic constants would then be kept unchanged. From a
structural point of view, the film is assumed polycristalline
and porous. This porosity vary with the deposition thickness.
Within each grain, the elasticity behaviour is not changed but
the overall of the layer actually reduces along the deposition
height.

B. Experimental implementation
As explained above, SAW resonators built on Quartz have
been used first to determine the WO3 overlay properties
required for sign and analysis purposes. The asynchronous
single-port resonators implemented in that purpose consist of
one interdigited transducer (IDT) surrounded by two Bragg
mirrors. They have been designed to operate at best in the
434-MHz centered ISM band. The IDT is composed of 82 Al
electrode pairs with a mechanical period p of 3.627 µm and a
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Materials
Physicals
properties
Density ρ
(kg.m-3)

AT Quartz

V.

(YXl)/128° LiNbO3

100nm

200nm

300nm

100nm

200nm

300nm

6500

4700

3900

6500

4700

3900

C11 (GPa)

14

15

12.5

14

15

15

C12 (GPa)

8

8

7

8

8

8

C44 (GPa)

2.5

2.5

2.5

2.5

2.5

2.5

CONCLUSION

In this work, we investigated the design and the physical
properties of WO3 using SAW devices as a mean of
characterzation. A pseudo cubic as isotropic system was
identified for WO3 sensitive films via structurals analysis. The
measured reflection coefficient allowed to estimate the elastic
properties and induced frequency shift on quartz/lithium
niobate resonators as a function of the WO3 layers thickness.
Although mass density is found to change as a function of
WO3 thickness and their porosity, the apparent elastic
constants reveal more stable. The max coating thickness
actually is found near 300 nm, but it turns out that above 200
nm, the resonator response is too degraded to allow for any
operation.

Table I .Apparent elastic constants and density of the WO3 versus overlay
thickness. The initial value of the density was fixed to 7200 kg.m-3 according
to the literature and adjusted versus thickness for best fit purposes.

C. Validation on LiNbO3 SAW resonators
The previous section has shown the way the physical
parameters of the WO3 overlay, more specifically the elastic
constants and mass density, has been fitted. To confirm the
reliability of these data, another set of experiments has been
achieved using SAW resonators built on (YZ) LiNbO3 cut
with similar WO3 deposition conditions and thickness (fig 3).
As for Quartz resonators, a FEM/BEM analysis then was
conducted using the fitted parameters to assess the
experimental results. Figure 4 shows the corresponding
experimental admittances compared with theory. For best fit
purposes, slight changes have been applied to the elastic
parameters but the overall behaviour of the device responses
was well predicted using Quartz-resonator-derived data,
yielding confidence in their physical meaning. Particularly,
the frequency shift related to mass loading was found in good
agreement here again and therefore, the above-proposed
hypothesis concerning the porous surface and weak
roughness was not infirmed. From a pragmatical point of
view, these results show that the fitted apparent elastic
constants and mass density can be used for the design of a
next generation of sensors. This work is currently under
development.
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the gas phase. Higher oxygen partial pressure in the gas phase
drives the reaction to the right, decreasing electron
concentration and increasing the electrical conductivity. It can
be shown that the conductivity is given by

Abstract—We report here a langasite SAW device suitable for
sensing temperature and oxygen concentration, with
applications such as monitoring the exhaust of oxy-fuel
combustion systems. In this paper we report on the observed
temperature dependence of oxygen sensitivity, explain the
mechanism for this behavior, and present a scheme for
temperature compensation.

I.

σ = Ae − E A / kT Po12/ m

where EA is the activation energy for conduction, kT is the
thermal energy, and PO2 is the oxygen partial pressure.
Increasing conductivity of the sensing layer decreases the
surface wave velocity, as the redistribution of charge in the
sensing layer reduces the stored energy in the electic field
above the surface, reducing the piezoelectric stiffening. The
change in velocity can be predicted analytically; Figure 1
shows the calculated change of surface velocity for a (0,
138.5, 26.6) langasite SAW device.

INTRODUCTION

Langasite (La3Ga5SiO14) surface acoustic wave (SAW)
devices have potential applications in harsh-environment
sensing. Important applications include exhaust gas oxygen
sensors for the control of oxy-fuel combustion systems. In
such combustors it is possible to achieve a nearly pure carbon
dioxide exhaust suitable for geologic sequestration. In this
application oxygen sensing in the temperature range from 500
to 1000 ºC is needed. Langasite SAW devices have been
operated as resonators up to 1000 ºC [1]; langasite SAW
sensors for H2 and C2H2 gas have been operated up to 550 °C
[2]; and wireless temperature sensing has been demonstrated
up to 850 °C [3,4]. Here we report recent results obtained for
langasite SAW oxygen sensors. We particularly focus on the
temperature dependence of these sensors, and a method for
reducing the impact of temperature flucuations on gas sensing.
II.

(2)

TEMPERATURE AND GAS SENSING

The SAW sensors considered here utilitze the
electroacoustic effect, where a conducting layer near the
piezoelectric surface influences the surface wave velocity. Gas
sensing is achieved by using a layer with a conductivity that
depends on the gas concentration. The most suitable
conducting layers for this high-temperature application are
metal oxides, which exhibit a semi-conducting behavior with
conductivity dependent on the oxygen defect concentration. In
metal oxides with predominant electron conduction, a
reversible reaction occurs with gas-phase oxygen of the form

Oox ↔ Vo + 2e′ + 12 O2( g )

Figure 1. Calculated surface acoustic wave velocity changes (solid blue line)
and relative attenuation (green dashed line) of langasite substrate with Euler
angle (0, 138.5, 26.6) as a function of surface sensing film conductivity.

It is apparent from Figure 1 that significant velocity
changes are only obtained for a limited range of sensing layer
conductivity. As the conductivity is thermally activated
according to (1), a particular sensing layer will have a limited
temperature range where it exhibits useful response. Further,
changes in temperature will also cause a change in surface
wave velocity. We focus here are removing the impact of

(1)

where Oox is the concentration of oxygen atoms on an oxygen
site, Vo is the concentration of doubly-negative oxygen
vacancies, e′ is an electron, and O2( g ) is an oxygen molecule in
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small temperature changes on the surface wave velocity. We
will also determine the temperature range over which on
particular sensing layer is useful. In a practical sensor, the
temperature and oxygen concentration need to be measured
independently; this will be addressed in future work.
III.

EXPERIMENTAL

SAW devices used in this work were fabricated on 76 mm
diameter, 0.5 mm thick langasite wafers (Roditi International,
UK) with Euler angles (0, 138.5, 27) using a lift-off technique.
The metallization was e-beam deposited and consisted of 100
nm platinum with 10 nm titanium as an adhesion layer.
The SAW devices used in this work have the transmitter
located in the center with open reflectors were located on two
sides. The IDTs had 2 µm finger widths and gaps, yielding an
8 µm surface acoustic wavelength and a center frequency of
334 MHz at room temperature. For gas sensing, A 200 nm
ZnO sensing film was deposited by reactive RF sputtering
from a Zn target at a pressure of 4 mT and RF power 50 W, in
25% O2/ 75% Ar. ZnO was masked from the IDT terminals
using Mylar tape. The SAW device was then spin coated with
polysiloxanes (IC1-200 and DC4-500 from Futurrex, Inc.).
The polysiloxanes film was partially removed using a cotton
tip with acetone and then annealed in air at 400 °C for 30 min
to form a 100 nm SiO2 insulating film on the IDT transmitter
and terminals region.

Figure 2. Extracted effective SAW velosity change as a function of
temperature.

The effect of oxygen concentration was examined by
measuring the phase change between \the exciting pulse and a
reflection normalized for a 1 μs propagation time. The oxygen
concentration was changed in a stepwise fashion with the
balance of the gas being nitrogen. The oxygen concentration
was varied by changing the mass flow controller setpoints
while keeping the total mass flow constant. Figure 3 shows the
results for three temperatures, where the phase changes
consistent with n type conduction in the ZnO. While the phase
changes are consistent with velocity changes due to the
electroacoustic effect, they could also be caused by
temperature variations in the furnace due to imbalanced gas
flow. This is a particular concern at lower temperatures where
the observed phase changes are small.

XRD characterization of the sputtered ZnO film showed a
wurtzite structure with a 30 nm grain size. In some
experiments temperature sensing was performed at the same
time using a second SAW device with longer path lengths, so
that its reflections were not coincident with the first reflections
of the gas-sensing device.
The SAW device(s) were placed in a furnace (Lindberg
STF55433C) with computer-controlled gas flows. Connection
to the measuring electronics was made using shielded
thermocouple wire as a transmission line, connected to the
SAW device using fine thermocouple wire and conductive
ceramic paste. Measuring electronics consisting of a National
Instruments (NI PXI-5670) and a vector signal analyzer (NI
PXI 5661) [5] was used to measure the phase changes
resulting from temperature and/ or gas concentration changes.
Measurement of the phase changes requires a reference pulse;
this reference pulse consisted of either another SAW reflection
or the attenuated exciting pulse.
We first discuss separate measurements of temperature and
gas concentration. Figure 2 shows the extracted effective
velocity change as a function of temperature. The velocity
decreases monotonically with temperature, consistent with
previous reports [4,6,7].

Figure 3. Phase change resulting from changes in the oxygen concentration.

The influence of small temperature variations can be
removed by simultaneously measuring SAW reflections on
two propagation paths, one with and one without without a
ZnO sensing layer. This can be achieved by patterning the
sensing layer so that some reflections are not influenced by the
change in sensing layer resistivity. Alternatively, two separate
SAW devices can be connected in parallel, one with and one
without a ZnO sensing layer (Figure 4). In this case the SAW
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devices must be different so that the reflections are
distinguisable.

ZnO/langasite
SAW O2 sensor

Bare langasite SAW
Temperature sensor

Figure 6. Compensation for temperature variations with a second SAW
device.

Figure 4. Two langasite SAW devices connected in parallel, one with and
one without a ZnO sensing layer.

Gas sensing performed over a wider range of temperature
is presented in Figure 7. Data for 650 C and above has not
been temperature-compensated due to failure of the
temperature-sensing SAW device. Oxygen sensing however
has been achieved up to 700 C.

Figure 5 shows the observed reflections for two SAW
devices connected in parallel at room temperature. Here the
second series of reflections are from the temperature-sensing
SAW device without a ZnO sensing layer. These reflections
are strongest despite the longer path length; this is because the
ZnO sensing layer causes additional attenuation [5].

This data shows clearly that sensing with a ZnO layer can
only be performed over a limited temperature range. As shown
in Figure 1, a significant change in propagation velocity is
obtained only for a limited range of sensing layer
conductivity. Due to the exponential dependence of
conductivity on temperature, a peak in the sensitivity is
expected at an intermediate temperature.

Figure 5. Reflections for two SAW devices wired in parallel at room
temperature.

Figure 6 shows uncorrected phase measurements for the
oxygen and temperature sensors (top two traces) and
measurements compensated for temperature variations
(bottom trace) at 650 ºC. Temperature compensation is
achieved by subtracting the gas and temperature phase change
measurements normalized for the propagation time. The data
from the temperature sensor shows small perturbations (± 0.5
ºC) due to the gas flow switching. Removing these small
perturbations shows that most of the phase change of the O2
sensor was indeed resulting from the gas sensing layer.
Figure 7. Oxygen sensing as a function of temperature.

The peaked behavior for the sensitivity as a function of
temperature is an important issue in sensor design. In order to
acheive accurate sensing over a range of temperature, sensing
layers with little dependence on temperature are preferred.
Recently some mixed-oxide sensing layers have been
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resulting to oxygen concentration depends on temperature
because of the thermally activated conductivity of the sensing
layer. As a result small perturbations in temperature will cause
a change in the measured phase shift even if the oxygen
concentration is constant. This effect can be minimized by
using two SAW devices or two propagation paths, one with
and one without a sensing layer.

investigated that have reduced temperature sensitivity [8].
Even in this case, the activitation energy is not exactly zero so
simultaneous temperature measurement will still be needed.
Finally, we consider the issue of sensor stability. In early
experiments, we evaluated the oxygen sensing as a function ot
temperature at steadily increasing maximum temperatures of
630, 700, and 750 C. The total phase change resulting from an
oxygen concentration change from 0.25% to 80% is plotted in
Figure 8 for these three series of measurements. We see that
the peak sensitivity shifts to lower temperatures with
increasing temperature exposure. This change is consistent
with increasing grain size in the ZnO layer, resulting in higher
conductivity (increase in the factor A in equation (1)).

We have also observed that the gas sensitivity can be
influenced by aging of the sensing layer. This effect appears to
be reduced when sensors are annealed at higher temperatures
than used during operation.
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or external power source), reliable life-cycle (years in a wing
structure or minutes in an engine exhaust), light and small, etc.
A short list of system specifications may include simultaneous
multi-sensor interrogation and reception, wireless, passive,
radiation hard, and range of several centimeters to 10s of
meters. The sensors should be small, rugged, provide RFID on
chip, operate at cryogenic to high temperature, and differing
embodiments should provide temperature, gas pressure, strain,
chemo- or bio-detection and others.
Over the last 20 years there have been several proposed
SAW embodiments for wireless, passive SAW RFID sensors,
which include narrowband resonant devices, reflective delay
line sensors, SAW chirp devices, external-sensor-SAW module, and CDMA [2]–[7]. Narrowband devices can provide an
ID through differing resonant device frequency, while most
delay line devices provide the coding through pulse position
reflectors. The chirp sensor uses the correlation properties for
enhanced sensor data extraction, but provides no effective
multi-coding. Initial work on orthogonal frequency coded
(OFC) SAW devices for RFID and communication began in
2000, and the first publication on SAW OFC was in 2004
[8] [9]. The research was begun to attempt to overcome the
limitations of the previously described embodiments for device
encoding, and then apply the approach to sensing.

Abstract—There has been little published data on spread
spectrum SAW RFID correlator receiver performance, since most
approaches published have used an FMCW system. The purpose
of this paper is to discuss issues related specifically to correlator
receiver performance parameters with respect to range, detection,
and noise. The minimum detectable signal (MDS) at the ADC is
used as the measure for prediction of the maximum range. The
loop gain of the system, MDS, noise and processing gain bound
the predicted achievable range for a correlator receiver. It will
be shown that in a correlator receiver nano- to micro-joules of
energy can obtain ranges greater than 50 meters, dependent on
the key system parameters. A model is developed for prediction
of the maximum range as a function of center frequency, output
signal and power, MDS, synchronous interrogation, and loop
gain. From the predictions, it appears feasible to have a sensor
range of over 100 meters with modest interrogation energy in a
pulsed correlator system.

I. I NTRODUCTION
The concept of using a correlator receiver for spread spectrum systems is well known. Results of a fully operational
SAW orthogonal frequency coded (OFC) spread spectrum
multi-sensor system have been recently reported [1]. The
paper presented some of the important device and system
considerations, such as the choice of operating frequency,
device design, antenna size, loss, etc. The 915 MHz SAW
temperature system presented was based on SAW OFC delay
line devices that are interrogated with a pulsed RF signal.
The temperature is extracted after signal reception through
an analog-to-digital-converter (ADC) and the data points are
post processed as in a correlator receiver, using an adaptive
matched filter and associated software. The post processing
is completely reconfigurable and is comparable to a software
radio approach. Although an OFC SAW system will be used
as an example, the correlator receiver analysis and approach
should be applicable to any type of passive coded waveform
system, SAW or others.
Surface acoustic wave (SAW) technology is beginning to seriously attract interest for a broad range of sensor applications,
especially in aerospace and health monitoring applications [1]
[2]. Many applications have very challenging requirements:
zero maintenance (no battery), no external power (scavenging

II. OFC SAW D EVICE D ESIGN
There have been a number of publications on the theory and
approach to OFC based on communication theory, and then
its application to SAW device embodiments [8] [9]. The basic
embodiment for the OFC RFID tag and sensor is schematically
shown in Fig. 1. A wideband transducer launches a SAW based
on the interrogation signal, which is convolved with the OFC
coded reflector array, and is re-radiated, via the transducer,
to the receiver antenna. The chip orthogonality condition
describes a relationship between the local chip frequencies
and bandwidths, embodied in each SAW Bragg reflector. The
reflector-chip frequency responses are a series of nearly ideal
sampling functions with null bandwidths equal to 2·τ −1 . Each
chip contains an integer number of carrier half cycles and the
chip-Bragg center frequencies are separated by multiples of
τ −1 . The key enabling technology is the fact that the nulls
of adjacent Bragg reflectors align with all the peaks of the
individual Bragg reflectors, indicating that the SAW signal
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remain the same. The near-baseband signal is post processed
through an analog-to-digital converter and software.
An example of a 915 MHz pulsed synchronous, RF
transceiver block diagram developed is shown in Fig. 4
IV. S IGNAL AND N OISE M ODEL
The system should attempt to maximize the detection probability, or minimize errors, as a function of system parameters.
The system must overcome the signal path loss by amplifying
the signal while minimizing all noise source effects .The following will define the signal-to-noise ratio based on the model
parameters. From the model, with suitable approximations,
the range for any synchronous correlator based system can
be estimated.
The system critical operational parameters are:
• Center Frequency (fo ), Bandwidth (B)
• TxRx Antennas
• RFIDS Parameters
• Equivalent Isotropic Radiated Power (EIRP )
• Minimum Detectable Signal (M DS)
• Receiver Gain, Noise Figure, and Noise Sources

Fig. 1. Schematic of a 7 chip SAW OFC RFID tag which can be used as the
platform for a sensor. The figure depicts a chirp input signal and the returned
coded signal which is the convolution of the OFC code and chirp.

is nearly transparent to all Bragg reflectors, except near the
center frequency and bandwidth of a single Bragg reflector.
This allows the SAW to travel through the Bragg array without
much attenuation, until a signal frequency coincides with the
chip-Bragg reflector frequency. Coding is accomplished by
shuffling the chips in time, which allows both frequency and
time diversity. The OFC approach produces a wide or ultrawide band spread spectrum device. The sensor information is
encoded in the reflectors, time delay regions, or both. Dual
tracks (in-line or parallel) can be used for enhanced coding or
multiple sensor operations.
The OFC SAW devices used herein are at a center frequency
of 915 MHz and used 5 chips per device with a bandwidth of
approximately 92 MHz. This yields a device signal processing
gain (PG) of 25.

A. Parameter Definitions
The following elements within the model are defined. The
elements do not consider details of implementation or optimization.
ADC
Ideal Analog-to-Digital Converter
M DS
Minimum Detectable Signal
S
Signal Power Measured at ADC
N
Noise Power Measured at ADC
kT
Thermal Noise Energy
EIRP
Equivalent Isotropic Radiated Power
GRF IDS RFIDS Gain (Less than unity for passive device)
GRx−Ant Gain of Receiver Antenna
GRx
Receiver Gain from Antenna Output to ADC
PG
Signal Processing Gain of the System (τ B)
PL
Path Loss
NF
Receiver Noise Figure
Next
External Noise Source at Antenna Output
NADC
ADC Equivalent Noise
Nsum
Number of Synchronous Integrations in ADC
P CG
Pulse Compression Gain

III. S YNCHRONOUS T RANSCEIVER A PPROACH
The SAW OFC sensor device and system initial concept
have been previously discussed [9]. The basic system concept,
shown in Fig. 2 is composed of multiple SAW RFID-sensors
(RFIDS) that can have various embodiments. The SAW and
antenna compose the RFIDS. The transceiver, often called the
reader for RFID systems, sends out an interrogation signal
which is received by all the SAW sensors. The interrogation
signal launches a SAW, which is encoded with the RFID and is
appropriately modified to also encode the sensor information,
and is rebroadcast to the receiver. The signal is demodulated
and post processed to extract the RFID and the associated
sensor information.
A conceptual diagram of the interrogation/receiver process
is shown in Fig. 3, which uses a chirp interrogation signal
and a correlator receiver. The chirp provides increased signal
power over a single pulse and allows ultra wide band operation, if desired. The implementation of the actual reader
hardware is more complex, but the operational principles

Fig. 2. Block diagram of a SAW wireless sensor system. The system will
interrogate multiple sensors simultaneously. Receiving and identifying the
RFID, the sensor information can be obtained via post processing of the
received signal.
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The noise can be rewritten as
N = [kT B · GRx · (N F + γ)] · Nsum
= [kT B · GRx · N F ∗ ] · Nsum .

(4)
(5)

The signal to noise ratio at the ideal ADC, substituting,
P G = τ · B and regrouping, is given as
S/N =
[EIRP/(N F ∗ · kT /τ ) · P CG · P G]
· [(GRF IDS · GRx−Ant )] · [Nsum · P L]

(6)

S/N = GP DL · P CG · P G · Gsys · Nsum · P L
= Gloop · P L.

(7)
(8)

or

It is often convenient to write S/N in dB, which is given with
dB terms in bold as
S/NdB = GPDL + PCG + PG + Gsys + Nsum + PL
= Gloop + PL.
(9)

Fig. 3. A simple block diagram concept of the interrogation and correlator
receiver approach as the sensor reader.

The desired S/N establishes the required loop gain to overcome
the path loss, in the presence of noise terms. Often, the MDS
level is set at the noise power level and then

B. S/N Model
The signal is given as
S=

(1)
2

EIRP · GRF IDS · GRx−Ant · P G · P CG · Nsum · P L.

(10)

GP DL = EIRP/M DS

(11)

and

The random noise is the summation of several possible
sources, given as

which represents a power gain.
As expected increasing the radiated power, reducing the
thermal noise and noise figure, and increasing the encoded
signal time length, all increase the S/N. For a passive sensor,
such as a SAW device, the GRF IDS is always less than unity.
It is important to reduce the RFIDS loss as low as possible and
to use as high gain antenna at the receiver as practical. Finally,
coherent integration can, in theory, establish any desired S/N
level, given a reduced RFIDS sampling rate. Interestingly, the
receiver gain and the chip bandwidth do not impact the S/N,
assuming a well designed receiver. The chip bandwidth does,
however, impact the ability to code and detect, and therefore
is an important variable for other system level considerations
other than noise.

N = [kT B · GRx · N F + Next · GRx + NADC ] · Nsum . (2)
To simplify the noise model and see the impact of excess noise
compared to thermal noise, define a term
γ = [Next + (NADC /GRx )]/kT B.

M DS = N F ∗ · kT /τ

(3)

C. Range Prediction
For passive RFIDS, the range is given by Friis Equation as
Range = P L1/4 [vEM /(4πfo )]

(12)

where vEM is the free space velocity.
A minimum S/N is determined for detection, and the
maximum range, in meters, acheivable is obtained as
Rmax =
[(4πfo )/vEM ]−1
1/4

· [GP DL · P CG · P G · Gsys · Nsum /(S/N min )]

Fig. 4. A 915 MHz pulsed synchronous, RF transceiver block diagram
developed for testing and analysis.

(13)
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or given in dB, dB terms in bold, as

is the frequency dependent propagation loss constant, for YZLiNbO3 given as [10]

Rmax−dB =
(1/4) · [GPDL + PCG + PG + Gsys
+Nsum − S/Nmin ]
− 10 · log[(4πf )/vEM ].
(14)

α(f ) = 0.19f + 0.88f 2

(dB/µs),

(15)

with f in GHz.
The loss increases rapidly above 1 GHz, and it would be
desirable to operate where the loss is not a dominant factor.
Also, this loss term is optimistic, since thin films and other
effects often increase expected device and material loss even
greater with frequency. Antenna gain and achievable fractional
bandwidths increase for a given volume for electrically small
antennas (ESA) as frequency increases. The antenna gain and
bandwidth can be estimated for an ESA given in Fig. 6, and
shows that higher frequencies provide better performance with
respect to both gain and bandwidth.
At 1 GHz, gain greater than 0 dB can be achieved for
an antenna radius of an inch. Higher frequencies can further
increase antenna gain and bandwidth, but the SAW device
propagation loss counters the advantage, and the overall target
performance will be optimized in the 850-1.5 GHz range,
depending on other parameter factors.
Based on the previous arguments, the SAW OFC system
currently under development has an operational frequency
of 915 MHz; since many of the applications being considered have few or no restrictions on center frequencies and
bandwidths. Regulatory constraints require consideration if
operated in a restricted environment; placing additional constraints on the operating parameters. The 915 MHz frequency
was chosen to balance the conflicting parameters of RFIDS
small size, low loss, wide bandwidth, and fabrication process
control. The devices at 915 MHz have a λ/4 line width of
approximately 0.8 um on YZ-LiNbO3. The SAW OFC device
results presented used 5 chips, with a processing gain (PG)
of 25 and a device bandwidth of approximately 92 MHz. The
surface mounted RFIDS was soldered to a PC board, open
sleeve dipole antenna. The antenna, with the soldered SAW
device, was 125 mm x 55 mm on a 32 mil FR4 copper clad
PC board. The measured antenna gain, in a 50 ohm system, is
approximately 1.8 dB and had a bandwidth of approximately
200 MHz [11]. The RFIDS had a loss of approximately 23
dB.

V. S YSTEM D ESIGN C ONSIDERATIONS
The loop gain model developed predicts the maximum
achievable range for the RFIDS synchronous correlator receiver system. The loop gain model components are separated
into a series of terms that allow identification of important
components for optimizing system range.
A. Path Loss
Assuming isotropic radiation, the received power from a
transmitter decreases at 40 dB per decade as a function of
increasing frequency and operational range. The thermal noise
floor is constant with range but increases with bandwidth. The
plots of Fig. 5 point to the use of the lowest operational
frequency to minimize path loss and increase operational
range. If target size is not a primary consideration, then
operation at 250-500 MHz might be a good solution to increase
operational range.
B. RFIDS-SAW and Antenna Target
However, to make the target (SAW plus antenna) small, it is
desirable to work at relatively high frequencies. As operational
frequencies increase, the SAW size typically decreases, the
absolute operational bandwidth increases (for a given fractional bandwidth), the propagation losses increase, and the
photolithographic resolution requirements increase. High velocity materials relax manufacturing process requirements, but
constraints on fabrication and propagation loss have currently
limited SAW operational frequencies to below 3 GHz. High
coupling materials can provide low loss operation over wide
bandwidths, but typically have large temperature coefficients
of frequency. The SAW OFC devices developed thus far have
used YZ-LiNbO3 since the material provides high coupling,
broad bandwidths and minimal diffraction. A key parameter

Fig. 5. Ratio of receive to transmit power, in dB, as a function of range, in
meters, for a passive target for 3 differing operational frequencies, 0.25, 0.5
and 1 GHz - solid lines. The dotted traces are the thermal noise power levels
(dBW) at 3 differing bandwidths, 25, 75, and 200 MHz.

Fig. 6.
Plots of the approximate gain and fractional bandwidth versus
effective antenna radius for an electrically small antenna, from the analysis
of Wheeler [11,12].
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C. Transceiver
The following section presents results of measurements for
two differing temperature SAW OFC systems at 915 MHz.
The systems use an adaptive filter in a correlator based
receiver to identify the SAW sensor and to extract temperature.
Measurements are for a single sensor operation.
1) RF Pulsed Transceiver Parameters:
• f0 = 915 MHz, BWIF > 100 MHz
• Peak RMS Power = 30 dBm
• Pulse-Length = 10 ns
• PCG = -1 dB
• Antenna Gain = 9 dBi
• Bandwidth = 82 MHz
• GRx = 47 dB
∗
• NF = 18 dB
• Next = -22 dBm
• PFoM = 30 - 1 - (-22) = 51 dB
The RF pulsed format is quite simple, but the radiated
energy is small. For the pulsed system developed, a pulse
length of 10 nsec gated a 915 MHz RF carrier. The peak power
was 30 dBm and fed to a 9 dBi gain Yagi antenna, yielding
an equivalent isotropic radiated power (EIRP) of 39 dBm. The
radiated energy per pulse is approximately 79 nano-joules.
Pulse compression gain in this case is approximately -1 dB,
due to the bandwidth of the IF filter. Power figure of merit
(PF oM ) can be expressed as sum of peak power to the antenna
and PCG less noise floor of the system or the environment
(Next ).
Fig. 7 illustrates the range capabilities of an RF pulsed
transceiver with the above parameters. Measurements were
conducted of a single OFC sensor for identification of the
code, as well as extraction of temperature. The brown line
with markers is a plot of the fractional error in temperature to
the range of the RFIDS. A false identification is indicated by
a fractional error of 0.1 and occurs at a range of 3 meters. The
red and black dot-dashed plots compare the predicted reflected
RMS power measured at the ADC vs. range, and agree well
until a large fractional error of temperature is measured.
2) Chirped Transceiver Parameters:
• Power to Antenna = 28 dBm
• Pulse-Length = 700 ns
• PCG = 17 dB
• Antenna Gain = 9 dBi
• Bandwidth = 78 MHz
• GRx = 45 dB
∗
• NF = 15 dB
• Next = -22 dBm
• PFoM = 28 +17 - (-22) = 67 dB
Measurements were also made with a transceiver utilizing a
chirped interrogation with the above parameters. The receiver
IF bandwidth was 74 MHz, which reduced the apparent PG to
20. Pulse compression gain in this case is 15dB. The increase
in PF oM from pulsed to chirped system is 16dB. The range of
the chirped transceiver is shown in Fig. 8, and the increase in
range from 3 to 7.3 meters correlates well to the improvement

Fig. 7. Range measurement for RF pulsed system: RMS power reflected
and received at ADC (red solid), noise floor (blue dashed), actual received
reflection at ADC as measured using adaptive matched filter (black dot-dashed
with markers), and fractional reading error (brown with markers)

in PF oM . Similar to the pulsed system, the measured vs.
predicted reflected RMS power strongly agree and validates
the outlined range model given previously.
VI. D ISCUSSION
Major operational parameters of the correlator based interrogator have been established and a loop gain model has been
developed for predictions of range. It has been shown that
for certain key parameters, terms containing bandwidth of the
system and the receivers gain drop out of the model. A power
figure of merit has been defined. Two demonstrated systems
implemented two different receiver architectures (RF pulse
and chirp) with a maximum interrogatable range (for a single
sensor) of 3m and 7.3m respectively, which correlates well
with their PF oM , which are 51 DB and 67 dB respectively.

Fig. 8.
Range measurement for chirped system: RMS power reflected
and received at ADC (red solid), noise floor (blue dashed), actual received
reflection at ADC as measured using adaptive matched filter (black dot-dashed
with markers), and fractional reading error (brown with markers)
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Based on practical improvements in the following system
parameters:
∗
• NF = -22 dB → -32 dB (∆G = 10 dB)
• GRFIDS = -23 dB → -10 dB (∆G = 13 dB)
• PGdB + Nsum−dB = 12 dB → 22 dB (∆G = 10 dB)
• PCG = 17 dB → 19 dB (∆G = 2 dB)
• Overall Gain Improvement: 35 dB
an increase in range of up to 80m is expected when using 10
synchronous averages or 40m with a single ping.
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Abstract- Oxyborate single crystals, ReCa4O(BO3)3 (Re=La,
Pr, Nd, Y. Gd), have recently been demonstrated to offer
superior dielectric, piezoelectric and electromechanical
properties to quartz, langasite and other commonly used
piezoelectric crystals. Of particular significance is the ability to
function at temperatures > 1000oC, offering the potential for
SAW, BAW and related sensors operational in harsh
environments. In this work, the elasto-acoustic properties of
oxyborate crystals were investigated as a function of rare earth
cation. Crystallographic relationships were determined to be
related to bond length and dependence of cation ordering, which
was also reflected in the mechanical loss. Parameters related to
high temperature operation, including electrical resistivity,
dielectric loss, together with temperature dependent
electromechanical and elastic properties were determined and
discussed in relation to various applications.

determined to establish the potential of borate crystals for
piezoelectric resonators and sensors in harsh environments.
II. STURECTURE PROPERTY RELATIONSHIPS
ReCa4O(BO3)3 crystals belongs to the point group „m‟. For
the determination of the complete set of elasto-acoustic related
parameters, numerous sample geometries are required, as
shown in Figure 1 [9].

I. INTRODUCTION
Piezoelectric crystals, including quartz (α-SiO2), lithium
tetraborate (Li2B4O7, LBO), gallium orthophosphate (GaPO4),
lithium niobate (LiNbO3) and langasites (La3Ga5SiO14, LGS),
have been investigated for bulk acoustic wave (BAW)
resonators, surface acoustic wave (SAW) devices and various
sensors, including accelerometer(s) [1-2]. Recently, oxyborate
crystals, ReCa4O(BO3)3 (Re: rare-earth cation) have attracted
considerable attention for various piezoelectric applications.
As summarized in Table I, ReCOB borate crystals exhibit
higher piezoelectric properties to that of quartz and GaPO4,
while offering the highest levels of electrical resistivity.
Together with no temperature limiting phase transformation(s)
prior to their melting points (Tm=~1500oC), borate crystals
offer potential usage at temperatures exceeding 1000oC [3-8].
In this work, the elasto-acoustic properties of ReCOB
crystals were investigated as a function of rare-earth cation.
Crystal structure property relationships based on cation radii
and structural disorder were established, leading to the
identification of new borate crystals with enhanced
piezoelectric properties. Parameters pertaining to high
temperature operation, including electrical resistivity,
dielectric loss, together with temperature independent
electromechanical coupling and elastic properties were

Figure 1. Sample orientations required for complete
characterization of borate crystal with symmetry „m‟: (a) X
rod, (b) Z rod, (c) XZ bar, (d) XY bar, (e) ZY bar, (f) ZX bar,
(g) (XZw)45o bar, (h) (XZw)30o bar, (i) (XZw)-45o bar, (j) Z
square plate, (k) X square plate, (l) Y square plate, (m) (XYt)
45o bar, (n) (ZXt)45o bar, (o) (YZtw) 45o/-45o bar,
(p) (ZYl)45o bar (after [9]).
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Figure 2 Crystal structure of NdCOB (left) and the schematic
of Re- ion displacement movement (right) [9-10].
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Figure 3 Variation of electromechanical coupling factor k26 as
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III. HIGH TEMPERATURE PROPERTIES

Figure 3 presents the piezoelectric shear properties as a
function of Re-cation radii, revealing a maximum value in
coupling k26 for ReCOB single crystals. The observed
relationship was determined to be related to the Re-cation radii
and the level of cation disorder. From observations, new
borate crystals, including Nd and Pr borates were grown and
optimum piezoelectric properties confirmed [10].

Figure 6 shows the electromechanical coupling factor k26
for (ZXw)- cut YCOB as a function of temperature up to
950 °C. The largest k26 value was obtained in the (ZXw)-30°cut sample, being 22% at room temperature, maintaining the
same value till 950°C [7, 12]. Figure 7 presents the variation
of resonance frequency fr for (ZXw) ( = –60, 0, 33)
YCOB crystal cuts. As can be seen, the resonance frequency
shifts downward with increasing temperature, exhibiting
linear temperature/ frequency characteristics over a wide
temperature range of 20–950 °C. The highest first order TCF
was found to be on the order of –91 ppm/K for the (ZXw)33cut. The impedance modulus for (ZXw)-0cut samples as
a function of temperature is shown in the inset of Fig. 7,
indicating that the resonance and antiresonance peaks shift to
lower frequencies with increasing temperature. Generally,
sharp and narrow resonance frequency peaks reflect high

The level of cation disorder in the oxyborate crystals was
reflected in the mechanical Q, as shown in Figure 4. Due to
increased phonon scattering, the electrical resistivity was also
found to decrease with increasing Re-cation radii, with the
exception of LaCOB. The resistivity values for different
ReCOB crystals at 1000oC were determined to be
1.0×106~1.0×108 Ohm·cm, as shown in Figure 5, where the
small inset gives the extrapolated room temperature
resistivities [8].
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45) were measured, in which the (ZXw)15crystal cut
exhibited stable temperature frequency characteristics [13].

mechanical quality factors, Q. From the impedance modulus,
the mechanical quality factors in air were calculated and
found to be on the order of 16,000 at 20 °C and 2,000 at
950°C [7].

Table II lists the fitted first and second order TCF
parameters for (YXt) -cut NdCOB and PrCOB single
crystals, compared to commercial piezoelectric crystals. The
piezoelectric deff and electromechanical keff are also listed in
the table for comparison. The first order TCF reached zero for
NdCOB crystals when the cut angle  was 15, while the
crystal cut angle  =-1.5o for PrCOB crystals was found to
possess a zero TCF. Of particular significance is that both
NdCOB and PrCOB single crystals have the highest
piezoelectric coefficients deff ~ 15-16pC/N, with
electromechanical coupling keff being on the order of 19-30%,
higher when compared to other single crystals [13-14].
Other applications, such as vibration sensors
(accelerometers) were also demonstrated with sensitivities
being on the order of 2.5pC/g in a wide temperature range of
30-1000oC, achieved in a monolithic compression mode
accelerometer, indicating high stability and reliability in the
harsh environment [6].

IV. HIGH TEMPERTURE APPLICATIONS
Potential high temperature applications of single crystals in
the oxyborate family have been explored. As shown in Figure
7, the (ZXw) –cut YCOB crystals were found to possess
linear frequency -temperature characteristics, with TCF on the
order of -60 ~-90ppm/K, which are promising for temperature
sensing applications at elevated temperatures. In contrast, bulk
acoustic wave (BAW) resonators require temperature stability
of the resonance frequency. In order to further investigate the
potential of zero TCF crystal cut(s), NdCOB samples with
different orientations as a function of rotation angle were
prepared, as shown in the inset of Figure 8. The shear mode
resonance frequency in the temperature range –140 to 200 °C
for different crystal cuts (ZXw) ( = –18, –15, 0, 5, 15,
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Figure 9 Comparison of NdCOB and PrCOB with
commercial piezoelectric crystals used in BAW resonators
(after [14]).
V. CONCLUSION
The electromechanical properties of piezoelectric
crystals in the rare earth oxyborate family, including
YCOB, GdCOB, ErCOB, SmCOB, NdCOB and PrCOB,
were explored as a function of the rare earth cation radius,
with maximum values observed for PrCOB crystals. The
relationship between crystal structure and electromechanical
properties for ReCOB crystals were believed to be related to
the Re3+ ion radius and/or Re-O bond length and disorder
distribution of Re3+ and Ca2+ cations. A consequence of
increased disorder was the reduced electrical resistivity and
mechanical Q, as confirmed in PrCOB crystals. YCOB
crystals were found to possess linear characteristics of the
frequency temperature behavior up to 1000 oC, promising for
temperature sensor applications, while NdCOB and PrCOB
crystals exhibited nonlinear behavior in the temperature range
of -140 ~200oC, leading to zero TCF characteristics for the
potential in BAW resonator applications. Figure 9
summarizes the main properties of NdCOB and PrCOB
crystals, compared to other commercial piezoelectric crystals
with zero TCF and turnover temperature at 20°C. As shown,
NdCOB
and
PrCOB
offer
significantly
higher
electromechanical coupling factors, together with the wide
temperature usage range, make them candidates for BAW
resonator applications [14].
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Modeling Phase Noise in Multifunction
Subassemblies
Michael M. Driscoll*
Oscillator output signal phase noise can be inserted into
the model as measured, vendor-advertised, or formulated
data. Figure 1 shows a simplified block diagram of an
oscillator incorporating a modular amplifier sustaining
stage [5-6].

Abstract – Obtaining requisite phase noise performance in
hardware containing multifunction circuitry requires
accurate modeling of the phase noise characteristics of each
signal path component, including both absolute (oscillator)
and residual (non-oscillator) circuit contributors. This
includes prediction of both static and vibration-induced
phase noise. The model (usually in spreadsheet form) is
usually refined as critical components are received and
evaluated. Additive (KTBF) phase noise data can be
reasonably estimated, based on device drive level and noise
figure. However, accurate determination of component
near-carrier (multiplicative) and vibration-induced noise
usually needs to be determined via measurement. The
model should also include the effects noise introduced by IC
voltage regulators and discriminate between common vs.
independent signal path residual noise contributors.

Figure 1. Feedback Oscillator Block Diagram
The data entered into the spreadsheet includes the
amplifier open loop power input, noise figure, and
multiplicative (usually 1/f) noise, and frequency control
element (FCE) in-circuit group delay, and short-term
frequency stability (self-noise). In a well-designed
crystal or SAW oscillator, the FCE self-noise is usually
the primary contributor to output signal near-carrier
phase noise [6-9]. Amplifier multiplicative noise may
be entered as a 1Hz intercept value or as measured data.
Similarly, the white phase noise (floor) level may be
computed from the noise figure and input drive level,
with a “fudge factor” sometimes included to account for
noise floor degradation with amplifier in-compression
operation [10]. FCE self- noise may be entered, based
on measured data or past experience. Sustaining stage
measured data should be gathered at the actual amplifier
operating point and powered from the intended voltage
regulator, with the noise measurement system self noise
accounted for. The output signal phase noise single
sideband level can be calculated from these parameters
as:
(1)
10 log[((1/2πτf)2+1)(K1/f+K2) + K3/f3]

I. INTRODUCTION
Accurate prediction of the spectral characteristics of
signal generation and reception circuitry early in the
hardware design phase is essential as it quickly identifies
those circuit elements that are major noise contributors
and performance limiters.
Simplified, pre-design
modeling is also helpful during proposal development in
terms of identifying technology tradeoffs and making
realistic assessments of attainable performance, risk,
cost, etc. As oscillator noise reduction techniques and
resonator characteristics have progressed, it can no
longer be safely assumed that the phase noise
contribution of the non-oscillator components can be
largely ignored, especially in the presence of significant
vibration and acoustic stress [1-5]. Modeling should
include all possible or suspected major noise contributors
in signal path circuitry and is time-consuming from both
the standpoint of gathering data and entering it into the
model. Nevertheless, it is considered a very necessary
and worthwhile effort - one that is far less expensive in
the long run, compared to the consequences fabricated
hardware exceeding phase noise specification limits.
The proposed model treats absolute (oscillator) phase
noise separately from total residual (non-oscillator)
signal path noise, with the two contributors added
together at the hardware output signal ports.

The numeric inside the outer brackets represents one half
of the power spectral density (PSD) of the phase
fluctuations. The K1/f+K2 terms represent the open loop
PM noise of the non-resonator portion of the oscillator
(the sustaining stage amplifier and other functional subcircuits). K1/f is the amplifier 1/f PM component. If the
measured open loop 1/f PM noise at f=1Hz is –
140dBc/Hz, then K1=can be entered as 10-14. K2 is the
white noise component. K2=10XX/10 where “XX” is the
additive (i.e., KTBF) phase noise level in dBc/Hz = –
177dBm/Hz-Pin(dB)+NF(dB).
K3 is a term that

*Written while employed by Sycom Services, a subsidiary of
Ameriforce Craft Services, under contract to Northrop
Grumman Electronic Systems, Baltimore, MD.
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accounts for the FCE self-noise that, in acoustic
resonators and delay lines most often occurs as flickerof-frequency noise in the oscillator. When measured in a
phase bridge using an external signal generator, this type
of instability induces flicker-of-phase (10dB/decade)
noise onto the carrier signal. In oscillators comprising
discrete component sustaining stages, the model must
take into account the effect of the FCE frequencyselective impedance characteristics on the active device
noise contributors [11-13].

multiplier and divider, referenced to the device outputs.
The phase noise PSD at the mixer output is:
(5)
(M-1/N)2Sφosc(f) + (M-1/N)2Sφ1(f) + Sφ2(f) + Sφ3(f)
III. PHASE-LOCKED OSCILLATORS
The use of a phase-locked loop (PLL) is a widely used
technique for imparting the near-carrier phase noise and
long-term frequency stability of the PLL reference input
signal to the locked oscillator (VCO), while retaining
phase noise characteristics of the VCO at carrier offset
frequencies in excess of the loop bandwidth [14-15]. In
addition, the PLL is also used in indirect frequency
synthesizers in order to provide frequency agility. Often,
the entire PLL is available in integrated circuit chip form
where the loop frequency/phase detector and frequency
dividers are digital logic level devices. Figure 3 shows a
simplified block diagram of a phase-lock loop.

IV. RESIDUAL PHASE NOISE
Like absolute noise, non-oscillator component, residual
noise can be inserted into the model as measured,
vendor-advertised, or formulated data. Usually the
residual phase noise PSD contains a flicker-of-phase
(K1/f) component and a white noise (K2) component as
described in section II [1].
Measured data should be obtained with the UUT
operated at the intended drive level and operated from
the intended DC supply or voltage regulator. If/when the
device phase shift is influenced by DC supply voltage
fluctuations, the phase noise PSD characteristic may be
degraded and deviate from the K1/f+K2 type
characteristic, depending on the DC supply/voltage
regular noise characteristics and internal device design
(feedback control loop peaking, etc.)
V. COMMON vs. INDEPENDENT SIGNAL PATH
NOISE
When more than one signal drives a signal path device
like a mixer, accurate phase noise modeling requires that
a distinction be made between phase noise that is
common to the device input signals and that which is not.
For example, consider the simplified block diagram
shown in figure 2.

Figure 3. Phase-lock Loop Functional Elements
When the PLL is configured in discrete component form,
classic formulas apply for modeling the output signal
phase noise. In Figure 3, SφR(f), SφVCO(f), SφM(f), SφN(f),
and SVA(f)/2KD2 are the phase noise PSDs of the
reference signal, VCO, frequency dividers (at the
divider output), phase detector, and loop amplifier. The
amplifier equivalent input noise voltage (volts^2/Hz)
divided by two (50% AM, 50% PM) times the detector
constant squared yields the equivalent amplifier phase
noise, and includes input current noise flowing through
the external input resistance. The open-loop gain is:
GOL = (KD)(KA)(F(s))(KO/s)(1/N)
The phase noise PSD of the phase-locked VCO is:
(SφR(f)/M2+SφM(f)+SφN(f)+SVN(f)/2KD2) times
((N)(GOL)/(1+ GOL))2 plus SφVCO(f)/((1+ GOL)2)

(2)

(3)

The phase noise of the components depicted in figure 3
can be modeled as described in sections II and III. From
a phase noise standpoint, the optimum PLL bandwidth is
usually at/near the frequency where the free-running
VCO phase noise level is equal to that of all the nonVCO noise contributors times N2. In phase lock loops
incorporating logic level frequency dividers with high N
divide ratios, the divider noise often limits output signal

Figure 2. Common vs. Independent Signal Path Noise
Sφosc(f) represents the oscillator absolute phase noise,
Sφ1(f) the common signal path residual phase noise, and
Sφ2(f), Sφ3(f) represent the independent signal path
residual phase noise, including the residual noise of the
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phase noise performance. Manufacturers of PLL ICs
often specify PLL phase noise performance in terms of a
“normalized phase noise floor” or Figure of Merit
(FOM). The FOM has been defined in the literature as:
L1Hz = Lfloor - 20log(N) -10log(Fc )

where f is the carrier offset (vibration) frequency.
Unlike oscillator vibration, vibration in non-oscillator,
signal path components induces phase modulation onto
the carrier signal. Sensitive signal path components
include narrow band (high group delay) filters and other
narrowband circuits used for impedance matching, etc.
Also included are broadband components like coaxial
cables, optical fibers, and connectors [3, 17]. Cables are
sensitive because they are usually free to move between
points where they are secured and can scrape or hit
against printed boards and enclosures and because their
movement can induce changes in effective length and
characteristic impedance, and can also induce motion in
coaxial connectors – especially bayonet and “push-on”
styles. When vibration results in signal PM, the use of
Γφ is recommended for use in noise modeling, and the
vibration-induced phase noise is:

(4)

Lfloor is the “in-band” (inside the PLL bandwidth) single
sideband, white phase noise level, N is the loop feedback
division ratio, and Fc is the phase (detector) comparison
frequency [16].
VI. VIBRATION-INDUCED NOISE
Vibration-induced phase noise is very often the dominant
contributor to hardware output signal phase noise in the
frequency offset region where vibration is impinging on
sensitive components. Although this region often does
not extend beyond 1-2kHz, the resulting phase noise
degradation can extend to many times that frequency if
when mechanical non-linearities exist. Examples of nonlinearities include: loose particles from machining or
galling, loose parts from assembly i.e. washers), lightly
sprung electromechanical relays, and improperly secured
electrical components, wires, cables, covers, and inner
enclosed subassemblies. Even a slight amount of
scraping between parts can cause a problem, as well as
lack of flatness between large area enclosure surfaces.
Mechanical resonances will cause amplification of the
vibration level at the resonance frequency, where the
vibration PSD level increase is proportional to the
resonant Q factor squared [3].
Oscillator vibration induces changes in the oscillator
loop phase shift and/or resonator resonant frequency that
induces frequency modulation (FM) onto the oscillator
output signal. Since the oscillator FCE represents the
highest group delay component in the oscillator, it’s
vibration sensitivity is the dominant source of vibrationinduced FM.
Oscillator and oscillator resonator
vibration sensitivity (Γf) is usually expressed on a
fractional frequency basis, with Γf = δf/f0 per g. The “f”
subscript is used here to denote fractional frequency
sensitivity to vibration. If the oscillator FCE is a delay
line whose phase shift at the operating frequency varies
according to a phase sensitivity to vibration (Γφ) in units
of radians per g, the resultant oscillator fractional
frequency vibration sensitivity can be expressed as:
Γf = 2πτΓφ/f0

Sφ(f) = Sg(f)(Γφ2)

(8)

For coaxial cables, Γφ is usually varies with the vibration
frequency. Filter vibration sensitivity can be represented
in fractional (center) frequency or phase sensitivity form.
If represented as a fractional frequency term, the
vibration-induced phase noise is:
Sφ(f) = Sg(f)((2πτ Γf f0)2)

(8)

where τ is the filter pass-band group delay. Band-pass
filter vibration-induced phase noise is subject to the filter
transmission selectivity response, and vibrating filter
resonators can induce a non-uniform effect on vibrationinduced filter PM [18].
The most common method for reducing the spectrallydegrading effects of vibration is the use of passive,
mechanical vibration isolators. These devices attenuate
vibration levels at frequencies above their resonant
frequency, amplify vibration at the resonant frequency,
and exhibit unity transmission below the resonant
frequency. The expression defining the transmission
response of a mechanical isolation system is:
T=sqrt((1+((f/(Qfn))2))/(((1-((f/fn)2))2)+((f/(Qfn))2))) (9)
where Q and fn are the Q-factor and resonant frequency
of the isolation system or vibration isolators. Figure 4
shows the theoretical vs. “realistic” isolator transmission
response characteristics. For random vibration, the
output vibration PSD is equal to the input vibration PSD
times Γ2. The dashed line in figure 4 is in recognition
that most isolation systems do not provide attenuation in
excess to 20 to 30dB. Figure 5, which shows the
measured transmissibility of a low frequency isolation
system, clearly demonstrates this effect [19].

(6)

where τ equals the delay line delay or multipole filter
group delay in seconds [3]. If the vibration is random,
the vibration PSD is usually denoted as Sg(f), and the
vibration-induced, oscillator phase noise PSD is given
by:
(7)
Sφ(f) = Sg(f)((Γf f0/f)2)
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Figure 6. Measured PM Noise for Identical Part Number,
UHF HBT Amplifiers
VIII. SPREADSHEET EXAMPLES
Examples of noise modeling spreadsheets are shown in
the Appendix.
IX. CONCLUSIONS
Obtaining requisite phase noise performance in hardware
containing multifunction circuitry requires accurate
modeling of the phase noise characteristics of each signal
path component.
Accurate prediction of spectral characteristics early in
the hardware design phase quickly identifies those circuit
elements that are major noise contributors and
performance limiters.
It cannot be assumed that the phase noise contribution of
non-oscillator components can be ignored, especially in
the presence of significant vibration and acoustic stress.
Modeling is time-consuming, but is far less expensive in
the long run, compared to the consequences fabricated
hardware exceeding phase noise specification limits.

Figure 5. Measured Isolation System Response
VII. STATISTICAL VARIATION
When modeling both absolute and residual noise,
variations in individual device or subassembly signal
path noise levels (especially near-carrier phase noise)
must be taken into account. Typical variability must
usually be gleaned from measured data. Although some
suppliers do provide typical vs. guaranteed levels,
statistical data is usually not supplied. For example,
short-term stability variations on the order of 10dB or
more are typically observed for “identically” fabricated,
VHF quartz crystal resonators [20]. Figure 6 shows the
results of measurement of identical part number, tape and
reel HBT amplifiers operated at UHF.
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APPENDIX

Figure 7. Example of a Crystal Oscillator Noise Modeling Spreadsheet
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Figure 8. An Example of a Phase-locked Oscillator Noise Modeling Spreadsheet

Figure 9. Typical PLL Modeling Results
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Figure 10. An Example of a Crystal Oscillator Static + Vibration-Induced Noise Model

Figure 11. An Example of Residual Static + Vibration-Induced Noise Modeling
Note the degrading effects of both vibration in the Band-Pass Filter and Coaxial Cable(s) by comparing the data in columns
G, M, and O
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Vibration Isolation of Acceleration Sensitive Devices
Joseph B. Donovan
Electronic Systems
Northrop Grumman Corporation
Linthicum, Maryland, USA
Abstract— Significant vibration exists in many applications such
as aircraft, ground vehicles, ships, and even in the laboratory
due to cooling fans, footsteps, etc. The acceleration sensitivity of
frequency control devices often requires that they be isolated
from their vibration environment in order to maintain the
required stability. Even the latest advances in acceleration
compensation of oscillators require high-performance vibration
isolation systems to reach their full potential. This paper
presents an approach to the design of vibration isolation systems
tailored to the needs of the package designer for an accelerationsensitive device. The approach starts with the vibration
environment, the maximum allowable device acceleration, and
the space available and arrives at sufficient information to select
candidate off-the-shelf isolators or specify custom ones.
Limitations and trade-offs inherent in practical isolation systems
are presented as well as common pitfalls awaiting the designer.

I.

II.

VIBRATION ENVIRONMENT

Example vibration levels associated with a few end-use
environments are shown in Fig. 1. The appropriate level,
combined with any influence of intervening structure, forms
the excitation power spectral density, Se. Thus, additional
measures are required if Se > Sg. The transmissibility, T, or
ratio of output to input motion needed, is given by

T=

Sg
Se

(1)

such that the attenuation required corresponds to T < 1 and
the amplification permitted corresponds to T > 1.

INTRODUCTION

III.

The designer responsible for packaging of an accelerationsensitive device will likely find that the required stability
cannot be achieved without taking additional measures.
Reference [1] describes in detail how to perform the
calculation of the maximum allowable level of vibration for
the device whether its sensitivity is best characterized by
fractional frequency sensitivity or phase sensitivity and
whether the noise generated is broadband or discrete in nature.
Broadband noise places an upper limit on the power spectral
density of acceleration, Sg, in units of g2/Hz, whereas discrete
noise places an upper limit on the peak acceleration, G, in
units of g or multiples of the acceleration of earth’s gravity.
Both Sg and G may vary with frequency offset from carrier,
corresponding to the modulation, or vibration, frequency. For
the purposes of this paper, only broadband noise will be
considered. However, the approach is similar, and somewhat
simpler, for discrete noise.

ATTENUATION

If required, attenuation is most often achieved through
vibration isolation. A vibration isolation system consists of
several passive isolators, each having sufficiently low stiffness
to produce the desired attenuation at frequencies of interest.
0

Acceleration PSD (g2/Hz)

10

Once the allowable level of vibration has been determined,
it must be compared to the vibration environment to determine
whether additional measures need be taken. Knowledge of the
applicable vibration environment may come from design
specifications or it may be inferred from what is known about
the intended end-use environment.

-2

10

(a)
(b)
(c)
(d)

-4

10

-6

10
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20

50 100 200
Frequency (Hz)

500 1000

Figure 1. Example vibration levels for (a) aircraft1, (b) wheeled vehicles2,
(c) ships3, and (d) the laboratory of an orbiting space station4.

1

Jet at 0.9 Ma, sea level, far from engines [2] Method 514.6
Composite wheeled vehicle, vertical [2] Method 514.6
3
Unlisted ship types [3] Category V
4
Non-isolated racks [4]
2
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Note that a passive isolation system will amplify vibration
at frequencies below those of primary interest. Thus it is
critical to properly define the minimum frequency of interest
or, at least, provide for a range of frequencies over which
amplification is permitted.

1

Transmissibility, T

10

Some of the unique aspects of isolation system design
when its purpose is primarily to provide for adequate
frequency or phase stability are
•

Device fragility is usually not a driving
consideration.

•

Individual isolator size is of greater concern than
the number of isolators.

•

The isolation system design is just one of several
inter-related inter-disciplinary systems which
must be optimized simultaneously, such as
electrical design and mechanical packaging.

-1

10

-2

10

0.1

0.2

0.5

1

2

5

10

Frequency Ratio, f / fn
Figure 3. Transmissibility of a single degree-of-freedom system for Q=3.

The first aspect focuses the approach on the attenuation
characteristics of the system with transmitted acceleration a
lesser concern. The second aspect permits isolator size to be
driven by displacement requirements and not the force due to
gravity, etc. The third aspect places an emphasis on
designation of isolator stiffness, size, and sway space as
dependant variables more so than the design of isolation
systems for other purposes.

Solution of (2) for the upper limit on natural frequency
yields

f nul =

The fundamental characteristics of a vibration isolation
system are its natural frequency, fn, and sharpness of
resonance, Q. These characteristics can be determined by
assuming the isolation system behaves as a single degree-offreedom under-damped system. This is a simplification of
realistic isolation systems such as the one diagramed in Fig. 2.

− b − b 2 − 4ac
2a

(3)

where

a = T 2 −1

⎛ T 2 −1
⎞
b = ⎜⎜
− 2T 2 ⎟⎟ f 2
2
⎝ Q
⎠

The transmissibility of such a system is given by [1]

c =T2 f 4.

2

⎛ f ⎞
⎟⎟
1 + ⎜⎜
f
Q
⎝ n ⎠
T=
2
⎡ ⎛ f ⎞2 ⎤ ⎛ f ⎞2
⎟⎟
⎢1 − ⎜⎜ ⎟⎟ ⎥ + ⎜⎜
⎢⎣ ⎝ f n ⎠ ⎥⎦ ⎝ f nQ ⎠
.

0

10

Equation (3) is plotted in Fig. 4, again for Q=3, for several
values of T.

(2)

Anticipation of T<0.1 is not realistic due to the inevitable
presence of multiple degree-of-freedom behavior [1]. If such
attenuation is required, multiple cascaded stages of isolation
must be considered. If there are several offset frequencies for
which attenuation is required, (3) can be used to determine the
lowest value of fnul. This is the upper limit on natural
frequency under conditions where performance is required.
However, as will be shown in the following section, there is a
lower limit on natural frequency as well, dictated by the need
for the isolators to survive.

A plot of (2) is shown in Fig. 3 for Q=3, a typical value for
isolators.

Given fnul and the isolated weight, w, the upper limit on
system stiffness, kul, is obtained from [5]

kul =
Figure 2. Diagram of an isolation system.

w
(2π f nul )2
g

where g is the acceleration of earth’s gravity.
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(4)

Upper Limit on Nat. Freq., fnul (Hz)

The actual value of F is a result of at least

200

150

•

Unit-to-unit variability due to manufacturing
tolerances on natural frequency of up to 30% [6].

•

Temperature sensitivity exhibited by elastomers
resulting in natural frequencies varying by 15% to
60% depending on material and temperature
range [7].

•

Anisotropy, especially for wire rope, resulting in
natural frequencies varying by 60% to 200%
depending on the configuration and direction of
displacement [8].

•

Strain sensitivity exhibited by both elastomers
and wire rope result in natural frequencies
varying by 30% to 70% depending on strain
amplitude [7].

100
T=
T=
T=
T=

50

0

0

200

400

600

0.8
0.4
0.2
0.1

800

1000

Offset Frequency, f (Hz)

The values of F in Table I are appropriate for rough sizing
of isolators to help ensure that they are producible.

Figure 4. Relationship of the upper limit on natural frequency to the
transmissibility required at a particular offset frequency for Q=3.

Given the isolated mass, the upper limit on system
stiffness rules out combinations of isolator stiffness and
number of isolators which result in a greater system stiffness.
For this to be true, the center-of-gravity (CG) and center-ofelasticity (CE) must be coincident or very nearly so. The CG
is, of course, the point on which the mass will balance without
rotation. Conversely, the CE is the point on which a force can
be applied resulting in equal deflection of all isolators. If the
CG and CE are not coincident, so called “coupling” will occur
and it becomes necessary to consider rotational response to
translational excitation. Furthermore, device sensitivity to
rotational acceleration is a relatively unexplored area.
Substitution yields

TABLE I.

Type of Isolators

IV.

(

2.0

Custom isolators operating under limited conditions

1.2

ISOLATION SYSTEM SIZE

d rms =

)

g
G
(2π f n )2 rms

(7)

where Grms is the rms acceleration response. In general

PRODUCIBILITY

f nll

Custom isolators

)

Grms =

It is unrealistic to expect an isolation system to exhibit the
same natural frequency over time and from unit-to-unit. Thus,
the upper limit on natural frequency, fnul, will be accompanied
by a lower limit on natural frequency, fnll, separated from the
upper limit to some extent. The separation may be defined by
a factor F as follows

f
≤ nul
F

3.0

A. Sway Space
The lower limit on natural frequency typically defines the
sway space required. Damage to the device could occur if the
sway space were not adequate for the deflection, resulting in a
collision. Assuming single degree-of-freedom behavior, the
rms displacement of the isolation system is

2
⎤
⎛ 2 T 2 −1⎞
⎜⎜ 2T −
⎟ − 4T 2 T 2 − 1 ⎥
2 ⎟
⎥
Q ⎠
⎝
⎥
2
2 T −1
⎥
⎥
⎦⎥
(5)

(

F

Off-the-shelf isolators

V.

k ul =
⎡⎛
2
⎢ ⎜ 2T 2 − T − 1 ⎞⎟ −
⎢⎜
Q 2 ⎟⎠
w
(2π f )2 ⎢ ⎝
g
⎢
⎢
⎣⎢

PRACTICAL SEPARATION OF NATURAL FREQUENCY LIMITS

∫ (T S )df
2

e

.

(8)

It can be shown that the rms acceleration, when Se is
reasonably flat (white), is [9]

Grms ≅
(6)

π
2

f nQS e ( f n )

(9)

where Se(fn) is the excitation PSD evaluated at the isolation
system natural frequency. A common assumption is that the
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The factor, d0, is the value of dCA that corresponds to
N=100=1 when extrapolated from much larger numbers of
cycles. However, this is not literally the displacement that
would cause failure in one cycle. The maximum permissible
displacement of the isolator can be quite different than d0.
Published values of d0 indicate that it is roughly proportional
to the height of the resilient portion of the isolator, h, for the
most compact isolator types. That is

sway space, s, needed to accommodate the maximum
displacement is

s = 3d rms .

(10)

This assumption is based on the fact that due to Gaussian
random vibration, displacements which exceed three times the
rms value occur less than 0.3% of the time and can be ignored.
Thus, the sway space needed to equal the maximum
displacement of the isolation system is

s=

3 gF

(2π )

2

3
2

f

3
2
nul

π

⎛f ⎞
QSe ⎜ nul ⎟ .
2
⎝ F ⎠

d 0 = Ch

where the constant of proportionality C, ranges from
approximately 20 to 40 for elastomers [9, 11, 12]. Similar
values can be found for wire rope in bending [13, 14]. A value
of C=20 is a conservative value useful for rough sizing. A plot
of the power law relationship is shown in Fig. 5.

(11)

The data that is available for determining these constants
are based on tests of isolators conducted with constant
amplitude displacement as indicated by the definition of dCA.
To meet our needs it is necessary to determine the constant
amplitude displacement which is equivalent to the random
displacement experienced by isolators subjected to broadband
random vibration.

It is apparent that the lower the natural frequency, the
larger the sway space required. The mechanical package, then,
must leave sufficient room to include the sway space plus any
desired clearance.
B. Isolator Size
The lower limit on natural frequency also defines the size
of the isolator required. An isolator not large enough to
accommodate the maximum displacement would be damaged
even if the sway space were available. Thus, any isolator
considered must have its maximum permissible displacement
compared to the maximum displacement calculated in the
previous section. Even isolators large enough to accommodate
the maximum displacement could be damaged if the
displacements were repeatedly applied, eventually resulting in
fatigue failure. A useful assumption is that the relationship
between displacement and the number of cycles to failure at
that displacement follows the so-called “power law” [10]

Miner’s rule provides a means of accumulating the
damage due to displacement at various amplitudes [9]. By
accumulating the damage due to Gaussian distributed
amplitudes using the value of m given above, it can easily be
shown that a constant amplitude displacement of
approximately two times the rms displacement produces
equivalent damage. Thus

dCA = 2d rms .
Const. Ampl. Displ. / Height, dCA / h

⎛ d ⎞
N = ⎜⎜ 0 ⎟⎟
⎝ d CA ⎠

2m

(12)

where dCA is the constant amplitude displacement and N is
the number of cycles to failure which generally occur at the
rate dictated by the system natural frequency, fn, such that

N = f nt

(14)

(13)

where t is the time to failure in seconds. The constants d0
and m depend on the make-up of the isolator.

(15)

1
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10
Number of Cycles to Failure, N (cycles)

The exponent, m, determines the relative damage done by
displacements of differing amplitudes. Published values of m
range from approximately 1.6 to 2.0 for elastomers [9, 11, 12]
and similar values can be found for wire rope in bending [13,
14]. A value of m=1.6 is a conservative value useful for rough
sizing.

10

Figure 5. “Power law” relationship between displacement and number of
cycles to failure.
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Making substitutions and solving for h gives

2 gt

1
2m

F

⎛3 1 ⎞
⎜ −
⎟
⎝ 2 2m ⎠

h=

(2π ) Cf
2

B. Custom Isolators
There are often gaps between series of isolators which can
be filled with custom designs. Isolators with resilient parts
made of elastomer lend themselves to customization in more
ways than wire rope. With either type of isolator the
dimensions of the resilient part and of the attachment features
can be customized. With elastomers, the material properties
can be adjusted. Wire rope can be exercised and/or lubricated
to adjust its properties.

π

⎛f ⎞
QS e ⎜ nul ⎟
2
⎝ F ⎠

⎛3 1 ⎞
⎜ −
⎟
⎝ 2 2m ⎠
nul

.

(16)

Using (16), it is possible to roughly estimate the size of
each isolator required to meet the durability requirements.
VI.

VII. COMMON PITFALLS
There are several pitfalls that the package designer for an
acceleration sensitive device is likely to encounter. First, there
are a number of assumptions inherent in the method shown or
ones like it.

ISOLATOR SELECTION

Examples of vibration isolators for use with acceleration
sensitive devices are shown in Fig. 6. The typical resilient part
is an elastomer or wire rope. Examples of elastomers used are
natural rubber and silicone rubber. Wire rope is typically
corrosion resistant steel. In either case, metal flanges or other
features are incorporated which permit the isolator to be
mechanically attached to both the isolated mass and the
supporting structure.
A. Off-the-Shelf Isolators
Off-the-shelf isolator selection begins with the height
determined from (16). From among all candidate isolators,
only those whose resilient portion has a height in excess of h
need be considered. Next, comparison of the required sway
space from (11) with the maximum permissible deflection will
rule out more. Finally, determine the number of isolators of
each type which results in the total stiffness which is close to,
but does not exceed, the stiffness obtained from (5). From the
remaining candidates, choose the one that has an agreeable
number of isolators (typically four, six, eight, or more) as well
as maximizes design margin in other areas.

•

Although the sharpness of resonance, Q=3, has
been assumed, it can vary between 2 and 10
depending on the resilient material, strain,
temperature, and chemical exposure.

•

The stiffness indicated here must be the dominant
stiffness. “Shorting” stiffness in parallel with the
isolators, such as from wires or cooling air ducts,
must be much less.

•

Applications which have significant constant
acceleration or shock levels, have survival
vibration levels which exceed the performance
vibration levels, or must endure conditions which
cause significant creep, will require more sway
space than indicated here. However, it is possible
to include bumpers which limit sway to that
indicated here with the penalty of higher
transmitted acceleration.

•

Estimates of fatigue life are extremely rough.
They do not consider the cumulative damage
from vibration in multiple directions. At best they
are a prediction for the median of the population.
In order to account for scatter in the data, a safety
factor 3 to 10 on life may be appropriate
depending on the criticality of the application
[14].

Second, for the reasons given above and others, it is
absolutely necessary to confirm all conclusions formed by this
approach with the isolator supplier. The intent of this method
is to get the isolation system design in the right “ball-park” so
that major re-design is unnecessary at later stages of the
design process.

(a)

Finally, creative packaging engineers often fall prey to the
temptation to design their own vibration isolators. This almost
always ends in disappointment as the lessons learned by
experienced designer/manufacturers cannot be leveraged. If
even just one of the several inter-related design constraints is
ignored, performance, durability, and/or producibility will
suffer.

(b)

Figure 6. Typical vibration isolators for used with acceleration sensitive
devices. The resilient element is often (a) an elastomer or (b) wire rope.
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for an acceleration-sensitive device. This approach is not
rigorous or all-inclusive but it does establish realistic
expectations for the size and performance of the isolation
system early in the mechanical design process. Armed with
only the required stability and vibration environment, one can
perform rough sizing of the sway space and isolators. The
resulting stiffness can be used to identify candidate off-theshelf isolators or to begin the process of specifying custom
ones. The approach respects limitations imposed by
producibility while warning of common pitfalls.

VIII. EXAMPLE
Consider the design of packaging for an acceleration
sensitive device weighing 1 lb which has an upper limit on
power spectral density of acceleration of 4 × 10-4 g2/Hz at 300
Hz offset. The device is to be deployed on the aircraft of Fig. 1
(Se=4 × 10-2 g2/Hz) for 10 hours. The required transmissibility
from (1) is

4 × 10 −4
T=
= 0.1 .
4 × 10 −2
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Assuming Q=3, (3) provides the upper limit on natural
frequency fnul=70 Hz and (4) limits the system stiffness to be
no greater than

kul =

1
(2π 70)2 = 501 lb/in.
386
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Limited Live-time M
Measurements of Frequeency Spectra
D. A. Howee, N. Ashby, D. Lirette, A. Hati, and C. Nelson
Time and Frequency Division
Natioonal Institute of Standards and Technology
Boulder, CO 80305
time taken by different oscillators to
o obtain consistent ThêoH.
Oscillators having low enough cost, size, weight, and power
appropriate for power cycling are OCXOs and TCXOs or
oven and temperature compensaated MEMs oscillators,
respectively. Section II details the measurement
m
setup and an
example of DThêoH for an OCXO. Section III motivates and
or Ψ(τon,τs). Section IV
develops frequency prediction erro
derives the relationship between Ψ-variance in the time
domain and spectral density Sy(f). Sections V and VI show
time-domain
and
frequency-d
domain
measurements,
respectively, comparing an OCXO and a TCXO in limited
live-time operation.

Abstract—Frequency-difference-of-arrival (FD
DOA) can be used
to monitor and track an emitter’s location by oobserving Doppler
frequency shifts of the carrier durin
ng short pulsed
transmissions. This specific application need
ds to consider two
frequency-stability levels: the short τon-avverage frequency
measurements and the sampling time interval between
measurements, denoted by τs. We show the aadvantage of using
“dynamic” ThêoH for τon frequency measurem
ments. Between τon
transmissions while powered off, the em
mitter’s referenceoscillator frequency will change due to pow
wer-start thermal
variations, vibration, stress, and other frequeency disturbances.
If we regard long-term frequency instability as an uncertainty
on an oscillator's expected or designated freequency, then the
dominant error of frequency prediction is likeely to be the error
due to frequency drift and/or random walk F
FM, indicating the
non-stationary behavior or disturbances.
A two-sample
variance is devised, called “Psi-variance,” tthat has desirable
statistical properties similar to those of the Allan variance.
From this, we compute the power spectral deensity of frequency
fluctuations, Sy(f), from which phase noise, L(ff), can be derived.

I.

II.

We want to capture oscillator turn-o
on frequency stability and
establish dynamic ADEV as a usefu
ful format [2]. ThêoH is
preferred rather than ADEV since an oscillator is on for only
a short time compared to its off-tiime. ThêoH is a hybrid
(hence the “H”) of ADEV for short-term averaging times
plotted with a bias-removed version of Thêo1, called ThêoBR
n characterizes to 75 % of
[3] for long-term. The Thêo portion
a data run, whereas straight ADEV characterizes
c
to only 20 %
[1].
To illustrate, ThêoH plo
ots are generated from
measurements of oscillators powered
d on for a data run of only
3 s. Fig. 1 shows the measurement setup.
s
Dynamic ThêoH is
a waterfall graph where each 3 s run is parsed into ten
sequential time segments, then ThêêoH is computed for each
segment and displayed as another waterfall
w
plot, as shown in
Fig. 2.

INTRODUCTION AND SUM
MMARY

We characterize an oscillating signal forr applications in
which the oscillator itself is either only “on”” or measured for
short times (τon) between long, periodic or “stride” intervals
(τs), during which the oscillator is off for τs - τon seconds. A
statistic called Psi-deviation, Ψ(τon,τs), is created that
estimates the frequency-prediction errorr from the last
frequency measurement. The variance of the prediction is
mple variance and
Ψ2(τon,τs), which is a time-averaged, two-sam
provides desirable properties similar to thee Allan variance.
The application is the tracking of an emiitter, transmitting
only for short periods of time, by meaans of frequency
difference of arrival (FDOA). While the em
mitter’s oscillating
signal is on and transmitting (or being meaasured), receivers
calculate tracks based on Doppler shifts, thatt in turn provide a
navigation solution. On a two-dimensionaal plane, circular
error probability (CEP) due to the emitter’s oscillator noise is
minimized, given low enough phase noisse and frequency
error during the interval τon. Because τon is sshort and we want
to optimally characterize frequency stabillity, we compute
ThêoH [1]. Using 10 sequential segments oof τon, we display
each segment’s ThêoH in a “waterfall” orr surface plot, to
characterize the oscillator’s turn-on trannsient.
Dubbed
“Dynamic ThêoH”, or DThêoH, it allows uus to compare the

Figure 1. The device-under-test (DU
UT) is a temperaturecompensated or oven-controlled oscillattor with quartz or MEMs

Work of US Government, not subject to copyright.

U.S. Government work not protected by U.S. copyright

DYNAMIC THÊOH WHILLE OSCILLATOR IS ON

99

last measured value of yon. The variance of this expectation
can be written as a first difference
2
(1)
Ψ 2 (τ on ,τ s ) = [ yˆ on (t + τ s ) − yon (t ) ] ,

DATA PROCESSING [DYNAMIC TheoH]
3s 60s 3s 60s 3s 60s 3s 60s 3s 60s 3s
One Data Set

…

where < · > denotes an ensemble average. Like AVAR, (1) is
the variance of an increment that converges in the limit.

Beat Frequency

- Average each section (110) for every 3s
measurement
- Calculate deviation for
each section (1-10)

DEFINITION: Samples of the fractional frequency-error
function y(t) occur at a rate f0 having an interval τ = 1
0

2

3

4

5

6

7

8

9

10

Dynamic Deviation

(setup shown in Fig. 1). Given a sequence of fractional
frequency errors {yn : n=1,…,M} with a sampling period
between adjacent measurements given by τ0, we define the
mτ0-average fractional-frequency deviate as

ThêoH

1

Split into 10 sections
3D plot reveals DUT
performance over ton = 3s
test period

m

Figure 2. Dynamic ThêoH plot. Surface smoothness is a general
measure that the test oscillator has attained steady-state operation after
having been powered on.

We will use an example in which the emitter is repeatedly
turned on for τon = 3 s every τs = 60 s. In addition to the
frequency that is traced during start-up, discussed above, an
important criteria is the start-up frequency reproducibility and
its characterization, described next.

We wish to estimate an oscillator’s frequency at its next turnon. While there are any number of different ways to make
this estimate based on a history of actual measurements [4],
we construct a two-sample frequency prediction to mimic the
desirable properties of noise identification, convergence,
convenience, and acceptance provided by the two-sample
standard variance, better known as the Allan variance, and its
square root, ADEV [5]. The two-sample, no dead-time Allan
variance has widely accepted statistical properties, however,
limited-live applications have substantial dead-time.
Fractional-frequency error yon(t) and its prediction at yon(t+τs)
is based on the reasonable assumption that (or one expects
that) any given manufacturer wants yon(t+τs) to be the same
value as measured values of yon(t). If we write yon(t+τs) =
(1+ε)yon(t), where ε is a random variable, we also expect
1 N
to be dependent on N, i.e.
average
y (t − nτ )
on

s

n =1

nonstationary, without a central limit, rendering this average
of little or no practical use in the estimate of the frequency
error designated as yˆ on (t + τ s ) . The efficient predictor in the
presence of random walk noise is yˆ on (t + τ s ) = yon (t ) , the

2

where < · > denotes an ensemble average and

(2)
τ on

y (t ) is the

mean frequency over duration τon=mτ0. Fig. 1, top, shows
the sampling function associated with Ψ2(τon, τs) acting on
{yn}, where τon is called the averaging or live interval and τs
- τon is the oscillator’s dead time. Note that Ψ2(τon, τs)
becomes twice the two-point standard (Allan) variance σy2(τs)
if τon = τs.
IV.

MULTIPLES OF τS

∑

1
m −1
∑ j = 0 yn − j ,
m

Ψ 2y (τ on ,τ s ) ≡ ⎡⎣ τ on y (t ) − τ on y (t − τ s ) ⎤⎦

FREQUENCY PREDICTION ERROR FOR

N

y (t ) ≡

where yn=y(t) with n=t/τ0 starting from a designated origin
t0 = 0. We also define psi-variance from the space of all
possible two-sample increments as:

Such plots provide a quick assessment of how long, and to
what degree, it takes an oscillator to settle down to a
consistent stability after being turned on.

III.

f0

RELATIONSHIP OF S y ( f ) TO Ψ−VARIANCE

For computing the usual power spectrum, we start with
Parceval’s theorem:
f
2
(3)
Ψ 2 (τ ,τ ) = 4
H ( f ) S ( f ) df

∫τ

h

on

s

1
2 s

y

where H(f) is the frequency-domain response of the timedomain sampling function of Ψ2(τon, τs) shown at the top of
Fig. 1. Sy(f) of the emitter is multiplied by the FT squared of
the sampling function to obtain |H(f)|2. We obtain:
f S y ( f ) df
2
Ψ 2 ( r ,τ ,τ ) = 4
( sin (πτ f ) sin (π rτ f ) ) (4)

∫τ

h

on

s

1
2 s

π 2τ on 2 f 2

on

s

where r = t/τs (starting from origin t0) is a counting index
r=1,2,3… representing the rth data run of 3 s duration.
The f-domain response function |H(f)|2 is shown in Fig. 3.
This response is +20dB/decade like the Allan variance for
low frequencies up to the peak at fτs=½. There is insufficient
roll off above this peak, so white and flicker of phase noise
types will cause the level of Ψ 2 (τ on ,τ s ) to depend on fh in (4).
This kind of dependence, though, is not a concern as of yet,
since DUT random walk FM (and drift) are likely to
dominate limited-live applications, as discussed in Section
III, while white FM can occur from the measurement system
at short- term.

100

x10-6

128 data sets
DUT #1: OCXO

3s on 60s off
mini-OCXO

Data set 128

∆ν/νο

10log10H(f)2,(dB)

+1x10-6

−

Data sets 1 - 4
-1x10-6

∆ν/νο = 10-7

fτs

Table 1 compares the transform to frequency spectrum Sy(f)
of ½Ψ2(τon, τs) and σy2(τs). We use the scaling factor “1/2”
in ½Ψ2(τon, τs) to normalize its result to equal σy2(τs) if
τon=τs, i.e., zero dead-time. Furthermore, the zero-dead time
Allan and ½Ψ2(τon, τs) respond identically to white FM noise
having equal frequency-spectral coefficient ho [6]. Flicker
noise is given in terms of σy2(τs) to simplify the formula.
The Table evidences the bias on σy2(τs) due to limited-live
operation of the DUT.
We now observe the intrinsic level of random walk or drift
that properly characterizes the DUT as τ approaches its
maximum around 2 s, using ThêoH. Since fast-frequency
measurements mask or are not sensitive to DUT-based PMnoise types that would appear as “super white” FM-noise in
y(t) raw data, ½Ψ2(τon, τs) is never biased by this noise when
compared to AVAR. Since the bias never occurs, the
unbiased white-FM-transform coefficient h0 used for Sy(f)
does not depend on a high-cutoff, fc=1/(2τon), as indicated in
Table 1. Random walk (and drift) are slightly biased (depends
on r = τs/τon [7]) and the positive τ-slope is the same for
Ψ2(τon, τs) and σy2(τ). It is important to note that flicker-FM
noise using dead-time AVAR (here Ψ2(τon=const., τs=τ)) will
appear as white-FM noise [8].

Noise
Type
White
FM
Flicker
FM

TABLE OF TRANSFORMS

σ (τ )
2
y

1
2

2π 2 h−2
τ
3

We use a commercial miniature OCXO and TCXO at 16.384
and 26 MHz, respectively, as DUTs for an example. Fig. 4
shows 128 raw y(τon) data runs of 2 ms sampled
measurements on top of each other. At the very bottom, data
set #1 starts the test oscillator. One can see that the first four
sets capture a larger set-to-set overall variation than the
remaining 124. In real applications, the oscillators are not
cold-started but are in process, so the initialization sets such
as 1 to 4 can generally be ignored. We process individual
runs of Fig. 4 with dynamic ThêoH as described in Section II.
This is shown in Fig. 5 along with averages of ThêoH. One
can see that a consistent level of stability (drift+white FM) is
reached after about 60 ms. Measurements are an equispaced
sequence of fast-frequency errors, y(t), and are not timeerrors, x(t). Thus, measurement noise is white FM and not
typified by PM noise during runs of τon. Fig. 5 shows
measurement white FM in short-term, i.e., σy(τ0)∝τ-1/2.
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-7
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TIME DOMAIN MEASUREMENTS OF
OSCILLATORS

V.

2

h0
2τ

h−1
2 τ o2n

Random
Walk
FM

It remains to be seen if flicker-FM can be reliably detected by
unraveling Ψ-variance to obtain AVAR. However, this
distinction is usually unimportant to Doppler-relevant
applications.

Psi Variance

Allan

3000

2000

ms

Figure 4. 128 sets of raw fractional frequency measurements. Set 1 is the
first series of y(t), and the oscillator is first turned on from a “cold” start.
Each trace is 3 s worth of data repeating every 60 s during which the
oscillator is turned off. νo = 16.384MHz.
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Figure 3. Frequency response |H(f)|2 of Ψ 2 (τ on ,τ s ) in (3), τon = (τs)/20,
r=1.

3

Figure 5. ThêoH deviation (top) and dynamic ThêoH (DThêoH ) deviation
(bottom) for the OCXO and TCXO. Note that the longest τ for DThêoH
corresponds to 1/10 of the longest τ for ThêoH.
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Figure 6. Ψ-deviation for the OCXO and TCXO. The minimum
averaging time is τs = 60 s. τon = 3 s.

FREQUENCY DOMAIN MEASUREMENTS OF
OSCILLATORS

Phase noise L(f) is important during limited-live Doppler
tracking. L(f) is a convenient standard used to determine the
error vs. range in offset-f, proportional to emitter velocity, as
set by the emitter. L(f) is computed from the fast-frequency
measurements obtained using Fig. 1. For a given τon data run
sampled at t0, the fractional-frequency spectrum Sy(f) is
obtained from the discrete FT of the series [6]:
1 N
(5)
Y (mΔf ) = ∑ y ( kτ 0 )e −2π imΔfkτ 0
N k =1

where Δf = 1/(Nτ0). The one-sided spectral density of y(t) is
computed by adding the squares of the real and imaginary
components of Y and dividing by the RBW of the data run:

{Re [Y (mΔf )]} + {Im [Y (mΔf )]}
(mΔf ) = 2
2

Sy

Δf

1
1010

2
10
100

103
1000

Offset Frequency (Hz)
Figure 7. L(f) for the OCXO and TCXO from dead-time measurements.

With the average of each data run, τ on =3 s y (t ) , we compute
Ψ2(τon, τs) using all runs. Results are shown in Fig. 6, where
we observe the level and rate of frequency reproducibility as
a function of nτs for each time that the DUT is powered on.
This level and rate may or may not limit other applicationspecific goals. Likewise, with a given level and rate, one
may be forced to use application strategies or improve emitter
reproducibility to achieve goals. Our finding is that there is
no reliable method for estimating Ψ(τon, τs) from σy(τ).
VI.

1010

2

Fig. 1 will not be sensitive to white and flicker PM noise, as
mentioned earlier. This is not problematic to most limitedlive characterizations, since the measurement high frequency
cutoff (BW) is fc = 1/(2τ0) and τ0 is of the order 10-3 in this
case. Thus, L(f) is not computed beyond f of several
hundred hertz, even in the best case.
For future studies, characterization of limited-live oscillators
in this paper will be used while such oscillators are subject to
temperature and vibration stresses.
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Simplified Ph
hase Noise Model for Negative
Ressistance Oscillators
Jeremy Everard and Min Xi
Department of Electronics
University of York,
Heslington, York,UK
Abstract— This paper describes a greatly sim
mplified model for
the prediction of phase noise in oscillators wh
hich use a negative
resistance as the active element. It is based oon a simple circuit
consisting of the parallel addition of a noise ccurrent, a negative
admittance/resistance and a parallel (Q limited
d) resonant circuit.
The transfer function is calculated as a forwarrd trans-resistance
(VOUT/IIN) and then converted to power. The eeffect of limiting is
incorporated by assuming that the phase noise element of the
noise floor is KT/2 ie -177dBm/Hz at room ttemperature.. The
answer is the same as more complex analyyses but enables a
simple clear insight into the operation of osciillators. The phase
noise for a given power in the resonator in the resonator appears
to be lower than in feedback oscillators. The rreasons for this are
explained.

I.

of resonators. Any coupling transforrmers can be incorporated
by varying the values of L, C and RLOOSS.

INTRODUCTION

The phase noise in oscillators often sets the ultimate limit
in communications and RADAR systems. It iis therefore useful
to develop simple accurate linear theorries which both
highlight the underlying operating principless and is simple to
use.
Oscillator phase noise for feedback osccillators was first
described by Leeson [1] and the spectral dennsity function was
shown. This equation was manipulated and shown to have an
optimum coupling coefficient between the rresonator and the
feedback amplifier for minimum phase noisse as presented by
Parker [2].
It is useful to develop simple linear thheories from first
principles and a simple accurate linear theorry was developed
by Everard at Philips Research Laboratoriess, UK in 1983 and
published in [3] [4] [5]. At that time a ssimilar theory for
negative resistance oscillators was developeed although some
of the noise aspects were not completely cleaar.
II.

Figure 1 Simple Phase Noisee Model for Feedback
Oscillatorss
An equation for phase noise baseed on this model is shown
in the following equation [5]:

⎛ f0 ⎞
FkT
⎜ ⎟
L( f ) = A .
2
2
N
8 (Q0 ) ( QL Q0 ) (1 − QL Q0 ) P ⎜⎝ f ⎟⎠
Where:

1. N = 1 and A = 1 if P is defined as PRF and ROUT = zero
2. N = 1 and A = 2 if P is defined as PRF and ROUT = RIN
3 .N = 2 and A = 1 if P is defined as PAVO and ROUT = RIN
If we take assumption 3, this equaation becomes:

FEEDBACK OSCILLATO
ORS

The linear theory for feedback oscillatorrs is based on the
model shown in Figure 1 where the single inpput is modelled as
two inputs which are added together. One off these is for noise
injection and the other for the feedback path. A transfer
function VOUT(node2/VIN2 can therefore be calcculated, converted
to power and a phase noise equation derivedd. The LCR circuit
is used to model the resonator (and can be ussed for most types

978-1-61284-110-6/11/$26.00 ©2011 IEEE

2

L( f ) = 1 .

FkT
T
8 (Q0 )

2

( QL

Q0 ) (1 − QL Q0 ) PAVO
2

2

⎛ f0 ⎞
⎜⎜ ⎟⎟
⎝ f ⎠

on is very similar to the
It is interesting to note the equatio
equation for power dissipated in a resonator (PRLOSS) as a
function of PAVO
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2

2

A. Calculation of the resonator Admittance
The admittance of the resonator is:

1

The power in the resonator is (PRLOSS) is maximum and
hence phase noise is minimum when QL/Q0 = ½. At this point,
half the power is dissipated in the resonator, ¼ is transmitted
and ¼ is reflected.
This therefore means that the phase noise is minimum
when maximum power is dissipated in the resonator. This is
also discussed in [6].

1

If we now look at ω as the sum of a centre angular
frequency and offset frequency (ω0 + Δω) where Δω is the
offset frequency:

⎛ f0 ⎞
⎜⎜ ⎟⎟
⎝ f ⎠

2

1

It should be noted that this equation is half the value of
Leeson’s equation when the optimum QL/Q0 is included..
Leeson realised the factor of two shortly after he published his
famous paper (private communication from Prof Leeson).

III.

1⁄
1

∆

1

∆

At resonance:

This will be compared later with the phase noise equation
for negative resistance oscillators. This equation has been
found to produce very accurate modelling of the phase noise
of feedback oscillators (0 to 1dB) It also gives a clear insight
into the operation of oscillators.

1

∆

∆

The phase noise equation for minimum noise is therefore:

2 FkT
L( f ) =
PAVO

1

1

Therefore
∆

1

∆

1

Where ω is the angular frequency.
Assuming that: Δf << f0 , then as:
1

∆

∆

1

1

NEGATIVE RESISTANCE OSCILLATORS

A number of models have been produced for negative
resistance oscillators [7-9]. A simple model for a negative
resistance oscillator is shown in figure 2. This consists of the
parallel addition of a noise current, a negative
admittance/resistance and a parallel (Q limited) resonant
circuit. The noise current is generated by RLOSS and for this
calculation the load resistance and noise figure are ignored.
This is similar to the model shown in a paper by Hajimiri and
Lee [9] although in their paper the calculation was performed
in a different way and the emphasis was on the impulse
sensitivity function.
The transfer function is calculated as a forward transresistance (Vout/Iin) and then converted to power. The effect
of limiting is incorporated by assuming that the phase noise
element of the noise floor is KT/2 ie -177dBm/Hz at room
temperature

∆

2

1

As
1

1

∆

2

This equation also describes the resonant response around
the carrier for most other forms of parallel resonant circuits.
IV.

OSCILLATION CONDITIONS

If we now complete the oscillator by incorporating the
negative resistance, the input admittance becomes
1

1

∆

2

1

Under oscillating conditions the negative resistance
cancels the positive resistance and therefore:
2

∆

We can now calculate the transfer function in terms of the
forward trans-resistance and therefore calculate VOUT in terms
of in:

Figure 2 Simple Model for a Negative Resistance
Oscillator

2

Δ

At resonance, Δf is zero and VOUT becomes infinite
whereas in reality it is actually just finite. However the
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sideband noise is still significantly lower than the carrier for
offset < 1Hz for most oscillators.
If we assume the noise is produced by the loss resistance
in the amplifier then we can calculate the noise current as:

Δ
To obtain L(f) we now just need to divide by the output power
of the oscillator (P) and therefore

2

2

Therefore:

Δ

This equation is very similar to that shown by Edson [7],
Grebennikov [8] and Hajimiri and Lee [9]

4

V. COMPARISON OF FEEDBACK AND NEGATIVE
RESISTANCE OSCILLATOR PHASE NOISE EQUATIONS

The output voltage is now therefore

It is interesting to compare this with the equation for phase
noise for a feedback oscillator

4

Δ

Δ

2

2

Δ

2

For noise, it is usually necessary to deal in terms of power
the output power at an offset (not including zero) is therefore:
Δ
Δ
As this theory is a linear theory, the sideband noise is
effectively amplified narrow band noise passed through a Q
multiplication filter. Note the Q multiplication is
approximately the ratio of the output voltage over the input
voltage.
This is huge! It occurs because the voltage transfer
function increases by 1/Δf as power is proportional to 1/Δf2.
The 3dB point in the resonator now becomes the 3dB
above the noise floor!
To represent this as an ideal carrier plus sideband noise,
the signal can be thought of as a carrier with a small
perturbation rotating around it.
Note that there are two vectors rotating in opposite
directions, one for the upper and one for the lower sideband.
The sum of these vectors can be thought of as containing both
amplitude modulation (AM) and phase modulation (PM). The
component along the axis of the carrier vector being AM noise
and the component orthogonal to the carrier vector being
phase noise. PM can be thought of as a linear modulation as
long as the phase deviation is considerably less than 0.1 rad.
Although linear, this theory can incorporate the nonlinearities, i.e. limiting in the amplifier, by modifying the
absolute value of the noise. If the output signal amplitude is
limited with a ‘hard’ limiter, the AM component would
disappear and the phase component would be half of the total
value. This is because the input noise is effectively halved.
This assumes that the limiting does not cause extra
components due to mixing. Limiting also introduces a form of
coherence between the upper and the lower sideband which
has been defined as conformability by Robins [10]. The phase
noise sideband output power is therefore

Δ
This is 4 times larger. A factor of 2 can be explained by the
fact that P in the negative resistance is the power dissipated in
the resonator whereas PAVO is twice the value of the power
dissipated in the resonator under optimum operating
conditions. The other factor of two is probably due to the fact
that the S/N ratio is set by the power at the input of the
amplifier which is a ¼ in the feedback oscillator. Never the
less it may still be important in some circumstances when the
power in the resonator needs to be kept low that for the same
power in the resonator the negative resistance amplifier offers
a factor of two improvement in the phase noise.
VI.

EVALUATION OF NEGATIVE RESISTANCE AMPLIFIERS

The easiest way to evaluate the performance of a negative
resistance amplifier in terms of its noise figure and transposed
flicker noise is to turn it into a two port amplifier to enable
conventional measurement of noise figure and transposed
flicker noise. A system is shown if figure 3 which uses a
circulator to turn negative resistance into a conventional two
power amplifier. The diplexer is added to try and ensure near
50 termination both inside and outside the band as illustrated
in Figure 4, The diplexer has the additional requirement to
incorporate the change of out of band impedance caused by
the circulator. The S parameters for the circulator are
measured and the filter response adjusted to take this into
account. A plot of an example operating at 1 GHz is shown in
Figure 5

Figure 3 Technique to Evaluate Negative Resistance
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L(f), dBc/Hz at 10Hz

enable them to be measured on this particular all digital phase
noise measurement system.

-120
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-160
-170

Figure 4 Variation in impedance see from –T (DUT)

0.01

An implementation for a typical circuit was implemented
for this and tested in ADS harmonic balance software. The
noise figure for the simulated negative resistance amplifier
was measured in simulation and a phase noise plot is shown in
Figure 5 and compared with theory. It is seen that the two
plots are very similar.
Negative Resistance Oscillator Phase Noise
Theory vs ADS Harmonic Balance Simulation
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Figure 6 Transposed Flicker Noise Reduction for Series
and Parallel Feedback Amplifiers
This group has recently shown that both series and parallel
feedback can be used to reduce flicker noise and demonstrated
some amplifiers with between 1 to 2 order magnitudes of
flicker noise reduction. A typical phase noise plot is shown in
figures 5 and 6.

L(f), dBc/Hz

Th…
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1.E+03

1.E+05
1.E+07
Freq, Hz

1.E+09

Figure 5 Comparison of theoretical and simulated Phase Noise
Figure 7 Phase Noise Plot for 100MHz Oscillator
VII. NOISE FLOOR REDUCTION
It is interesting to note that low noise floors appear to be
available in the simulatation. A discussion of reduced noise
floors is presented in an Agilent Patent by John R Burgoon in
1981.
VIII. TRANSPOSED FLICKER NOISE REDUCTION
A further justification for using a linear theory is if that
transposed flicker noise corners can be significantly reduced.
A number of authors have been working on this [11-15]. This
group has recently shown that both series and parallel
feedback can be used to reduce flicker noise significantly
[16][17] Figure 6 and demonstrated some amplifiers with
between 1 to 2 order magnitudes of flicker noise reduction.
Typical phase noise plots are shown in figures 7 and 8. These
phase noise plots were downconverted from 100MHz to

Figure 8 Phase Noise Plot for 100MHz Oscillator
These circuits have been used in a battery powered labkit
for the one day courses on ‘Low Phase Noise Oscillators:
Theory and Laboratory run at the IEEE International
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Microwave Symposium:- IMS 2009, 2010 and 2011. This
labkit is shown in Figure 8 and enables five experiments to be
performed.

[4]

[5]

[6]

[7]
[8]
[9]
[10]
[11]

IX.

CONCLUSIONS

A simple linear theory for phase noise in negative
resistance oscillators has been presented. A comparison
between the phase noise equations for feedband and negative
resiatantce amplifiers has been discussed.
X.
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Abstract : A phase noise measurement bench is integrated on a
3.6 mm2 silicon chip. The bench includes a splitter with
quadrature outputs, a phase detector, a low noise baseband
amplifier and, if necessary, a synthesized source. Applications to
the characterization of frequency sources and BAW resonators
are discussed.
Index terms : Phase noise, Built-in-self-test (BIST), integrated
circuit, phase detection, SMR resonator

I. INTRODUCTION
A phase noise measurement bench is generally a costly
laboratory equipment, based on active references or long
delay lines, including low noise amplifiers and phase
detectors. The ability to include on a single silicon chip the
elements of such a measurement bench allows the
measurement and the monitoring of this critical parameter in
small size systems, and probably also the correction of the
sources phase noise using active loops. The device under test
may either be a frequency source (ex : a VCO) or a two port
system, such as an amplifier, a digital circuit… In the first
case, the phase noise measurement bench must include a
frequency reference element, either passive (resonator, delay
line) or active (reference source). In the second case, it is
mainly based on a low noise phase detection process.
A special case of two ports devices characterization is the
measurement of piezoelectric resonators noise, which is very
difficult to perform using conventional phase noise
measurement techniques on 50 Ω load. Indeed, these devices
need different impedances conditions to take benefit of their
series or parallel resonances. While realized on a chip, the
input and output impedances can be controlled and the
resonator is characterized in the same conditions it
experiences when it is included in a circuit.
Such an approach can be part of a Built-In-Self Test
system [1-4], and used for reliability applications. As an
example, the ability to measure the phase noise degradation
in an embedded system allows to switch from the noise
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degraded device (oscillator, amplifier…) to another device,
thus maintaining the system performance at its best.
Various elements of a phase noise bridge have thus been
designed using an integrated circuit foundry (ST
Microelectronics, BiCMOS7RF 0.25 μm). The system has
been firstly designed to measure the phase noise of integrated
BAW resonators using an SMR technology (CEA-LETI).
However, the replacement of one of the resonators by a short
line results in an enhancement of the detection of the
frequency fluctuations of the source, and thus in the
realization of a narrow bandwidth frequency discriminator.
This discriminator is able to measure the phase noise
spectrum of any type of LC resonator based VCOs.
II. PHASE NOISE MEASUREMENT SYSTEM
Figure 1 represents the typical circuit topology of such a
phase noise measurement bench. The main device is a phase
detector, generally realized with a mixer with the two signals
(LO and RF) maintained close to the phase quadrature (±90°).
The phase detector is followed by a baseband amplifier, which
should feature an equivalent input low frequency noise lower
than the output noise of the phase detector.

Resonator

Source

Figure 1 : Typical topology of a phase noise measurement bench, in the
configuration for source measurement (frequency discriminator). The residual
phase noise measurement system is the same, with the resonator substituted by
the device under test
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If the purpose of the measurement bench is to characterize
the frequency source, the resonator is used as the frequency
reference element, and is part of the measurement bench. It
allows, thanks to its large phase to frequency slope (dφ/df), the
conversion of the frequency fluctuations of the source into
phase fluctuations, which are then detected by the phase
detector.
If the purpose of the measurement bench is to measure the
residual phase noise of two ports devices, such an amplifier,
the device under test (DUT) replaces the resonator, but a
frequency source should be available in the system. This
oscillator must be tunable and, above all, must feature low
AM and FM noise. The AM noise is the most critical
specification in this case [5], because the FM noise is simply
removed by equilibrating the delay in the two arms of the
phase detector. In the case of a resonator measurement, the
problem of the parasitic FM noise detection of the source is
solved by measuring two identical resonators, one in each arm
of the phase detector, thus canceling the delay caused by one
resonator. The resulting phase noise is the addition of the
phase noise of the two resonators, i.e. a phase noise increased
of 3 dB compared to a single resonator, if the resonators are
identical. Finally, in the case of the measurement of frequency
conversion devices (frequency dividers, multipliers…), once
again two identical devices must be used, in order to reach the
same frequency on the RF and LO ports of the mixer.
One of the devices depicted in Figure 1 is very difficult to
integrate : the phase shifter. It is realized on a macroscopic
phase noise measurement system with a stretched line, which
allows phase rotations of generally more than 180° at all the
frequencies of interest. Such a wide control of the phase is
difficult to get on integrated circuits. However, in the
integrated world, the phase is generally well known and does
not shift too much on the small lines used in a silicon chip. We
thus propose a solution to this problem which avoids the
realization of this phase control.
Finally, the output signal is analyzed on a low frequency
spectrum analyzer. We have not integrated on a chip such a
complex system, although it would be possible to do it. In our
case, the final analysis is still performed out of the chip.
However, it would be easy to integrate a power measurement
on a given frequency bandwidth, which would allow to get an
estimate of the phase noise at a given frequency offset
carefully chosen for the application foreseen.
We will now describe all the elements of this system and
the way they have been effectively integrated on silicon,
starting with the input stages and ending with the phase
detector stage.
A. Synthesized frequency source
An integrated synthesizer has been realized, and is
depicted in Figure 2. It is based on a LC differential VCO,
which features a phase noise of -80 dBc/Hz at 10 kHz offset
from a 7.5 GHz carrier, and on a PLL realized with a digital
prescaler. The PLL allows the locking of the VCO on a low
frequency reference source (30 MHz) and the generation of
stable signals with a 30 MHz step on the whole VCO locking

range (6.8 GHz to 8 GHz). Only the reference source (quartz
oscillator) is maintained outside the chip.
a)

Reference
R
source

b)

Figures 2a and 2b : Synthesized frequency source (6.8 GHz to 8 GHz) based
on a digital prescaler PLL ; circuit topology (a) and photograph of the chip (b)

B. Input stage : splitter and quadrature output
The problem of the phase quadrature at the mixer input can
be solved very easily in an integrated circuit approach with a
power divider delivering signals already in quadrature. If the
phase shift in the DUT is small, or if it can be compensated
using two identical devices, the phase quadrature is
maintained down to the mixer stage, and the phase detection is
performed at its maximum sensitivity.
To realize this function, a digital frequency divider by two
has been used. This circuit, depicted in Figure 3, is based on
D flip-flop cells and generates four output signals which are
all in phase quadrature (0°, 90°, 180° and 270°). However,
such a digital circuit located at a critical stage of the phase
bridge can be the main noise source of the system. Our goal
has thus been to optimize the phase noise of this circuit [6], in
order to get a very low residual phase noise divider. This has
been performed using the phase noise simulation capabilities
of CadenceTM, and particularly the ability of this software to
isolate the main noise source of the circuit. An important
optimization work has been focused on the D flip-flop
topology, and more precisely on the current source of this
differential element. More details on this process can be found
in reference [6].

Figure 3 : Input power divider and frequency divider by two, featuring four
outputs in phase quadrature
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noise performance. When this second mixer will have been
fully characterized, it will be the purpose of a dedicated
publication. However, the resistive loads mixer is already
particularly interesting because it features a phase detection
coefficient higher than passive mixers and works on much
lower level signals. Moreover, its phase noise is low, as it can
be deduced from the overall system phase noise measurement
presented in section III (Figure 9).

Measured
Simulated

Figure 4 : Measured and simulated phase noise of the input frequency divider
by two

Figure 3 represents the realized circuit, and Figure 4 its
residual phase noise simulated using CadenceTM and measured
on a conventional (macroscopic) phase noise measurement
set-up. The agreement between simulated and measured data
is excellent, and the phase noise floor effectively reached is as
low as -164 dBc/Hz at 100 kHz offset from an input frequency
of 3.5 GHz.
C. Phase detector
Phase detectors are classically realized with four balanced
diodes mixers. Such phase detectors are very reliable and can
work on a large frequency range. However, the main
drawback of this approach lies in the need for a sufficient LO
power to drive the mixer (typically 7 dBm) and on the
conversion losses of passive mixers. It is therefore interesting
to investigate on active mixers for phase detection. The
residual phase noise of some bipolar transistor, when loaded
and biased properly, is as low as the residual phase noise of
schottky diodes silicon mixers, and these devices can lead to a
substantial improvement of the phase detection coefficient.

D. Low noise amplifier
The low noise amplifier must feature an equivalent input
noise level lower than the output noise of the phase detector.
Using the resistive loads mixer, the phase detection coefficient
is (a little higher but) close to the phase detection coefficient
of a passive mixer, and the amplifier performance should be as
close as possible as the one of the best operational amplifiers.
Such metrological amplifiers feature an equivalent voltage
noise floor in the range of 1 nV/√Hz, and a 1/f noise corner
frequency lower than 1 kHz. Our goal has thus been to
integrate an amplifier with similar performances.
Our first attempt with a conventional differential topology
first stage has led us to noise performances in the range of
20 nV/√Hz or more at the amplifier input. The strategy to
improve the amplifier performance has been based on the
duplication of the bipolar transistors involved in the first
differential stage and, also, in the gain stage. Indeed, setting in
parallel many transistors reduces the equivalent noise (at a
cost of an input impedance reduction, which is not mandatory
here) because the noise sources of each device are added
incoherently meanwhile the current (the information) is added
coherently. The result of this study has been the realization of
a state of the art low noise amplifier, featuring a noise floor of
1.05 nV/√Hz and a noise corner frequency in the kHz range.
This is particularly interesting, taking into account the small
size (640 μm X 227 μm) and, above all, the low power
consumption of this circuit : 2.5 V, 18 mA (45 mW).
Figure 6 represents the circuit realized, and Figure 7 the
measured low frequency noise of this amplifier. The noise
measurement is in perfect agreement with the simulated noise,
and demonstrates that the design goals have been fulfilled.
More details on the noise optimization process for this circuit
can be found in reference [7].

Figure 5 : Active phase detector, with resistive loads

Various active phase detectors have thus been designed,
based on Gilbert cell mixer and using bipolar devices. Two
versions of this circuit have been realized, one based on
resistive loads (Figure 5) and featuring a phase detection
coefficient of 350 mV/rad, and another one based on active
loads and featuring a phase detection coefficient of
970 mV/rad. Up to now, only the first circuit has been
measured and used in the integrated phase noise bench,
although the other circuit features a better simulated phase
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Figure 6 : Photograph of the low noise output amplifier

Noise @ 1 kHz
Noise @ 10 kHz

Frequency
Frequency(Hz)
(Hz)

Figure 7 : Measured equivalent input voltage noise of the amplifier

E. Overview of the whole integrated circuit
These elements of the circuit are then put together on a single
silicon chip. The final circuit is represented in Figure 8, and its
size is in the range of 1.67 mm X 2.17 mm. The central part is
dedicated to the DUT (case of residual phase noise
measurement) or the resonators (BAW) and lines, which are
reported on the circuit using a flip-chip technology. As the
input stage provides four outputs in quadrature, we use these
four outputs in order not to lose power, and the mixer is also
designed with four inputs. The signal at the output of the low
noise amplifier is then analysed on a FFT spectrum analyser.
The system noise floor is measured using four identical short
lines in place of the resonators.

We have thus used our integrated phase noise bench to
measure the residual phase noise of those SMR resonators, the
resonators being realized at CEA-LETI in Grenoble (France).
More details on these resonators and their applications can be
found in reference [9]. Four identical resonators have thus
been mounted using flip-chip technology on the silicon circuit.
Unfortunately, some contacts problems due to differences in
metals pads between the two devices have prevented the
measurement of this integrated circuit. We have thus used the
separated elements to assemble a partially integrated phase
noise test bench, and we have obtained the data depicted in
Figure 9. The measured noise is the one of the four devices
(incoherent addition of the noise of each device), which is
effectively higher than the noise floor. The phase noise of a
single resonator can be deduced from this plot by subtracting
6 dB to this curve.

Phase noise (dBc/Hz)

Equivalentinput
inputnoise
noise V/√Hz
Equivalent

conditions on some new SMR resonators have given results
much too close from the measurement noise floor to conclude
on the noise contribution of these devices. This is due not only
to the absolute level of phase noise (or more precisely to the
fluctuation of the resonator centre frequency) but also to the
fact that a proper impedance must be used to get an observable
resonance with these devices.

Phase noise with BAW resonators

Phase noise floor

1.67 mm

PLL
DIVIDER

MIXER

AMPLI
Offset frequency (Hz)

Figure 9 : Measured phase noise of the four SMR resonators, and phase noise
floor of the measurement bench

BAW

Apart from the resonators residual phase noise, this
measurement demonstrates a relatively good phase noise floor
for our system. The phase noise floor is close to the measured
phase noise of the input stage (frequency divider by two), with
a bump on the spectrum added around 100 Hz offset, which is
probably due to a contribution from the phase detector noise.

2.17 mm

Figure 8 : Overview of the integrated phase noise bench

III. APPLICATION TO THE CHARACTERIZATION OF INTEGRATED
BAW RESONATORS PHASE NOISE

IV. CONCLUSION

Unlike many passive microwave resonators, BAW
resonators may induce a 1/f noise component in the circuit. As
an example, we have measured some years ago on a
conventional phase noise bridge a 1/f phase noise component
in FBAR resonators [8], and the measured phase noise level in
these devices was sufficient to be the main noise contribution
to an oscillator realized with one of these resonators.
However, the same measurements performed in the same

A phase noise measurement bench integrated on a silicon
chip has been presented. This bench may be used either for
residual phase noise measurements, or for oscillator phase
noise measurement in the frequency discriminator
configuration, with a BAW resonator as frequency reference.
Some of the elements of this bench are at the state of the art
for integrated circuits functions in terms of noise performance
(low noise amplifier, frequency divider). An application to the
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measurement of the noise properties of some BAW-SMR
resonators is also presented.
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Abstract -The miniaturization of crystal resonators and
filters towards the MEMS (Micro-Electro-Mechanical
Systems)
and nano-structured scales demands
improvement of nonlinear piez oelectricity theory and a
better understanding of th e nonlinear b ehavior of new
crystal materials. The nonlin earities affect the quality
factor and acousti c behavior of MEMS and nanostructured resonators and filters. Among these nonlinear
effects, drive level dependence (DLD), which describes the
instability of the resonator frequency due to voltage level
and/or power density, is an
urgent problem for
miniaturized resonators. Langasite, a new promising
piezoelectric material, is of recent interest for a variety of
applications because of its good temperature behavior,
good piezoelectric coupling, low acoustic loss and high Q
factor. It has been recently used to make high temperature
MEMS. In this article, experimental measurements
of
drive level dependence of langasite resonators
with
different configurations (plano-plano, single bevel, and
double bevel) are reporte d. The results show that the
resonator configuration affects the DL D of the l angasite
resonator. The drive sensitivity of resonators with
different configurations is determined.

I. INTRODUCTION

The miniaturization of crystal resonators and filters
towards the MEMS and nano-structured scales demands better
understanding and modeling of the nonlinear behavior of
crystal materials. The nonlinearities affect the quality factor
and acoustic behavior of the MEMS (Micro-ElectroMechanical Systems) and nano-structured resonators and
filters. These effects include force-frequency effect,
electroelastic effect, mode coupling and activity dip,
acceleration sensitivity, intermodulation and drive level
dependence. Among these nonlinear effects, drive level
dependence (DLD), which describes the instability of the

978-1-61284-110-6/11/$26.00 ©2011 IEEE

resonator frequency due to voltage level and/or power density,
is an urgent problem for miniaturized resonators. This
behavior is of current interest due to the increasing importance
of low phase noise oscillators, because there is a direct
relationship between resonator drive level and oscillator phase
noise [1]. Except for the influence on the frequency, drive
level dependence could also worsen the activity dip problem
[2], [3].
Langasite, a new promising piezoelectric material,
combines many of the advantages of quartz, barium titanate
and lithium niobate -- having high electromechanical coupling
and good frequency-temperature characteristics. It is a
potential material to substitute for current applications
dominated by quartz. One of the most important advantages of
langasite is that it will not undergo phase transitions up to its
melting temperature of 1473 deg C, which makes it very
promising to make high temperature MEMS sensors.
Common piezoelectric devices made by quartz and lithium
niobate are limited to an operation temperature of 520 deg C
or 400-500 deg C; MEMS made by langasite will be able to
operate at least 1050 deg C. Recently, several attempts have
been made to use langasite as the material to make high
temperature MEMS sensors [4] and nano devices [5], [6], [7].
Investigation of nonlinearities of langasite is critical for the
real application and optimal design of these devices, and
research on DLD is especially important for these
miniaturized devices. The measurement of drive level
dependence for Y-cut langatate and langanite resonators has
been performed by Kim [8]; however, measurements for
doubly rotated langasite resonators have not been performed
yet. In this article, we show that the different configurations
of the resonators also affect the drive level sensitivity of
doubly
rotated
langasite
resonators.
Experimental
measurements of drive level dependence of langasite
resonators with different configurations (plano-plano, single
bevel, and double bevel) are reported. The drive sensitivity of
resonators with different configurations is determined.
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II. Sample preparation

Computer with
Labview

There are three langasite resonator samples under test.
Their diameter, thickness and cut angle are the same. All other
parameters are different. The detailed design parameters for
these three resonators are listed in Table I.

Arbitrary
Waveform
Generator

Table I: Resonator design parameters.
Resonator
configuration

Plano convex
with double
bevel

Plano convex
with single
bevel

YXlw
Θ=450/Ф=650

YXlw
Θ=450/Ф=650

YXlw
Θ=450/Ф=650

Plate
diameter
(mm)

13.0

13.0

13.0

Thickness
(mm)

0.65

Electrode
diameter
(mm)

5.50

Material
orientation

Radius
curvature
(diopter)

Plano-plano

Electronic
circuit (PI
network)

Fig. 1. The experiment setup.
V1

LGS resonator

V2
0.65

0.65
5.61
Function
generator

of

4

Fundamental
resonant
frequency
(Hz)

R4

R3

1

Va

Ra
Vb

4

R5

Abrasive size
to grid the
bevels
(micron)

R1

R2

I
5.61

Digital
Oscillosco
pe

Sample

Rb

1

Fig. 2. The PI network circuit diagram.
2,577,150

2,752,600

2,409,750

Table II. The list of resistance values in the PI network.

III. Experiment setup
The experiment setup is shown schematically in Fig. 1. An
Agilent 33220A function generator is used to excite the crystal;
the function generator is connected to and controlled by a
computer with Labview. The signal from the function
generator is fed into the crystal resonator through a PI network
shown in Fig. 2. The resistance values in the PI network are
shown in Table II. The response signal from the crystal
resonator is collected by a Tektronix TDS 3054 C oscilloscope,
which is subsequently connected to and controlled by the
same computer with Labview.

R1

R2

R3

R4

1210 OHMS

51 OHMS

51 OHMS

1210 OHMS

R5

Ra

Rb

I

51 OHMS

50 OHMS

50 OHMS

1.14Vb

IV. Measurement results
The relation between the resonator current and frequency
is measured and shown in Figs. 3, 4, and 5 as a function of the
magnitude (Volt) of the sinusoidal excitation signal from the
function generator. As expected, the resonance curves shift
towards a lower frequency as the voltage increases, which is a
“softening” behavior. This is contrary to the DLD of SC cut
quartz resonators in [9], as the resonance curves for SC cut
quartz resonators bend towards higher frequency, which is a
“hardening” behavior. The relative drive sensitivity D defined
in [9] is extracted in Figs. 6, 7 and 8. The results are listed in
Tables III and IV; Table III compares the D for the LGS
resonators and SC cut quartz resonators with different
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curvatures. It is apparent that the drive sensitivity of the tested
LGS resonators exceeds SC cut quartz resonators. Table IV
compares the D for LGS resonators and LGN, LGT resonators.
It seems that the drive sensitivity of LGS resonators in
fundamental mode is smaller than LGN and LGT resonators.
Higher overtones of the tested LGS resonators could not be
measured due to undesired mode interference.

Fig. 6. Drive sensitivity of LGS resonator
with plano-plano configuration.

Fig. 3. Drive level dependence of LGS
resonator with plano-plano configuration.

Fig. 7. Drive sensitivity of LGS resonator
with bevel-bevel configuration.

Fig. 4. Drive level dependence of LGS
resonator with bevel-bevel configuration.

Fig. 8. Drive sensitivity of LGS resonator
with plano-bevel configuration.

Fig. 5. Drive level dependence of LGS
resonator with plano-bevel configuration.
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Table III: Comparison with SC-cut Quartz Resonators
2

Drive Sensitivity D

Drive Sensitivity D [ppm/mA ]
for a SC cut r esonators at 5.115
MHz fundamental mode

2

[ppm/mA ]

LGS double
bevel

-0.0954

Diopter 1.00

0.0076

LGS planoplano

-0.1741

Diopter 1.25

0.0116

LGS single
bevel

-1.2460

Diopter 1.5

0.0127

Table IV: Comparison with Langatate and Langanite
Resonators
Drive level Sensitivity D [ppm/mA2]
LGS double bevel

-0.0954

LGS plano-plano

-0.1714

LGS single bevel

-1.2460

LGN

-3.34 (3rd OT)

LGT

-1.63 (3rd OT)

for high temperature microsystem”, Sensors and Actuators,
pp. 393-396, 2006.
[5] H. Fritze, H. L. Tuller, H. Seh, and G. Borchardt, “High
temperature nanobalance sensor based on langasite”, Sensors
and Actuators, pp. 103-107, 2001.
[6] H. Fritze, H. Seh, H. L. Tuller, and G. Borchardt,
“Operation limits of langasite high temperature
nanobalances”, Journal of the European Ceramic Society, pp.
1473-1477, 2001.
[7] H. Seh, H. L. Tuller, and H. Fritze, “Langasite for hightemperature acoustic wave gas sensors”, Sensors and
Actuators, pp. 169-174, 2003
[8] Y. K. Kim, Amplitude-Frequency effects of Y-cut
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Cont., pp. 631-636, 2003.
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resonators”, Proc. 39th Annu. Symp. Freq. Contr., pp. 311316, 1985.

V. Conclusion
The drive level dependence of doubly rotated langasite
resonators show softening behavior, which is contrary to the
hardening behavior a SC cut quartz resonator exhibits. The
change of resonator configuration has altered the drive level
sensitivity. The resonator with single bevel configuration has
the largest drive sensitivity coefficient; the resonator with
double bevel configuration has the least drive sensitivity.
Compared with SC-cut quartz resonators, the langasite
resonator has generally larger drive level dependence.
Compared with langatate and langanite resonators, langasite
resonators show smaller drive level dependence.
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Abstract—Boundary conditions for a layered piezoelectric
structure under the influence of a uniform dc electric field have
been obtained. Dispersive dependences and anisotropy of phase
velocities, electromechanical coupling coefficients, power flow
angle, and controlling coefficients of dc electric field influence as
a functions of h×f product for the Rayleigh and Love modes in
bismuth germanium oxide/fused silica and langasite/fused silica
layered structures have been calculated.

I.

INTRODUCTION

Development of acoustoelectronics (AE) is now concerned
with the design of complicated structures such as layered
piezoelectric devices [1, 2]. For example, by this way there is
opened an attractive possibility to include the non-piezoelectic
substrate with good acoustical properties into device
meanwhile the acoustic wave can be excited using the
piezoelectric film/plate. However, to extend the class of
devices it is desirable to obtain the ability to control their
parameters during the wave propagation process. On the other
side the choice of optimal film/crystalline layer thickness h is
important to obtain a given frequency characteristics of device
[3]. In present paper for a number of layered piezoelectric
structures the influence of dc electric field on the dispersive
parameters of Rayleigh and Love (SH) waves which are the
functions of h×f product has been examined (f denotes a wave
frequency). As a model structures the crystalline layers of
strong piezoelectric crystal bismuth germanium oxide
(Bi12GeO20, BGO) or langasite (La3Ga5SiO14, LGS) on fused
silica have been investigated. Langasite is a most promising
crystal in a practical sense because it has a good combination
of properties, such as thermal stability, low attenuation of high
frequency elastic waves and greater electromechanical
coupling coefficients (EMCC) compared with quartz [4].

978-1-61284-110-6/11/$26.00 ©2011 IEEE

II. ELASTIC WAVE PROPAGATION IN A LAYERED
PIEZOELECTRIC MEDIUM UNDER THE INFLUENCE OF
HOMOGENEOUS DC ELECTRIC FIELD)
Let us choose the working orthogonal coordinate system in
which the axis X3 is directed along the outward normal to the
surface layer occupying the space of 0 ≤ X3 ≤ h, and the X1
axis coincides with the wave propagation direction. For smallamplitude plane waves propagation under the influence of dc
electric field on the piezoelectric crystal the equations of
motion and electrostatics and the state equations of the
piezoelectric medium should have the form:
~
~
ρ 0 U I = ~τIK,K , D M,M = 0,
~
*
~τ = C* ~
IK
IKPQ ηPQ − e NIK E N ,
~
~
D = e* ~
η + ε* E .
N

NIK

IK

MN

(1)

M

In equation (1) the following notation has been used: ρ0 is the
~ is the
crystal density in the undeformed (initial) state, and U
I
vector of dynamic elastic displacements. Here and below
summation over twice repeated indices is meant. Effective
elastic, piezoelectric and dielectric constants which are the
linear functions of dc electric field are defined by:

(

)

C*ABKL = C EABKL + C EABKLQRd JQR − e JABKL M J E,
e

*
NAB

ε

*
NM

= e NAB + (e NABKLd JKL + H NJAB )M J E,

(

)

(2)

= ε ηNM + H NMABd PAB + ε ηNMP M P E.

Here E is the value of the dc electric field, MJ is the unit
electric field vector, and C EABKLQR , e NABKL and H NMAB are the
nonlinear elastic, piezoelectric and electrostrictive constants
(material tensors).
Acoustic wave propagation in a piezoelectric plate under
the action of E must satisfy the relevant boundary conditions.
Thus, the normal components of stress tensor must be equal
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to zero on the free surface. A continuity of the tangential
components of electric field to the interface between
piezoelectric layer vacuum should be provided by the
condition of continuity of electric potential. Also the equality
of normal components of stress tensor τIK and the continuity
of the electric potential ϕ at the boundary “crystalline layer –
substrate” at X3 = 0 should be ensured. As a consequence all
these conditions can be written as:
(1)
τ 3A
,
D 3(1) = D (вак)
;
=0
x3 =h

τ

(1)
3A

=τ

3

∑b

,

x 3 =0

D

(1)
3

=D

(2)
3 x =0
3

U (A1) = U (A2)

,

x 3 =0

;

m

8

∑ { b [(C
m

*(1)
I3KL

+ 2d

(1)
AKF

C

(1)E
3IFL

)

MAE k α

m =1

8

(m)
L

[(

(m)
K

+e

n =1

8

n =1

4

(m)
p

k α

(m)
4

m

*(1)
3KL

[(

∑ [U
4

(1)(m)
I

m =1

∑ [− a (C
8

n
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3KPI

n =1

]

8

[

bm − ∑ U
n =1

(2)(n)
I

]

∑ [− a (e
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(
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3KL

∑ [− a (e
8
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*(2)
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)

(2)
(n) (n)
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) ] (

(

)

αv =

a n = 0,

)

)

)

(2)
(n) (n)
+ 2d (2)
JKP e 3PL M J E k L α K −

) ] (

)

(n) (n)
− a 4 e*(2)
exp ik 3(n) h = 0,
P3K k p α 4

1 ⎛ Δv ⎞
.
⎜
⎟
(6)
v(0) ⎝ ΔE ⎠ ΔE →0
On the basis of equations (1) - (5) in a layered
piezoelectric structures for a few modes of Rayleigh and Love
waves the calculation of such parameters as the phase
velocities, EMCCs and αv coefficients has been carried out.
The material coefficients of linear and nonlinear
electromechanical properties of BGO and LGS were taken
from [4, 5].

(4)

(2)E
(n) (n)
+ 2d (2)
APFC 3KFI M A E k I α p −

] (

]} (

)

(n) (n)
C (2)E
3KFI M A E k I α p −

DISPERSIVE CHARACTERISTICS OF ELASTIC WAVES IN
LAYERED PIEZOELECTRIC STRUCTURES
To define in the linear approximation a measure of dc
electric field influence on the phase velocities of Rayleigh
and Love waves it is convenient to introduce the controlling
coefficients as:

(n) (n)
(n)
− a 4e*(2)
P3K k p α 4 exp ik 3 h = 0,
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As a result of substitution the solutions in the form of
homogeneous plane waves into the boundary conditions (3)
one can obtain a system of equations for calculating the
acoustic waves parameters of a layered structure in a
generalized form when a layer and substrate are the
piezoelectric crystals:
4

(m) (m)
C(1)
I3KL k L α K −

m =1

x 3 =h

(2)
3A x =0
3

ϕ (1) = ϕ (2)

layer mounted on an isotropic substrate (fused silica). Thus the
equations (4) should be specified as

)

(n)
(n)
(n)
− a 4 ε*(2)
3K k K − iε 0 α 4 exp ik 3 h = 0.
Numerical superscripts (1) and (2) denote the substrate and
layer terms, respectively; α(Km ) and bm are amplitudes and
weight coefficients of m-th partial wave (m = 1, ..., 4) in the
piezoelectric substrate, respectively; α(Kn ) and an are the same
ones of n-th partial wave (n = 1, ..., 8) in the piezoelectric
layer.

Note that the equations (4) for the boundary conditions
have been derived at the assumptions about the influence of
homogeneous dc electric field on the crystal layer without
edge effects. In the obtained equations it has been taken into
account all changes in the configuration of an anisotropic
continuum, in particular, changes of the sample form
(geometric nonlinearity) due to direct piezoelectric effect, and
changes of the material constants (2) (physical nonlinearity)
under the influence of strong dc electric field.
For the purpose of this paper there was selected a model
structure which was consisted of a piezoelectric crystalline

Figure 1 shows the dispersion curves of phase velocities,
EMCCs and αv coefficients of Rayleigh and Love waves
depending on the h×f value when waves are propagated along
the [100] direction of (001) BGO/fused silica. In this case pure
piezoactive Love wave and non-piezoactive Rayleigh wave
are propagated. It is clear that the interval of phase velocities
of Love waves lies between the values of the shear waves
velocities of fused silica and BGO. Rayleigh wave phase
velocity at h×f increasing tends to the Rayleigh wave phase
velocity of BGO (1625.92 m/s). The maximum value of
K2 = 2.9 % at h×f = 1000 m/s takes place for zero Love mode.
When dc electric field is applied along the E||[010], i.e.
orthogonally to the sagittal plane, the modes of elastic waves
remain the pure ones. The αv coefficient of Love wave at h×f
increasing tends to αv = -3·10-11 m/V for the slow shear bulk
acoustic wave (BAW) of BGO, and αv coefficient of all the
Rayleigh type waves at h×f increasing tends to
αv = -6.9·10-12 m/V value as the same one for the fast shear
BAW of BGO.
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a

b

c
Fig. 1. Dispersive dependences of the Rayleigh
and Love waves parameters as a functions of h×f
(m/s) for the waves propagating along the [100]
direction in (001) BGO/fused silica layered
structure: a) phase velocities, b) EMCCs; c) αv at
E||[100]; d) αv at E||[010]; e) αv at E||[001]. Phase
velocities of slow shear bulk acoustic waves in
the layer and the substrate are denoted as SSBGO
and SSSub, respectively; slow shear quasi-bulk
wave in the layer is denoted as QSSBGO. The Ri
and Li curves indicate the modes of Rayleigh and
Love (SH) type, respectively.

d

e

a
b
c
Fig. 2. Dispersive dependences of the Rayleigh and Love waves parameters as a functions of h×f (m/s) for the waves propagating along the [110]
direction in (001) BGO/fused silica layered structure: a) phase velocities, b) EMCCs; c) αv at E||[001].

a
b
c
Fig. 3. Dispersive dependences of the Rayleigh and Love waves parameters as a functions of h×f (m/s) for the wave propagating along the [100]
direction in (001) LGS/fused silica layered structure: a) phase velocities; b) EMCCs; c) αv at E||[001].
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a
b
c
d
Fig. 4. Anisotropy of Rayleigh and Love wave parameters for the wave propagating in the (001) LGS/fused silica layered structure for a few values of h×f (m/s):
a) phase velocities; b) EMCCs; c) αv at E||X3; d) PFA at E = 0 (solid lines) and E||X1 (dashed lines). Curves denoted as QSSLGS and QFSLGS are associated with
quasi-bulk slow and fast shear waves in a layer, respectively.

When dc electric field is applied along the E||[100] or
E||[001] elastic waves modes will turn into a generalized form.
Note that if dc electric field coincides with the wave
propagation direction there should be observed a maximal E
influence on the phase velocities especially for R0 and L0
modes (fig. 1c). Thus the maximal αv value for the zero Love
mode of 2.5·10-10 m/V at h×f = 3050 m/s is achieved at
E||[100].
Figure 2 shows the dispersion curves of phase velocities,
EMCCs and αv coefficients of Rayleigh and Love waves
depending on the h×f value when waves are propagated along
the [110] direction of (001) BGO/fused silica. In this case a
Rayleigh wave possesses a piezoelectrical activity. The range
of variation of the Love waves phase velocities lies between
the phase velocities of shear wave in fused quartz and fast
quasi-shear wave in bismuth germanium oxide. The maximal
value of K2 = 1.8 % at h×f = 850 m/s exists for R0 zero mode
of Rayleigh wave. In the most practically significant version
of dc electric field application E||[001] the hybridization
between the modes is negligibly small [6]. The αv coefficient
of Love wave under h×f increasing tends to
αv = -5.6·10-13 m/V for fast shear acoustic wave in the BGO
layer.
In the [100] propagation direction of (001) LGS/fused
silica layered structure there are only Rayleigh and Love
waves of generalized type (fig. 3). The small EMCCs indicate
on the low piezoelecrical activity of these waves (fig. 3b). An
unique feature is the effect of hybridization between zero and
first modes of SH waves (generalized Love waves). Either
way the applied electric field reduces the effect of
hybridization leading to a "splitting" of phase velocity values
in this area and reducing the hybridization coefficient M [6].
Maximal values of αv = -3.9·10-12 m/V and αv = 2.4·10-12 m/V
occur at the h×f = 3300 m/s close the center of hybridization
area for the zero and first SH modes, respectively. The αv
coefficient increasing for the second mode with h×f increasing
is also caused by a similar hybridization effect arising between
the L1 and L2 modes.
Figure 4 shows the anisotropy characteristics of elastic
waves propagating in (001) LGS/fused silica structure.
Vertical dashed lines mark the points of hybridization that in
this case occur between the R0 and L0 modes when h×f = 4500
m/s. The counting of ϕ angle is produced from the initial [010]

direction along which the pure modes of Rayleigh and Love
waves are propagated. In this direction there is a maximum of
K2 = 1.1 % at h×f = 1000 m/s for the L0 mode. Power flow
angle (PFA) has a maximal value of 16,4° for L0 mode at
h×f = 2500 m/s and of -16,8° for R0 mode at h×f = 4000 m/s.
Application of dc electric field along the X3 direction which is
three-fold axis leads to the symmetry decreasing up to point
symmetry group 3 and as a result the value of PFA is
increased insignificantly (up to 0,2°), but E application along
X1 axis leads to PFA increasing up to 2°.
IV. CONCLUSION
Using the obtained theoretical results one can analyze in
detail the dispersive behavior and anisotropy of acoustic
modes in a piezoelectric layered structure under the influence
of homogeneous dc electric field if constants of linear and
nonlinear electro-mechanical properties of the crystal are
known. It was shown that for different variants of an electric
field application interaction can occur between of different
elastic modes. BGO layered structure has a better EMCC than
that for LGS layered structure. The data obtained may be of
interest in terms of study of AE devices geometry controlling
by the dc electric field.
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Abstract— This paper considers the determination of the mode
shapes using x-ray topography and the application of this
method to resonant piezoelectric devices made of various
materials (Quartz, LGS, Lithium tantalate). The basis of the
method is recalled briefly and its application to thickness mode
resonators or filters is particularly considered. A comparison of
the observed mode shapes with those computed using the
“essentially thickness mode” theory of H.F.Tiersten indicates
that this theory give very good results concerning the modes
shapes and the properties of the thickness mode devices even
when materials presenting large coupling coefficients are used.

INTRODUCTION.
X-ray topography is a powerful mean to observe the
vibration modes of the piezoelectric devices. Many years ago,
Spencer et al. [1] have given an interesting overview of the
application of the Lang topography [2] to determine the mode
shapes of quartz resonators and monolithic filters. Several
authors have proposed approximate expressions of the
diffracted intensity in presence of vibration modes that can
have some validity in particular conditions. However, the
image formation occurring due to x-ray diffraction by
deformed crystals is a very complex phenomenon governed
by the dynamical theory of x-ray diffraction and the TakagiTaupin partial derivatives equations. A complete description
of this theory can be found in the book of A. Authier [3].
Numerical simulations of diffraction images obtained with
vibrating crystals, made in solving these equations, have
shown that X-ray topography can provides accurate images of
the vibration modes of the piezoelectric devices if favorable
diffraction conditions are chosen [4]. In other cases, the
relation the between the diffracted intensity and the
displacement may be quite complex. In Figure 1 (from [4]),
we compare a computed topograph image obtained in solving
the Takagi-Taupin equations and the corresponding
experimental image (AT-cut quartz 19MHz, fundamental
mode thickness 80µm, (-2,1.0) diffraction at λ#0.70Å). These

978-1-61284-110-6/11/$26.00 ©2011 IEEE

diffraction conditions are particularly favorable to obtain a
good observation of the mode shape (near linear increase of
the diffracted intensity with the displacement in time
integrated conditions). In such conditions, X-ray topography
gives more accuracy and more information in a single
experiment than the other techniques. The contrasts recorded
in the topographs are dependant on the product of the
displacement vector by the diffraction vector, on the values of
partial derivatives of the displacement and on several
parameters characterizing the diffraction process. X-ray
topography allows observing the different components of the
displacement, often separately.

Figure 1. Comparison of computed and experimental image.

They can also be determined simultaneously if white beam
topography is used. The X-ray films or the nuclear plates have
a large dynamic (up to four decades) and X-ray counting can
be used if necessary. The shapes so recorded of the thickness
modes of energy trapping devices are most often extremely
similar to those predicted by the theory proposed by H.F.
Tiersten et al. [5-6]. The topography experiments reported
here were made using synchrotron radiation at the LURE
(Orsay - France) and at ESRF (Grenoble - France) using
beam lines ID19 and BM05.
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I.

OBSERVED

AND COMPUTED MODES IN
QUARTZ.

AT-CUT

A.

Plane resonators with conventional electrodes:
Here after we compare the mode shapes observed for 12
MHz plane AT-cut quartz resonators (12.7mm diameter, about
134.5µm thick) having various electrode geometries, but the
same electrode area. The topographs of figure 2 and 3 were
obtained using (-2,1.0) reflection with an X-ray wave length
of 0.70Å. As already noticed these diffraction conditions are
very favorable to obtain a nearly linear relationship between
the displacement and the increase of the diffracted intensity
(up to the saturation of the film, and to a certain level of
excitation). At very large exciting currents the diffraction
process change some how (kinematical diffraction) and other
diffraction techniques have to be used to determine the mode
shapes [7].

Energy trapping of the modes in the electrode region
occurs due to the electrical effect of the electrodes and to their
mass (mass loading 0.96%). We can observe that the trapping
effect is efficient for such values of the electrode dimensions
and of the mass loading. The computed modes shapes (here
normalized to 1 at the center of the electrodes) are very similar
to the observed ones. A more detailed observation of the
properties of these resonators reveals some difference
concerning the resonance frequencies of the anharmonic
modes and the values of the elements of the equivalent
schemes. The equivalent inductance is some how more
favorable (lower) for the round electrodes. This advantage
results of a smaller efficiency of the corners of the square or
rectangular electrodes.
Anharmonic modes: The dimensions of the electrodes
chosen allow the existence of two anharmonic modes (except
for the 7x2.8 electrodes that give only one anharmonic).

Figure 4. Mode shapes of the anharmonics (round electrodes).
Figure 2.

Observed and computed mode shapes of 12.MHz resonators (a)

Figure 5. Mode shapes of the anharmonics (Square electrodes).
Figure 3. Observed and computed mode shapes of 12.MHz resonators (b)

The modes corresponding to the round and the square
electrodes are represented in figure 4 and 5 (same diffraction
conditions as for figure 2 and 3). For some of these modes
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slight differences appear between the experiment and the
calculation, this is mostly the case for the 2nd mode of the
resonator with square electrodes. The difference is probably
due to a small defect of parallelism in the external region of
the plate. These anharmonic modes appear to be more
sensitive to imperfections and to the electrodes tabs than the
first one, due to their larger extension. The theory elaborated
by H.F. Tiersten indicates the existence, in most cases, of an
intrinsic lateral anisotropy of the modes [8]. For the
fundamental mode of the AT-cut of quartz this anisotropy is
noticeable while it is weak for the 3rd and 5th overtone
modes. It results of the ratio of the M1 to the P1 coefficients of
the Tiersten partial derivative equations that governs the
lateral dependence of the main displacement u1 (M1=
0.1098D+12, P1=0.686D+11 N/m²). This anisotropy can be
observed in the case of the round electrodes where the mode is
slightly elongated in the x direction.
B. Electrodes taking into account the lateral anisotropy.
The use of elliptical electrodes with a particular axis ratio
derived from the theory ([M1/P1]1/2=1.265) leads to devices
with more interesting properties, particularly for filter
applications (less unwanted response and lower inductances at
equal electrode surface, etc…). In this case the mode shape
has the same eccentricity as the electrodes and all the
anharmonic modes with 2p nodal line converge toward the
same modes that have either p elliptical nodal lines or 2p
radial nodal line (or a mix of that). The modes with radial
nodal lines are not electrically excited (centric-symmetry in a
particular coordinate system), except when some asymmetry
exists (this is the case for the resonator represented in figure
6). This electrode geometry leads also to the maximum
frequency separation between the main mode and the
anharmonics. It is thus easier to suppress them by choice of
the dimensions of the electrodes and/or of the mass loading.
These properties make that well designed resonators using this
electrode shape are more interesting to build filters

Figure 6. Modes shapes of a resonator using elliptical electrodes.

Figure 6 represents several modes of a resonator using a
large elliptical electrode with an important mass loading made
on a plate presenting a slight defect of symmetry (the
electrode tabs are not directed along one axis of the ellipse);
this allows the existence of some theoretically unexcited
modes (here the mode with 4 straight nodal lines). However,

the other observed modes shapes are very similar to the
computed ones (same sample as for figure 1 and same
diffraction conditions).
Another way to illustrate the lateral anisotropy of the
fundamental modes of AT-cut quartz is given in figure 7
where we compare the mode shape produced by elliptical
electrodes with the same axis ratio as considered above, either
elongated in the correct direction (x1=x axis) or elongated in
the x3=z' direction. It can be observed that in the first case the
mode is elliptical with the same eccentricity as the electrodes
while in the second case, it is nearly circular (same diffraction
conditions as for figures 2 to 4).

Figure 7. Elliptical electrodes elongated in the x or Z' directions.

II. LANGASITE RESONATORS
The theory proposed by Tiersten et al. makes use of some
approximations considering a moderate piezoelectric effect.
Most of these approximations concern in fact the cut-off
frequencies of the different regions of the device that appear in
the partial derivative equations. However these quantities are
fundamentally one dimensional ones and they can be
computed exactly for any piezoelectric material. Thus it is
possible to expect good results of the application of the theory
to the materials having medium or even large coupling
coefficients. Some times ago [9], we have made calculations
of the modes shapes of the overtone modes of plane and
plano-convexe Y-cut langasite resonators. For several
overtones, the results were not in very good agreement with
the observations. At this time, we have noticed, for this
material and also for gallium phosphate, that the computed
mode shapes, and somehow the computed inductances were
sensitive to the constant set used for the calculation. Since that
time, these materials have been perfected and several new sets
of material constants have been measured. New calculations
were made using some of these more recent sets of material
constants [10-11-12] for the same resonators using Y-cut LGS
(thickness=0.432mm, electrode diameter D=3.5mm, plate
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diameter #10mm). As can be observed in figure 8 and 9, a
much better agreement is obtained, even for the overtones
modes of large ranks using the constants of reference [11]
(Experimental conditions (-2,1.0) diffraction, λ#0.70Ǻ, plate
thickness 0.432mm (more absorbing crystal)). The sensitivity
of several important parameters appearing in the energy
trapping theory to the values of the elastic constants noticed
for LGS and gallium phosphate results much probably of the
fact that these quantities imply many products of differences
between constants or products of constants

Similarly, a better agreement between the observed and the
computed modes can also be obtained for gallium phosphate
resonators using the recently determined constants [13-14].
III. LITHIUM TANTALATE RESONATORS.
We have observed that the theory of essentially thickness
modes of H.F. Tiersten leads to realistic results for many
orientations of this material (X-cut, Y rotated cuts, doubly
rotated cuts, etc…). The mode shapes computed with different
sets of constants [115-16-17] have only minor differences.
Hereafter, we compare the results given by this theory to the
mode shapes observed using x-ray topography for x-cut
resonators. Figure 10 represents the electrical response of a
27.7 MHz fundamental X-cut resonator having small
electrodes and a small mass loading (aluminum electrodes)
that give no trapped anharmonics for the fast shear mode
(filter type resonators).

Figure 8. Fundamental and 3rd overtone modes of a LGS plane resonator
Figure 10. Response of an X-cut resonator (with compensation of Co)

Figure 11. Slow shear mode of an X cut resonator

Figure 9. 5th and 7th overtone modes of a Y-cut LGS plane resonator.

. Another observation concerns the quite large anisotropy
of the overtone modes of Y-cut LGS resonators.

The slow shear mode is sufficiently close to the fast shear,
so that theses mode are coupled and that some excitation of
the u1 component (of the fast shear) occurs at the resonance
frequency of the slow shear. This can be observed
experimentally by X-ray topography (figure 11) or in
considering the response curve obtained with compensation of
the static capacitance (the slow shear mode is in the "slope" of
the response of the fast shear). This is a forced mode effect
included in the theory. It results mostly of the very large
coupling coefficient of the fast shear mode (very broad
response curve). This effect can be taken into account
theoretically in considering the forced mode (linear
combination of all the Eigen-modes verifying the boundary
conditions) at this frequency, or more simply in connecting in
parallel the motional arms of the equivalent schemes of both
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modes. This coupling appears in the topographs taken at the
resonance frequency of the slow shear mode (figure 11). The
observed and the computed slow shear modes have a large and
very similar anisotropy. It should also be noticed that the slow
shear is very weakly trapped by small electrodes presenting a
small mass loading and that its experimental mode shape is
probably slightly modified, in the most external region, by the
mounting clips of the plate and the conducting cement (plate
diameter 5.5mm). The coupled fast shear mode excited at the
resonance of the slow shear seems correctly confined in these
conditions but it is also coupled to a weak plate mode
(flexure). The mode shapes of the anharmonics of the fast
shear were observed in a similar resonator made with larger
square electrodes (S#0.66mm², 2h#70µm, plate diameter
5.5mm). Due to the large coupling coefficient (about 45%)
two of them have a resonance frequency lower than the
“nominal” anti-resonance frequency. The computed modes
shapes are in reasonable agreement with the computed ones if
the modest Q factor of mode 2 is considered. It should be
noticed that for all the orientations studied (except for the Zcut), an important lateral anisotropy of the trapped mode
modes was observed in lithium tantalate. In some cases,
concerning for example the doubly rotated cuts giving a zero
temperature coefficient for the overtone modes, no trapping
may exist in one direction for a particular overtone rank.

IV.

UNWANTED STATIONARY AND PROGRESSIVE PLATE
MODES

The theory of the essentially thickness modes takes into
account the possibility of (small) components other than the
main displacement but neither that of strong resonant plate
modes nor that of progressives modes. The resonant plate
modes are most often very weakly coupled to the thickness
modes existing in plates having a large ratio of the lateral
dimensions to the thickness. They are more frequent in
devices using rectangular plates and/or rectangular electrodes
and in beveled resonators with a moderate ratio of the lateral
dimensions to the thickness. They are very difficult to avoid in
miniaturized devices where this ratio is small, at least, for one
lateral dimension. Several approximate or exact theories are
able to consider the coupling of the plate modes with the
thickness modes. However there is a difficulty to describe
theoretically the fixation conditions of the plate in a manner
which represent accurately those used in real devices. Most
often the actual plate modes (resonant or progressive) are
extremely dependant to the fixation conditions. Nevertheless,
these theories are extensively used for the design of
miniaturized resonators.

Figure 14. Plate modes coupled to the fundamental thickness shear.

Figure 12. Response curve of an X-cut resonator made with large electrodes

Figure 15. Flexure coupled to thickness shear in a plane rectangular AT-cut
quartz resonator
Figure 13. Mode shape of the fundamental and of its two first anharmonics.

Some examples of coupled plate modes are given in figure
14. One was observed in a beveled resonator. The other was
observed in a monolithic filter (only one pair of electrodes is
excited here). Our observations have shown that the coupled

125

modes are more frequent in plates having a rectangular shape
and/or using rectangular electrodes (figure 15). In quartz
resonators with one small lateral dimension, it is usual to
choose the plate mode coupled to the thickness mode so to
keep an acceptable Q factor and a good temperature
coefficient.
A. Progressive coupled modes
We have observed progressive modes coupled to the
thickness shear in all the fundamental mode plane resonators
studied by time resolved (synchronous) topography. They
carry a noticeable energy in devices made with high coupling
materials and, in all cases, including quartz; they explain the
modest Q.F products observed for fundamental mode devices.
We consider that they can be detected in resonators having a
Q factor lower than a few hundred thousands. The observation
of these progressive plate modes by stroboscopic X-ray
topograph indicates clearly that they carry energy towards the
fixations of the device. The energy loss per period and the
stored energy can be estimated roughly using x-ray topographs
(or more adequately using video recordings of the diffraction
images obtained in stroboscopic conditions). They seem to
correspond approximately to the measured Q factor. For the
different kinds of fundamental mode resonators this quantity is
typically of the order of a very few thousands for X-cut
lithium tantalate, of several ten thousands for medium
coupling materials such as LGS and GaPO4, and up to a very
few hundred thousands for large fundamental mode quartz
resonators. Most often, the progressive modes have at least
two components (u1 and u3) and present a quite large standing
wave ratio which facilitates their detection. It is extremely
probable, that in fact, the progressive modes are the real
responsible of the activity dips (by a modification of the
progressive wave due to a thermal effect) and of several other
annoying phenomena existing in resonators. These modes are
very complex and presently no satisfactory theory (or
numerical solution) seems to exist. An example of the
progressive modes observed in an X-cut TaLiO3 resonator by
time resolved topography is presented in figure 16. It should
be noticed that in these images a non-linear relation exist
between the diffracted intensity and the strains (giving rise to
the phenomena of partial contrast inversion).

V. CONCLUSION
X-Ray topography constitutes an accurate method to
determine the mode shapes of piezoelectric devices. The
theory of the essentially thickness mode established by H.F.
Tiersten predicts most often very accurately the mode shape of
the resonators that have sufficiently large ratios of the lateral
dimensions to the thickness. Several effects resulting of the
finite dimensions of the plate are taken into account by this
theory, but other ones are not relevant of its hypothesis. This is
the case of the coupling of the thickness mode with resonant
or progressive plate modes of significant amplitudes which are
difficult to avoid in miniaturized devices. The progressive
plate modes are clearly responsible of the limited Q.F product,
at least, of the fundamental mode of plane thickness mode
resonators. They are much probably implied in many other
annoying phenomena such as the activity dips.
ACKNOWLEDGMENT
The authors acknowledge the allocation of beam time by
ESRF. They are also indebted to A. Jeanne- Michaud for his
essential contribution to this study.
REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]

[13]
[14]
[15]
[16]
[17]

Figure 16. Progressive mode coupled to the fast shear in X-cut TaLiO3.

126

W.J. Spencer in Physical Acoustics vol..5. W.P.Masson, R.N Thurston
Editors. Academic Press NY p.111-161 (1969).
A.R. Lang. Acta Cryst. v.12 p.249 (1959).
A. Authier. Dynamical theory of X-ray diffraction. Oxford University
Press Oxford. 2002.
Y. Epelboin, J. Detaint, B. Capelle, J. Appl. Cryst. v. 31, p. 574-582
(1998).
H.F. Tiersten J. Acoust. Soc. Am. v..57, p.667-681 (1975).
D.S. Stevens, H.F. Tiersten., J. Acoust. Soc. Am. v. 79, p.1811-1826.
(1986).
B. Capelle. J. Detaint and Y. Epelboin. J. Appl. Cryst. v. .34, p. 625629 (2001).
J. Detaint, A. Zarka, B. Capelle, Y. Epelboin Proc. 1998 IEEE Int.
Frequency Control Symposium p.882-890 (1998)
.J. Detaint, A. Zarka, B. Capelle, D. Palmier, E. Philippot. Proc. 1997
IEEE Int. Frequency Control Symposium p. 566-578 (1997).
D. Malocha, M.P. Da Cunha, E. Adler, S. Frederck, M. Chou. Proc.
2000 IEEE Int Frequency Control Symposium p.200-205 (2000)
R. C. Smythe and G. E. Hague. Proc. 2000 IEEE IEIA & Int.
Frequency Control Symposium p.191 - 194. (2000).
J. A. Kosinski, R. A. Pastore, E. Bigler, M.P. da Cunha, D. C. Malocha,
J. Detaint. Proc. 2001 IEEE Int. Frequency Control Symposium. p 278286 (2001).
H. Thanner, W. Wallnofer, C. Reiter, P. W. Krempl and P. M. Worsch,
Annales de Chimie, Sc. Materiaux, v.26, no.1, pp. 91-94 (2001)
P. Armand, M. Beaurain, B. Rufflé, B. Menaert and P. Papet. Inorg.
Chem. v.48, p. 4988–4996 (2009).
R.T. Smith, F.S. Welsh. J. Aplied Phys. V.42 n°6 p.2219-2230 (1971)
G. Kovacs, M. Anhorn, H.E. Engan, G. Visintini, C.G.W. Ruppel.
Proc. 1990 IEEE Ultrasonics Symposium p.435-438 (1990).
R.M. Taziev, A.S. Kozlov, I.L. Vasiliev, I.B. Yakovkin Proc.1997
IEEE Int. Frequency Control Symposium. p.867-872 (1997)

Compact Parametric Model of Capacitive BAW
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Abstract—This paper presents a new equivalent-circuit model of
SiBARs, derived in a mathematically rigorous way from the
physics equations governing the behavior of the device. The
model is parametric, that is, the model component values can be
computed directly from the dimensions of the resonator and the
properties of the material. The model also accounts fully,
accurately and automatically for aspects of the device behavior
that arise from the interaction of multiple physics domain: the
shift in the resonance frequency with the polarization voltage
(“spring softening”), the effect of the polarization voltage and
gap size on the insertion loss, and the reduction in the resonator
loaded Q as the polarization voltage is increased. In contrast,
those effects are not automatically accounted for by other
models, such as mass-spring combinations. Finally, the model
described is load- and source-independent, and thus it
reproduces accurately the behavior of the device itself,
regardless of the type and characteristics of the surrounding
circuitry.

I.

INTRODUCTION

Much research activity in recent years has been directed at
the development of bulk acoustic resonators that are
compatible with standard integrated circuit technologies. In
this respect, capacitive silicon resonators offer a particularly
attractive option, since they can be made entirely of materials
that are used routinely in IC fabrication processes, resulting in
significant advantages in terms of ease of integration and cost
savings. For this reason, their use is becoming increasingly
common in a wide variety of RF circuits, such as reference
oscillators and filters [1].
Disk resonators were among the first examples of
micromechanical bulk resonators, but more recently widthextensional-mode resonators based on an alternative,
rectangular-bar geometry were demonstrated [2]. In this paper
this particular type of capacitive resonators will be referred to
as silicon bulk acoustic resonators, or SiBARs. The basic
structure of a SiBAR is schematically shown in Fig. 1: the
resonating bar element is placed between two electrodes,
supported by two thin tethers. A DC polarization voltage
applied between the resonator and the electrodes generates an
electrostatic field in the capacitive gaps. When an AC voltage
is applied to the drive electrode, the electrostatic force applied
to the corresponding face of the resonator creates an elastic

Figure 1. Schematic structure of a SiBAR: top view (left) and crosssectional view (right)

wave that propagates through the bar. Small changes in the
size of the capacitive gap on the other side of the device
induce a voltage on the sense electrode, the amplitude of
which peaks near the mechanical resonant frequencies of the
bar.
While the behavior of bulk resonators is well understood
in broad, qualitative terms, sufficiently accurate analytical
models of those devices that can be used in place of fullblown finite-element simulation are still lacking. This is a
significant drawback in the design of mixed-technology
systems that rely on micromechanical resonators. In the
simulation of such systems it is common practice to use
simple RLC models for the resonators [3][4]. However these
models are usually derived using empirical or semi-empirical
techniques, often relying on qualitative analogies with
similarly behaving systems, such as mass-spring
combinations. Consequently, the accuracy of such models
cannot be demonstrated or even estimated theoretically: at
best, it can only be verified numerically or empirically, and on
a case by case basis. In fact, an empirical RLC model could
not track changes in Q and the insertion loss of a silicon bulk
acoustic resonator (SiBAR) with the polarization voltage
without the introduction of an artificial parasitic resistance [5].
This paper presents an equivalent circuit model of a
SiBAR that is derived in a mathematically rigorous way from
the governing equations of the device. The model is
parametric, in that the model component values can be
computed directly from the dimensions of the resonator and
the properties of the material. The only exceptions are the
resistances in the model, whose values depend on the energy
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losses in the resonator, which are difficult to model
analytically.
The model also accounts fully, accurately and
automatically for aspects of the device behavior that arise
from the interaction of multiple physics domain: the shift in
the resonance frequency with the polarization voltage (“spring
softening”), the effect of the polarization voltage and gap size
on the insertion loss, and the reduction in the resonator loaded
Q as the polarization voltage is increased. In contrast, those
effects are not automatically accounted for by other models,
such as mass-spring combinations. Finally, the model
described in this paper is load- and source-independent, and
thus it reproduces accurately the behavior of the device itself,
regardless of the type and characteristics of the surrounding
circuitry. The model has been validated numerically against
finite-element simulations and experimentally against
measurements taken on a SiBAR fabricated using the
HARPSS process [2].
II.

RESONATOR MODEL

As in all capacitive MEMS resonators, the operation of a
SiBAR is based on the principle of electromechanical
transduction. Let W, L and th denote respectively the width,
length and thickness of the resonator, as shown in Fig. 1. If a
DC polarization voltage
is applied across the drive and
sense capacitive gaps, the resulting electric fields create
pressure on the faces of the resonator and a consequent elastic
deformation of the structure. If a small-signal voltage
is
superimposed to the DC voltage at the drive electrode, the
change in the electric field in the capacitive gap and the
corresponding change in the pressure applied to the resonator
face generate an elastic wave that propagates across the width
of the resonator.
Therefore a compact SiBAR model can be derived from
the equations of elastic wave propagation, under the
approximate assumption that the resonant modes of interest
are created by the propagation of plane waves in the direction
of the width of the resonator. Under this assumption, an
analytical solution of the elasticity equations can be obtained.
By means of appropriate circuit synthesis methods, this
solution is used to derive an equivalent circuit, that is, a circuit
the behavior of which is described by the same equations that
characterize the operation of the SiBAR.
The resulting equivalent circuit model of the SiBAR is

shown in Fig. 2. The values of the circuit elements are given
by the following expressions

C1 = C g 8

L1 = 8 (ω 02 C g )

C 2 = 2C g π 2

L2 = π 2 (2ω 02 C g )

C0 = ε 2 A3c33 WQ p2

R1 R2 = (2π ω 0C g ) 2

(1)

is the value of the DC charge
In the expressions above,
that is present on the drive and sense gap capacitances.
⁄
Specifically
, where g is the size of
and
the capacitive gap, ε the dielectric permittivity,
the value of the gap capacitance. Furthermore
2 ,
where
is the mechanical resonance frequency of the
resonator, and
is the stiffness coefficient of the resonator
material in the direction of propagation of the elastic waves.
The values of
and
depend on the energy losses in
the resonator, that is, on its mechanical Q. Note that (1)
imposes a constraint on the product
. Consequently the
value of only one of those resistors can be chosen
independently. For example, the measured ratio between the
input voltage and the short-circuit output current of the SiBAR
at resonance can be used for this purpose. An approximate but
sufficiently accurate expression for this ratio can be obtained
by observing that near the resonant frequency the current
through the series
circuit will dominate the current
through the parallel
circuit: it is therefore reasonable
to assume that
. After some algebraic manipulations,
the following expression is obtained
is =

jω C g L2 C 0
2

− ω + jω ( R2 L2 ) + (1 − 2 C 2 C 0 ) ( L2 C 2 )

vd

(2)

The expression above shows that the electrical resonant
frequency
— i.e. the frequency at which
achieves its
maximum value — is lower than the mechanical resonant
frequency
and is given by

ω1 = ω 0 1 − 2C2 C0

(3)

In particular, since the value of
depends on the DC bias
voltage , so does the value of
. This is a well-known
effect, which has been consistently observed in experimental
in (2) yields the desired
setups [3][5]. Setting

Figure 2. SibAR equivalent circuit model
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Figure 3. SiBAR s21 parameter extracted from simulations

Figure 4. SiBAR electrical resonance frequency vs. polarization voltage

Figure 5. SiBAR voltage gain at resonance vs. polarization voltage

relationship between the value of
resonance, namely

R2 =

C g ⎛ vd
⎜
C0 ⎜⎝ is

and the

⎞
⎟
⎟
⎠ω =ω1

⁄

Figure 6. SiBAR voltage gain at resonance vs. capacitive gap size

ratio at

simulation of the device with 50 Ω source and load resistances
with the
parameter of the model under the same
conditions.

(4)

A second set of simulations was then performed on the
same device with various DC polarization voltages, ranging
from 5 V to 70 V, while keeping the values of the source and
load resistances fixed at 50 Ω. Fig. 4 shows the electrical
⁄2 of the device at each value of
resonant frequency
, obtained both from ANSYS and model simulations. The
same figure shows also the graph of the relationship between
and
given by (3). It can be seen that the simulation
results track very closely the relationship in (3), which in turn
matches actual measurements taken on SiBARs, as will be
shown in Sec. IV. Fig. 5 shows the value of the voltage gain
⁄
at resonance as a function of , obtained both
from ANSYS and model simulations.

Note that once the value of
has been computed for a
particular geometry, it can be extrapolated to other geometries
if the rate of energy loss in the resonator does not change.
Further improvements to the model can be made by
solving the elasticity equations more accurately, taking the
finite thickness of the resonator into account [6]. Because of
space limitations the calculations are omitted here, but the end
result is a modified expression for , while the rest of the
equivalent circuit model remains unchanged.
III.

NUMERICAL SIMULATIONS

The equivalent circuit model described in the previous
section was compared to finite-element simulations of a
SiBAR performed in ANSYS. A detailed description of the
ANSYS model is given in [6]. The device used in the
comparisons was a resonator of dimensions L = 400 μm, W =
40 μm, th = 20 μm, with a DC bias voltage Vp = 15 V. Fig. 3
compares the
parameter obtained from an ANSYS

A final set of simulations was performed to evaluate the
effect of the size of the capacitive gaps on the voltage gain of
the device. It should be noted that for these simulations the
values of
and
were changed assuming an inversely
proportional relationship to Cg. This assumption stems from
the fact that
and
are determined by the mechanical Q of
the resonator, which is independent of the gap size. Based on
the expressions in (1), keeping the Q of resonant circuits
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Figure 8. Left axis: SiBAR insertion loss predicted by the model
compared to measured values. Right axis: SiBAR motional
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and
constant with the gap size requires the
resistance values to be inversely proportional to
. The
results of this last set of simulations obtained from the model
and from ANSYS are shown in Fig. 6. It can be seen that in all
cases the graphs in the figures show excellent agreement
between the two sets of data, a result that clearly supports the
validity of the model.
IV.
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15

model tracks with good accuracy the drop in Q with the
increase in
without introducing an artificial additional
resistance, which is instead needed in simpler, empirically
derived resonator models [5].
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Figure 9. SiBAR quality factor Q predicted by the model
compared to measured values
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This paper has introduced a parametric equivalent circuit
model for SiBARs that is derived directly from the equations
governing the electromechanical behavior of the device.
Consequently the values of most of the components in the
model can be computed analytically, based on the dimensions
of the resonator and the properties of the material. The only
model parameters that cannot be determined in this way are
the resistance values, which are tied to energy losses in the
device. Simulation results show that the performance
parameters extracted from the model are in excellent
agreement with those obtained both from finite-element
analysis of the device and from actual measurements. Thus the
model can be profitably used in the design of complex mixedtechnology circuits that include SiBARs among their
components, such as VHF oscillators.
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Abstract—As the systematic study of nonlinear vibrations of
quartz crystal resonators, we have established the nonlinear
Mindlin plate equations which include the strongly coupled
thickness-shear and flexural modes. Based on the simplification
of these complicated nonlinear equations, equations of thicknessshear vibrations of quartz crystal plates have been solved by the
combination of the Galerkin method and homotopy analysis
method (HAM). The amplitude-frequency relation we have
obtained shows that the nonlinear frequency of thickness-shear
vibrations depends on the vibration amplitude and thickness
and length of plate, which is quite different from the linear
cases. All these efforts will result in applicable solution
techniques for further studies of nonlinear effects of quartz
plates under bias fields for the precise analysis and design of
quartz crystal resonators.

I.

INTRODUCTION

Common types of piezoelectric resonators such as the
quartz crystal resonators always operate at a desired resonant
frequency with broad applications for frequency control and
detection in electronic and mechanical products and systems
[1-2]. The linear piezoelectric plate theories for these
applications have been successfully studied by Mindlin,
Tiersten, and Lee et al and yielded many satisfactory results
[3-5]. However, with demand for higher frequency and
miniaturization of piezoelectric structures, many nonlinear
phenomena such as the derive level dependency (DLD) and
activity dip have emerged and required analysis [6]. These
intrinsic nonlinearities are responsible for the coupling
between the vibration modes and external or internal bias field
effects which ultimately cause frequency instability and affect
the operation precision of piezoelectric devices. Therefore,
there is a strong need to study nonlinear properties and
behaviors of vibrations of quartz crystal resonators for many
different purposes. Actually, some preliminary and
challenging work has been done by many researchers. Yang
has established equations for the extensional and flexural
vibrations of electroelastic plates under strong electric field
[7]. Yang and his collaborators also studied many nonlinear
couplings between thickness-shear and other vibration modes
[8-9]. In his doctoral dissertation, Patel has employed the
finite element method based on equations of nonlinear three-

dimensional piezoelectricity to analyze well-known DLD
phenomenon in quartz crystal resonators [10].
In our earlier studies, we have already established the
nonlinear Mindlin plate equations which include the
thickness-shear and flexural vibration modes that are strongly
coupled [11-12]. We found the nonlinear Mindlin plate
equations are indeed complicated, and cannot be directly
solved by known methods we are familiar with from linear
equations. On the other hand, even with powerful computers,
both linear and nonlinear Mindlin plate equations are still
difficult to solve with numerical methods due to difficulties in
solving extremely large scale linear systems at high frequency.
The finite difference method also has been tried without any
valuable results [13]. For this reason, we focused on solving
the nonlinear equations of flexural and thickness-shear
vibrations of quartz crystal plate by the Galerkin method and
homotopy analysis method (HAM). Both the analytical and
numerical results have shown some inherent characteristics of
nonlinear vibration and given some valuable directions for
further research.
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THE NONLINEAR MINDLIN PLATE EQUATIONS

Through the consideration of kinematic and material
nonlinearities, nonlinear Mindlin plate equations have been
established by following the procedure of Mindlin with the
signature expansion of displacements in the thickness
coordinate [11-12]. The nonlinear equations of flexural and
thickness-shear vibrations are [12]
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where u2(0 ) and u1(1) are the displacements of flexural and
thickness-shear vibrations modes, cijkl and cijklmn are the
second and third elastic constants of material, b and ρ are the
half thickness of plate and density of material, respectively.
Not surprisingly, we found that the nonlinear Mindlin plate
equations with the consideration of kinematic and material
nonlinearities are indeed complicated. Therefore, we first
carry out the analysis of linear Mindlin plate equations for
comparison purpose. When the nonlinear terms in (1) are
neglected, we have
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For the case when the two ends of the plate are free, the
corresponding boundary conditions we have are [3, 14]

a

−a

(2)

where A, B , ξ ,η , and ω are amplitudes, wavenumbers, and
angular frequency, respectively.

(7)

where A and B are new nonlinear amplitudes. We move the
inertia term from right side of the second equation of (1) to
left side and define this expression as the weighting error. We
also require this weight error to vanish in one period, or over
the length, as

By assuming a long thickness-shear wave mode, we have
corresponding displacements as [3-4]
u 2(0 ) = A sin (ξx1 ) cos(ωt ), u1(1) = B cos(ηx1 ) cos(ωt ),

GALERKIN APPROXIMATION

Based on (3) and (5), for the lowest-order effect of the
flexural mode on the fundamental thickness-shear mode
m = 1, n = 1 , we have
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We are mostly interested in the effect of the flexural mode
and nonlinear terms on thickness-shear vibration frequency
and mode shapes. The Galerkin method is frequently
employed to solve nonlinear wave propagation problems in
finite regions [15-16]. By assuming the spatial variation of
displacements in the form of linear mode shape, we can use
the orthogonal properties of the linear mode shapes to obtain
equation to determine temporal behavior.
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This is the known long thickness-shear vibration frequency
of a finite quartz crystal plate [1]. Particularly, if m = 1 , it is
the fundamental long thickness-shear frequency.

]
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By inserting (5) back into (3) and (2), and consider
thickness-shear approximation [3-4], we have

)]

(

mπ
nπ
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, m = 1,3,5,7 ⋅ ⋅ ⋅ .
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where ω F is fundamental and referential frequency of long
thickness-shear vibration of quartz crystal plate.
IV.

NONLINEAR SOLUTIONS

The standard homotopy analysis method proposed by Liao
has been successfully applied to solve many types of nonlinear
equations in science and engineering [17-19]. We want to
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employ this method to solve nonlinear equation of thicknessshear vibrations of quartz crystal plate as shown in (9). First,
we introduce two new variables, τ = ωt and y = u , to (9) and
assume corresponding initial condition as
~
~
~
ω 2 y ′′ + C1 y + C2 y 3 + C3 y 5 = 0,
(11)
~
y (0 ) = B , y ′(0 ) = 0,
where ω is the nonlinear frequency which will be determined
~
later, and B is the initial condition. It should also be pointed
out that primes denote derivatives with respect to the new
variable τ in (11).

L[ y m (τ ) − χ m ym−1 (τ )] = hqH (τ )Rm ( ym−1 , ω m−1 ),
⎧ 0, m ≤ 1,
⎩1, m > 1.

with the boundary conditions as
ym (0) = 0, ym′ (0) = 0,

Rm ( y m −1 , ω m −1 ) =
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where cm is a constant coefficient. Under the rule of solution
expression in (12), we choose
~
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y0 = B cos(τ ),
as the initial guess of y (τ ) . First of all, we define two Taylor
series as
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where q ∈ [0,1] denotes an embedding parameter.
Furthermore, we define auxiliary linear and nonlinear
operators as
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⎤
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where h ≠ 0 is an auxiliary parameter, and H (τ ) ≠ 0 is an
auxiliary function of τ . From (16) we know that if q
increases from 0 to 1, φ (τ ,0) and ω0 varies form initial guess

k =0

r =0

Based on solution expression (12) and inherent properties
of nonlinear equation (12), (17) can be expressed as

hqH (τ )Rm ( ym−1 , ωm−1 ) =
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∑ b (ω )cos[(2n + 1)τ ],

n=0

m,n
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where bm , n is a constant, μ m is a positive integer determined
by m and H (τ ) . In order to avoid appearance of secular terms
such as τ cos (τ ) in solution of (17), we must force coefficient
of cos (τ ) to vanish as
bm , 0 (ω m −1 ) = 0,

(21)

which provides us with another algebraic equation for ω m−1 .
For simplicity, we assume H (τ ) = 1 , hence the solution of
(17) can be expressed in the form
y m (τ ) = χ m y m −1 (τ )
−

1

μm

∑

bm ,n

ω 02 n=0 4n(n + 1)

cos[(2n + 1)τ ] + D1 sin (τ ) + D2 cos(τ ),

(22)

where D1 must be forced to zero for satisfying the rule of
solution expression [17], and D2 is determined by the initial
conditions. By Mathematica programs, we can obtain the
higher order expression for ym and ω m−1 . For example, the
zeroth- to first-order solutions of nonlinear frequency are gave
as

to the exact solutions. If auxiliary function H (τ ) and auxiliary
parameter h are so properly chosen that φ (τ , q ) and ω (q ) are
convergent at q = 1 .

Differentiating the zeroth-order deformation equation (16)
m times with respect to q , then setting q = 0 , and finally
dividing them by m! , we obtain the higher-order deformation
equation

i =0

(19)

where ω0 is the initial guess of nonlinear frequency.
We construct the zeroth-order deformation equation

(18)

where

Now we want to solve (11) by homotopy analysis method.
Based on the boundary conditions (11), it is reasonable to
assume the solution expression as [17]
+∞
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)

For a practical quartz crystal resonator, we are mostly
interested in nonlinear terms on frequency which cause
frequency shift. Therefore, we defined frequency shift as
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Ω = (ω − ω F ) ω F ,

(24)

where ω F in the fundamental frequency of long wave
thickness-shear vibration of quartz crystal plate which has
been defined in (10). In this study, we consider an 8.6845
MHz resonator [1].
In the previous derivation we have the assumption that h
is to be properly chosen so that the solution series (14) are
convergent. The admissible values of this auxiliary parameter
can be found by plotting the so-called h -curves [17]. The h curves for Ω is shown in Fig. 1. It is clear that the series for
Ω is convergent with large scope of h for practical vibration
amplitude. The nonlinear material properties needed for the
calculation are given by Patel [10].

kinematic nor material nonlinearities is the main factor of
frequency shifts and performance fluctuation of quartz crystal
resonators. This promotes us to study of nonlinear behaviors
of quartz crystal resonators with the consideration of many
complicating factors.
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Abstract — This paper presents an analytical model to estimate
the motional resistance for partial air gap capacitivelytransduced MEMS resonators. This model serves as a link
between the well formulated analytical models for conventional
air gap and internal dielectric transduction schemes, thereby
helping decide which scheme is optimal for a given design
frequency. Using this model, we simulate and experimentally
verify the motional resistance for a 303MHz polysilicon disk
resonator within a 5% range of accuracy.

I.

INTRODUCTION

Semiconductor electromechanical resonators, with quality
factors (Q) often >10000, provide a low-power smallfootprint CMOS-compatible alternative to various electrical
components in wireless communication and signal
processing. On-chip fabrication of high Q micromechanical
resonators can enable low-cost, miniature, low-power filter
banks for radio front ends. Moreover, such resonators have
promising applications in high performance microprocessors
for synchronized clocking arrays with low power, jitter and
skew.
Conventional air gap capacitively-transduced RF MEMS
resonators typically have high motional impedances on the
order of a few kΩ [1, 2]. Sub-GHz partial gap resonators with
10 nanometer air gaps achieving impedances <1kΩ have been
shown [3, 4]. Extending the frequency of these resonators
entails scaling of resonator dimensions, leading to increased
motional impedance at higher frequencies. Dielectric
electrostatic transduction has several benefits over
conventional capacitive air gap transduction schemes for
higher frequencies and smaller dimensions [5]. However,
there is no clear understanding on which of these transduction
schemes is better for a given design frequency and desired
mode shape of the resonator. This work presents an analytical
treatment of this problem, and insights derived from the
equations presented here enable the designer to optimize
resonator designs for low motional impedances.

II. PRIOR MODELING EFFORTS
Motional impedance models for air gap transducers [6] and
internal dielectric transduced resonators [5] are available in
literature. However, partial air gap transduction lacks a good
analytical Butterworth Van-Dyke (BVD) model in literature
that can accurately predict resonator performance for varied
applications. Designers often feel the need for a complete
model for dielectric transduction that can help them determine
the motional impedance for various schemes for their design
of choice, thereby enabling them to pick a scheme that works
best. An earlier attempt to model partial gap beam resonators
[3] was limited by distortions of the beam geometry at the
resonator-electrode interface, resulting in significant deviation
from measured results. The next section presents a model that
is built on the methodology presented in [6]. However, there
are many additional factors to be considered for the case of
partial air gap transduced resonators, such as motion of the
dielectric, acoustic mismatch between the dielectric and
resonator body, stress in the resonator etc. For this simple
zero-order model we have made several assumptions that are
listed in the following section.
III.

A. Assumptions
The model presented here makes several assumptions to
simplify the derivation. Consider a schematic of a beam
resonator shown in fig. 1 for illustration. The resonator body
comprises of a resonator body of length L and dielectric of
length d2 at both ends. The air gap is d1 and the dielectric on
the electrode has length de. The dielectric constant of the
dielectric is ε2 and that of air is ε1. The various assumptions
made are:

Primary contact: Siddharth Tallur, sgt28@cornell.edu

978-1-61284-110-6/11/$26.00 ©2011 IEEE

ASSUMPTIONS AND METHODOLOGY

135

1.

No acoustic mismatch between dielectric and
resonator body.

2.

Dielectric on the electrode is rigid.

3.

Expressions for electrostatic forces are independent of
the mode shape

4.

Sense current calculation requires:
4.1. Accounting for both displacement in x (motion
at the free end) and displacement in y (motion at
the interface between resonator and dielectric).
4.2. Expressing x displacement in terms of y
displacement.

C. Equations for a beam resonator
The equations for a beam resonator can be obtained by
following the methodology presented in sub-section B. For
the schematic presented in fig. 1, the mode shape can be
written as in equation (1), where U0 is the amplitude of
displacement,

is the wave number and ω is the

frequency.
sin

(1)

The total capacitance, Ctot can be written as
(2)

Fig 1. Schematic highlighting half the resonator geometry for
a beam resonator for illustrating model assumptions and
methodology
B. Methodology
The model essentially follows the derivation for motional
impedance presented in [6]. As listed in step 4-5 below, we
need to account for motion at the resonator-dielectric interface
and air-dielectric interface also.
1.

Write down the equation for mode shape in the
resonator assuming no acoustic mismatch.

2.

Express total capacitance between electrode and
resonator body (dielectric and air gap combination)
in terms of displacements.

3.

Express

forces

in

the

5.

(3)
(4)
sin

(5)

form

where V is the total applied voltage, Ctot is the total
capacitance and xi is the corresponding displacement.
4.

The forces at resonator-dielectric and air-dielectric
interfaces can be written as follows, where V is the voltage
applied at the electrode. For our purposes we use expressions
obtained by substituting x = d2 and y = 0. Moreover, we have

The expression for displacement can be written down as
in equations (6)-(7) using expression for stiffness from [5].

Write down displacement amplitude, and hence the
velocity amplitude at the free end of the resonator in
terms of effective force (sum of individual forces
shaped by the mode shape), stiffness and the quality
factor.

(6)

|

|

Use these expressions to write down sense current
as

(7)

, where Vdc is
Then the sense current can be written as

the DC bias applied across the resonator.
6.

Express the motional resistance Rx in terms of the
applied RF voltage vac as

(8)

7.

Comparing the expression for effective force from
, find the effective
step 4 with
electromechanical transduction factor .
Expressions for the inductance and capacitance are

While carrying out this derivation, we express x in terms
of y. The reason for this is that motion at the free end also
contributes to the sense current which wouldn’t be captured if
we only carry out a partial differentiation of Ctot with y.

8.

given by

,

, where M is the effective

,

mass and K is the stiffness.

2

sin

Thus, we can get an expression for Rx as follows:
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(9)

We obtain
follows:

(10)

One can derive the stiffness (and hence effective mass)
from the modeling presented in [8]

from (5), and thus can express Lx and Cx as

(15)

(11)

Also, the forces and hence the effective force can be
written down as in equations (16)-(18)

(12)
D. Equations for a disk resonator
Beam resonators have significant mode distortion at the
resonator-electrode interface [3] that are not accounted for in
this model. However, we can establish the validity of this
model by deriving a similar set of equations for disk
resonators which do not have mode distortion.

|

,

(16)

|

,

(17)

(18)
The displacement amplitude can then be written down as
follows:

Consider the disk resonator geometry in fig. 2. The mode
shape for disk resonators can be written as [8] in (13) where
,

(19)

Similar to (8)-(9), we obtain
(13)
(20)

The total capacitance can be written as follows:
(14)

,

Cx

(21)

Thus we can obtain following expressions for Rx, Lx and

(22)
,

,

,

(23)
,

,

IV.
Fig 2. Schematic for a partial gap disk resonator highlighting
(a) the geometry, (b) displacements at various interfaces

(24)

DISCUSSIONS

We compare the model for a beam resonator in the limiting
cases of air gap transduction and internal dielectric
transduction. The equation for air gap transduction is
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presented in (25) [6], and the equation derived from our model
is presented in (26).
√

(25)

(26)
Similarly, equations (27) and (28) present equations for
the fundamental mode for internal dielectric transduced
resonators in literature [5] and from our model respectively.

Fig 4. Transmission response of the resonator shown in fig. 3
highlighting measured resistance value
V.

(27)

(28)
The model converges to the well established models for
both cases, thereby serving as a ‘bridge’ between them.

COMPARISON OF MODEL TO MEASURED RESULTS

We compared predictions made from our model to
measured motional resistance for a radial breathing mode disk
resonator designed at OxideMEMS laboratory. The resonator
comprises of a poly silicon disk resonator with a radius of
8.83μm actuated through a 10nm air + 90nm hafnia gap. Fig. 3
shows a scanning electron micrograph of this resonator. As
shown in the transmission response of the resonator in fig. 4,
the predicted motional resistance from the model matches the
measured resistance value to within 5% accuracy. To further
corroborate the validity of the model, we compared
predictions from the model to a wine-glass mode disk
resonator reported earlier [7] in table 1.
The model thus compares quite well for measured
resistance for these disk resonator geometries. For higher
accuracy, the model must include the effects of strain in the
dielectric and acoustic mismatch [9] to make it useful for
varied applications [10] of partial air gap transduced
resonators.
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Abstract—This paper reports the fabrication of Lateral Field
Excitation resonators on a free-standing Aluminum Nitride
membrane. We present a very simple fabrication process, and
discuss the electrical measurements. In particular, the influence
of the electrode width on the generation of parasitic longitudinal
waves is demonstrated. We also provide measurements of the
temperature dependence of the resonance frequency of the
thickness-shear mode, which is of -14 ppm/°C, being much lower
than the temperature dependence of the thickness-extensional
mode in the same material stack.

volume changes in the material and because they do not
normally couple to pressure waves in the atmosphere
surrounding the resonator. Moreover, no metal, which usually
exhibit relatively large acoustic losses, lie in the acoustic path.
Therefore, LFE resonators are usually expected to exhibit
improved quality factors compared to conventional bulk wave
resonators. More practically, they are technologically simpler
to fabricate, requiring only one metallization level. The fact
that they do not require a bottom electrode can be utterly
interesting as the growth of piezoelectric film atop electrodes
requires using materials with compatible crystalline lattices, for
example, when depositing Aluminum Nitride (AlN) films,
using Platinum or Molybdenum bottom electrodes, which
suffer from poor electrical conductivity. Without the need for a
bottom electrode, piezoelectric films can directly be deposited
atop the substrate and take for example benefit of its crystalline
properties, thus enabling the use of epitaxially grown films
which are otherwise tedious to use [5].

I.

INTRODUCTION

Bulk Acoustic Wave resonators have now come to maturity
for telecommunication applications, especially in RF frontends. They have also demonstrated a large potential for sensor
application, for their large frequency sensitivity versus added
mass. They come mainly in two configurations, differing on
how the acoustic waves are trapped within the piezoelectric
film and prevented from radiating within the substrate. This is
either achieved by leaving an air/solid interface in membranebased Film Bulk Acoustic Wave Resonators or by forming an
acoustic Bragg mirror underneath Solidly Mounted Resonators.
Both configurations exploit the resonance of bulk acoustic
waves generated by a vertical electric field applied by the
means of electrodes positioned at the top and bottom of the
piezoelectric field. Alternatively, Lateral Field Excitation
(LFE) [1] resonators exploit vertically propagating bulk
acoustic waves generated by an electric field parallel to the
piezoelectric layer, generated by pairs of coplanar electrodes
located on top of the piezoelectric material. Such structures,
which should not be mistaken with the same denomination
introduced recently for Lamb wave resonators [2], were
initially proposed for quartz resonators [1], [3], but have
recently been proposed in the thin film form. In particular,
Corso et al. [4] used Zinc Oxide (ZnO) films and ensured an
acoustic isolation by using an acoustic Bragg mirror.

In this paper, we focus on AlN based resonators
acoustically isolated by forming free standing membranes.
Such a structure offers the advantage of being very easy to
fabricate, as it does not require the deposition of multiple
materials. In section II, we detail the fabrication process used
to fabricate such LFE resonators. We then present electrical
characterizations in section III and discuss them in section IV.
Finally, in section V, we present the influence of temperature
on the electrical response of these resonators and use it to
determine the effect of temperature on shear bulk waves in
AlN.
II.

The devices presented here consist of two square electrodes
deposited side-by-side on top of a piezoelectric free-standing
membrane. The electrodes are 230x212 µm² rectangles
separated by 2, 4 or 8 µm. Images of a device are presented in
figure 1.
The fabrication of resonators, summarized in Figure 2, starts
with the thermal oxidation of a high resistivity silicon wafer to
get a 500 nm-thick SiO2. A 2 µm thick AlN film is then
deposited by reactive pulsed DC sputtering. 200 nm-thick
aluminum is then deposited and patterned using dry etching.
An additional silicon dioxide layer is deposited and patterned

LFE offer some advantages over bulk acoustic wave
resonators. First, in piezoelectric materials of hexagonal class,
like ZnO or Aluminum Nitride (AlN), they enable the
excitation of shear waves which are otherwise not excited by a
vertical electric field. These kind of waves are said
theoretically to suffer from lower acoustic losses, both because
they exhibit less viscoelastic damping, as they do not induce

978-1-61284-110-6/11/$26.00 ©2011 IEEE

RESONATOR FABRICATION

139

Figure 3: RF measurements of an unreleased LFE device with a 2 µm
spacing

III.

Devices are characterized using a vector network analyzer
and coplanar RF probes. RF measurements were performed
between 10 MHz and 20 GHz, with more accurate frequency
steps of 100 kHz between 1.5 GHz and 3.1 GHz to optimize
the measurement accuracy in this band. A full 2-port ShortOpen-Load-Thru (SOLT) calibration was done. A semiautomatic RF prober was used to ensure repeatable contact
resistance between the different devices. Measurements are
performed using two-port probes, the second port being
shorted, hence corresponding to a signal applied on one of the
electrodes when the other one is grounded. For each device
presented in the following, we removed the contribution from
pads and ground lines by measuring a reference device similar
to the measured one but without the resonator electrodes (so as
to feature an open circuit) and substracting this measurement
from the one of the resonator. The admittance is presented
using its modulus.

Figure 1: a) Optical image of the LFE device and b) scanning electron
micrograph of the cross section of a LFE device

Thermal oxidation
and AlN deposition

Top electrode (Al)
deposition and
patterning

SiO2 mask
deposition and AlN
dry etching

Si
SiO2
SiO2 mask removal

Dry XeF2 etching
of a cavity in
silicon

RF CHARACTERIZATION

The first measurement we present here is a High-overtone
Bulk Acoustic Resonator (HBAR), obtained before the final
fabrication step consisting in releasing the structure. At this
stage, the resonator is comprised of the piezoelectric and SiO2
layers directly located on top of the substrate; the top electrode
is the same as in the released structure. Figure 3 presents the
electrical measurements of these unreleased devices. First, we
observe periodic peaks separated by 5.7 MHz. This frequency
spacing between resonances corresponds to the spacing
between overtones of the thickness-extensional mode of an
AlN layer deposited on top of a 725 µm Si substrate, hence
demonstrating the HBAR behavior of the device. The envelope
of resonance peaks having its maximum around 2.53 GHz is
characteristic of the generation of longitudinal waves by the
AlN film. At this stage, no electrical response related to shear
waves could be determined.

AlN
Al

Figure 2: Process flow for the fabrication of the LFE devices

by dry etching to form a mineral mask for the etching of
release holes in the aluminum nitride layer.
This oxide mask, as well as the thermal oxide located at the
bottom of the release holes through the AlN film is then dry
etched.
Finally, a cavity is formed below resonators by an isotropic
chemical etching of the silicon substrate using XeF2. During
this step, part of the SiO2 is removed, especially on the edges
of the device. The SEM image of Figure 1.b) is taken on the
edge of the device, explaining the lack of SiO2.
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Figure 4: RF measurements of LFE devices with varying spacing

The structures are then released, leaving an AlN/SiO2
membrane, with their top electrodes. Figure 4 shows the
electrical response of the resonators inter-electrodes spacings
of 2 to 8 µm. On these curves we can see three different
contributions. The first is the resonance located around
1.65 GHz, which corresponds to the first thickness-shear
resonance in the AlN film, and hence is the actual LFE
resonance. The second one around 2.52 GHz is characterisistic
of the thickness-extensional mode in the membrane, being the
proof of the generation of also longitudinal waves in the
piezoelectric film. The last contribution, represented by small
periodic peaks, corresponds to the HBAR resonance we
presented above. The LFE and HBAR resonances seem not to
depend upon the distance between the electrodes, while the
thickness-extensional resonance is attenuated when the interelectrodes gap increases.
IV.

DISCUSSION

To confirm the assumptions related to the nature of the
waves excited in the membrane, we calculated the electrical
response of our stack using a Mason model. We used a device
with an inter-electrode spacing of 2 µm for the fit to get the
better resonances. Figure 5 a) shows the fit of the low
amplitude multiple resonances using parameters for
longitudinal waves. Frequencies fit very well with
measurements, revealing a periodicity of about 5.7 MHz, hence
corresponding to overtones of the thickness-extensional mode
observed on the HBAR structure, confirming our hypothesis.
Using a similar Mason model, also with parameters for the
longitudinal wave, we will now focus on the resonance located
at 2.52 GHz. Here we model only the membrane made of SiO2,
AlN and Al. To fit correctly this resonance, we needed to
dramatically reduce the piezoelectric properties of the
piezoelectric material. This was performed by adding an
additional capacitance in series with the piezoelectric layer in
the electrical model. The result is presented in figure 5b). The
position of the thickness-extensional resonance is fitted by

Figure 5: Mason fits a) of the HBAR resonance, b) of the FBAR
resonance and c) of the LFE resonance.

varying the thickness of the SiO2 layer. We deposited 500 nm
of SiO2, but the chemical product of the reaction between Si
and XeF2 is reacting slowly with SiO2, leaving a thinner layer
[6]. This fit gave about 290 nm of remaining SiO2, but it is
over-evaluated (probably around 240 nm).
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Figure 7: Equivalent circuit for the LFE resonator

Figure 6: Complete simulation of the device

Finally, we look at the thickness-shear resonance. We used
the acoustic velocity of shear waves in AlN and an estimation
of the capacitance formed by the two top electrodes. The
frequency is closely related to the thickness of the AlN layer.
By fitting the frequency, we conclude that the AlN thickness is
about 1.78 µm, which is close to what was observed
experimentally on SEM pictures and through reflectometric
measurements, which is around 1.87 nm.
We combined all these contributions together, assuming
that each of them is related to parts of the device, and
connecting each model in parallel. Each contribution was
ponderated by its respective static capacitance value, which
contributed to the overall electric response. The result is
presented in Figure 6. The simulation is qualitatively very
close to the measurements, presenting the same kind of
resonances. Because of its high electromechanical factor, the
relative contribution of the thickness-extensional mode needed
to remain very low (close to 0.5 % of the total static
capacitance), even when using a series capacitor to decrease it.
The major contribution was attributed to the thickness-shear
mode, and the remaining to the high-overtone resonator
response. The resulting electrical schematic is shown in Figure
7.

Figure 8: Electric field (a) and electric potential (b) distribution
obtained from FEM simulations

To provide a physical meaning to each contribution, we
performed Finite Element (FEM) simulations. Figure 8 shows
that, as expected, most of the electric field strength is located in
the gap between the two electrodes, corresponding to the
thickness-shear resonance. However, although it may be
considered horizontal in most of the inter-electrode gap,
simulations reveal that it is vertically aligned under the
electrodes, where it is normal to the equipotential surfaces.
Therefore, under the electrodes, the piezoelectric material is
excited by a vertical electric field, from which the longitudinal
waves originate. Although the electric potential drop across the
thickness of the AlN film remains low, the surface over which
this happens is relatively large, explaining the relatively large

Figure 9: Relative frequency shifts of the thickness-shear and thickness
extensional resonances with temperatures
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contributions are noticed on the electric response and tend to
decrease the performances of the thickness-shear mode. Future
work will look at reducing them by reducing the width of the
electrodes. Nevertheless, we also reported the characterization
of the thermal dependence of frequency of the thickness-shear
mode, which was found to be of –14 ppm/°C, being much
lower than that of the thickness-extensional mode usually
exploited in AlN.

contribution of the thickness-extensional resonance. When the
spacing between the two top electrodes is reduced, the electric
field distribution in the inter-electrodes gap is only weakly
affected, while the strength of the electric field under the
electrodes is much more affected. This is the reason why the
thickness-extensional mode seems more sensitive to the
spacing between electrodes.
The generation of longitudinal waves due to a vertical
electric field occurs also at the edges of the resonator, where
electrodes are no more located on top of the air-gap:
longitudinal waves propagate then both in the piezoelectric
film and in the substrate, generating overtone resonances.
V.
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Abstract—This paper studied the evaluation of activation
energy(Ea) based on the experimental data from quartz
resonators’ biased aging and high temperature storage. 5.0 mm
× 3.2 mm metal seam sealed quartz resonators were used in this
study. To assure the results are trustable, two approach methods
were used for Ea evaluation. The first method is data fit by
Arrhenius model for biased aging data. The second method is
MTBF evaluation based on high temperature storage data. Both
methods conclude the close Ea value, about 0.578eV, and which
means 85℃ for 7days accelerated aging is equivalent as 0.83
year at 25℃.

I.

method is data fit by Arrhenius model for biased aging data.
The second method is MTBF evaluation based on high
temperature storage data.
TABLE I.

TL(℃ ) TH(℃ ) Ea(eV) K(eV/ °K) Tu( °K ) Ta( °K )

⎡ Ea ⎛ 1 1 ⎞ ⎤
⎢ KB ⋅⎜ Tu − Ta ⎟ ⎥
⎠⎦
⎝
⎣

AFT = e
(1)
Where AFT is the temperature acceleration factor, which
means equivalent life ratio, KB = 8.616 × 10-5(eV/°K) －
Boltzmann’s constant, Ta(°K) is the temperature of
acceleration environment, Tu(°K) is the device operated
temperature, and Ea is the activation energy. The common
reliability accelerating temperatures of quartz resonator are
125℃, 105℃ and 85℃. The AFT (or the life estimation) will
be affected by Ea value a lot, as shown in Table I. For the
quartz resonator’s Ea studies, some researches were already
done more than 20 years ago [4, 5, 7]. However, the device
size and structure changed a lot during past decades. It is
necessary to re-evaluate the Ea value for today’s quartz
crystal resonators. To assure the results are trustable, two
approach methods were used for Ea evaluation. The first
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AFT

125 0.7000 8.617*10-5
125 0.6000 8.617*10-5

298

398 943.17

298

398 354.53

298

398 133.26

25

125 0.5000 8.617*10-5
125 0.4000 8.617*10-5

298

398

50.09

25

125 0.3000 8.617*10-5

298

398

18.83

25
25
25

INTRODUCTION

For cost and efficiency consideration, electronic device
manufacturers usually cannot take a long time room
temperature testing for product life evaluation. Instead, most
of the electronic devices are through the reliability
acceleration tests [1, 2, 3] to estimate the device life. The
predominant method to estimate the equivalent life of passive
devices is based on Arrhenius’s law. Arrhenius proposed the
model to describe how temperature affects the materials inter
diffusion as following equation.

PRODUCT ACTIVATION ENERGY(EA) VERSUS TEMPERATURE
ACCLEARTION FACTOR (AFT) AT 125℃

Like common microelectronic devices, the function of
aging frequency change can be expressed as Equation (2)
which relates with current, temperature, and time [6]

∆f
(i, T , t ) = R(i) ⋅ R(T ) ⋅ R(t )
f

(2)

For the sake of simplicity, this study we focused on Ea for
thermal effect only. Which means we need to minimize the
R(i) effect in experiments and neglect it in calculations. 3
elevated temperatures, 85℃, 105℃, 125℃ were selected to
make thermal effects stronger, and no room temperature
condition in this study. After neglect electrical current effect
(or drive level effect), Equation (2) can be re-state as
following

∆f
(T , t ) = R(T ) ⋅ ln(1 + bt )
f
⎛ -Ea ⎞
⎜
⎟
⎝ KB⋅T ⎠

(3)

, b is constant, and for a specified
Where R(T ) = C ⋅ e
time, Equation (3) can be expressed as the relationship of
frequency change versus to temperature in Equation (4).
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ln

II.

Ea 1
∆f
= ln C −
⋅
f
KB T

Ea ⎛ 1
B

APPROACH A: ACTIVATION ENERGY FOR AGING
TESTING

A. Aging Experiment
We took 60 pieces samples for each elevated temperature,
85℃, 105℃, 125℃. 5.0mm × 3.2mm metal seam sealed,
40MHz fundamental quartz crystal resonators were used.
Each sample was working in separated oscillation circuit
simultaneously. Frequency were measured daily for 1000hrs
(about 42days). The results are shown as Fig. 1.

TABLE III.

(8)

105 vs 85 Verification
Formula Prediction by Real Ea

-1.0

△f/f (ppm)

(7)

H

THE ARRHENIUS VERIFICATION MODEL OF 105℃ VERSUS
TO 85℃

TXC 5032 Seam X'tal(7B) Aging
0 ~ 42 days

-0.5

7

-1.5
-2.0
-2.5
-3.0

85℃
105℃
125℃

-3.5
-4.0

L

For now, we can calculate the ∆ ratio from Equation (8) by
specified Ea, and we can also calculate the ∆ ratio from
experiment data, and compare these two results to verify the
Ea is suitable or not. For TH=105 ℃, tH=7 days, and TL=85℃,
tL = 7, 14, 21, 31, 42 days, we can get the comparison results
as Table III, and the ratio is close when Ea = 0.578 eV.

0.5
0.0

1 ⎞

δ fH ln tH K ⎜⎝ T − T ⎟⎠ ln tH
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Figure 1. The aging frequency change of 5.0mm × 3.2mm metal sealed
quartz resonator for 1000 hrs

14

21

Real Ratio
31

42

NA

Ea

0.578013 0.372427 0.310908 0.269896 0.200391

NA
3.84529

△7/7

3.212913 2.070151 1.728199 1.500231 1.113883

△7/14

2.369043 1.526427 1.274289 1.106196 0.821322 2.411959

△7/21

2.053537

△7/31

1.820636 1.173076 0.979305 0.850124 0.631195 1.954337

△7/42

1.672711 1.077765 0.899737 0.781052 0.579911 1.655865

1.32314

1.104581 0.958875

0.71194

2.123997

We compared different temperature and time conditions
(125℃, 7days vs. 105℃, 42days and 105℃, 7days vs. 85℃,
42days) and found the ratio will closest when Ea = 0.578eV
as shown in Fig. 2.
Aging Ratio△ vs Ea
10

EA FIT FROM FIGURE 1 FOR SELECTED DAYS

Days

7

14

21

31

42

Ea

0.578

0.372

0.311

0.270

0.200

B. Activation Energy Estimation through Arrhenius
Prediction Modle
In Equation (3), if bt >> 1 it can be simplified as Equation
(5) and Equation (6).

∆f
= R(T ) ln b + R(T ) ln t
f

0.1
0.15

(6)

For a lower temperature and time, TL and tL, we can get the
frequency change from Equation (6). Similarly, we can have
another frequency change for a higher temperature and time,
TH and tH.

if δ fL =

1

(5)

Ea

−
∆f
= C ⋅ e KB⋅T ⋅ ln t
f

Arrhenius' Model
△125℃ /105℃=7/42 days
△105℃ /85℃ =7/42 days

Experimental Data
δ f 125℃/f105℃
δ f 105℃/f85℃

△ (δ hf / δ Lf)

TABLE II.
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Figure 2. The verification model of 7days at higher tempearure compare to
42days at lower temperature
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IV.

III. APPROACH B: ACTIVITION ENGERY BASED ON MTBF
ESTIMATION WITH HIGH TEMPERATURE STORAGE DATA
The classical Arrhenius equation show as Equation (9),
where t is the time, T is the temperature, replace t as the
definition of MTBF in reliability, Equation (9) could further
express as Equation (10).

ln t = a + b ⋅

1
T

(9)

⎛ n × t ⎞ Ea 1
ln(MTBF ) = ln⎜
⋅
⎟=
⎝ r ⎠ KB T

(10)

Where n is the sample number, t is the experimental time, r is
the number of failure device. TABLE IV is the experimental
results of high temperature storage [8]. The failure number
could be calculated by various device specification, but the
meaningful MTBF must satisfied the normal electronics
device’s failure principle, which means the failure number
should between 1 and total samples. Based on it, we selected
the blue area as meaningful MTBF area and used as Ea
estimation. The results were showed as Table V, the average
Ea is 0.569, which is close to 0.578 as estimated by approach
A. Because high temperature storage had only thermal effect,
no drive level effect inside, and the Ea is close to elevated
temperature biased aging test, it can also show thermal effect
is dominate in elevated high temperature biased aging.

Device Houre
(hr)

Temp
(℃)

Samples Time(H)
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0.6946

0.5735

CONCLUSION

We studied the evaluation of activation energy (Ea) based
on the experimental data from quartz resonators’ biased aging
and high temperature storage. 5.0 mm × 3.2 mm metal seam
sealed quartz resonators with fundamental frequency 40MHz
were used in this study. To avoid the interference between
thermal and drive level effect, we selected 3 elevated
temperatures in aging test. To assure the results are trustable,
two approach methods were used for Ea evaluation. The first
method is data fit by Arrhenius model for biased aging data.
The second method is MTBF evaluation based on high
temperature storage data. Both methods conclude the close Ea
value, about 0.578eV (for thermal effect), and which means
85℃ for 7days accelerated aging is equivalent as 0.83 year at
25℃. The aging mechanism and the effects by drive level or
other factors still need more studies in the future.
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Abstract—Strong high-order Rayleigh or Sezawa modes, in
addition to the fundamental Rayleigh mode, have been observed
in ZnO/GaAs(001) systems along the [110] propagation direction
of GaAs. The dispersion of the different acoustic waves has been
calculated and compared to the experimental data. The
bandwidth and impedance matching characteristics of the
multimode SAW delay lines operating at high frequencies (2.53.5 GHz regime) have been investigated.

I.

INTRODUCTION

ZnO films are known to enhance the piezoelectric coupling
of GaAs substrates, facilitating the integration of surface
acoustic wave (SAW) devices with the GaAs electronics. In
spite of the small sound velocity mismatch between the two
materials, this slow-on-fast structure supports several guided
waves in the overlayer. However, only the fundamental
Rayleigh wave has been studied so far [1,2].
The dynamic modulation of the band diagram induced by
the piezoelectric field of a SAW in GaAs-based systems has
allowed the development of single-electron transistors using
the split-gate technique [3]. More recently, these constrictions
have been combined with lateral n-p junctions pursuing a high
frequency single-photon source [4]. Other approaches to
SAW-assisted anti-bunched photon emitters rely on the
controlled injection of excitons into quantum dots [5] or the
modulation of their emission by means of the SAW strain
fields [6]. All these applications would benefit strongly not
only from the enhanced piezoelectric coupling provided by the
ZnO but also from the capacity of modulating the
optoelectronic systems using waves with different

piezoelectric and strain field depth profiles to those of the
fundamental Rayleigh mode.
In this paper we report on the characteristics and
dispersion of the different acoustic waves supported by the
ZnO/GaAs heterostructure and on the performance of the
SAW delay lines used to generate them.
II.

ZnO films of different thickness H, ranging from 1 to 2.5
μm, were deposited on semi-insulating GaAs(001) substrates
by high target utilization sputtering (HiTUS) [7] at room
temperature. In this technique, an argon plasma is generated in
a side chamber and steered onto the target, avoiding the direct
contact of the plasma with the substrate. This prevents the ion
bombardment of the substrate, providing high quality films
with very low stress and defect density even at high deposition
rates and at room temperature [7].
The sputtering parameters were optimized in order to
obtain highly resistive films oriented along the (001) crystal
axis, conditions that ensure a strong piezoelectricity. A Zn
target (99.999 %) was exposed to the Ar plasma with a
constant target power of 800 W. The flows of Ar and O2 were
65 and 41 sccm, respectively, providing a deposition rate of
∼50 nm/min. The crystal quality of the sputtered ZnO films
was assessed by X-ray diffractometry, confirming the unique
orientation of the films along the (001) axis. The resistivity of
all the films was very high (1010 Ω m).
SAW delay lines, formed by split-finger interdigital
transducers (IDTs), were patterned by e-beam lithography on
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Innovación is also acknowledged.
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the ZnO films along the [110] direction of the underlying
GaAs(001) substrates. The IDTs were formed by Ti/Au (10/10
nm) contacts and had a period λ of 1 μm and a metallization
ratio of 0.5, i.e. finger width and pitch of 125 nm. The IDTs
had an aperture W of 60 μm, whereas the number of finger
pairs Np was varied in order to modify the bandwidth of the
passband. The delay lengths were 1 and 2 mm. The S
parameters of the devices were measured with a coplanar
probe station connected to a network analyzer, and in some
cases (when specifically stated) the devices were also
characterized once mounted on a sample holder with SMA
connectors.
III.

RESULTS

The results of the simulations for the ZnO/GaAs(001)
heterostructure with propagation along the GaAs [110]
direction are summarized in Fig. 2. ZnO has a wurzite
structure (crystal class 6mm) with isotropic elastic properties
in the (00.1) plane, so that the propagation direction is referred
to that of the underlying cubic structure of GaAs (crystal class
-43m) that presents a four-fold symmetry in the elastic
properties in the (001) plane. The gray scale in Fig. 2 depicts
the magnitude of the shear vertical component of a wave
having the given velocity and kH=2πH/λ value. The
experimental data (circles) have been determined from the
resonance frequency of the IDTs (Fig. 1). The velocity of the
R mode decreases from its value in GaAs for kH=0, to that in
ZnO for approximately kH>7. Additionally, Si modes emerge
nearly periodically beyond their threshold values of kH. The
velocity of the Si modes decreases monotonically with
increasing kH. The numerical results are in good agreement
with the experimental data. The small discrepancy on the Si
modes in the thickest ZnO film could originate from a slight
misalignment of the delay line pattern from the [110]
direction. The broadening of the R mode is an artifact of the
calculation when resolving simultaneously the intense R mode
and the less intense Si modes.
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A. High-order Rayleigh or Sezawa modes
Fig. 1 shows the insertion loss of identical SAW delay
lines fabricated on a series of ZnO films of different thickness
on GaAs(001) substrates. The spectra of the devices on films
with thickness H ranging from 1 to 1.4 μm present two clear
resonances, whereas the device on the thickest film
(H=2.5 μm) supports three. The lowest-frequency resonance,
at 2.53 GHz for all the devices, corresponds to the
fundamental Rayleigh mode (labeled as R). The resonances at
higher frequencies are associated with high-order Rayleigh
modes, also called Sezawa modes (labeled as Si, i≥1). These
are guided waves in the overlayer that arise since the
ZnO/GaAs structure forms a slow-on-fast system, i.e. the bulk
transverse velocity in the substrate is larger than in the
overlayer. The frequency of the first Sezawa mode (S1)
decreases from 3.20 to 2.86 GHz as the film thickness
increases from 1 to 2.5 μm (as indicated by the arrow in
Fig.1), whereas the second Sezawa mode (S2) appears only for
the thickest film, at a frequency of 3.08 GHz.

structure. The calculation is based on a Green’s function
formalism which was developed to calculate Brillouin spectra
[8]. The material parameters of ZnO and GaAs used for the
calculation have been taken from Refs. [9] and [10],
respectively.

2.50

2.75

3.00

3.25

Figure 2. Dispersion of the Rayleigh (R) and Sezawa (Si) modes in the
ZnO/GaAs(001) structure for propagation along the [110] direction of
GaAs. The brighter the scale is, the larger the calculated intensity of the
mode. The experimental data are shown by the circles.

3.50

Frequency (GHz)
Figure 1. Insertion loss of identical SAW delay lines on ZnO films of
different thickness H on GaAs. R, S1, and S2 denote the Rayleigh and the first
and second Sezawa modes, respectively.

B. Dispersion of the ZnO/GaAs structure
The identification of the acoustic modes shown in Fig. 1 is
based on the comparison of the experimental data with the
numerical calculation of the dispersion of the ZnO/GaAs

C. Device bandwidth
Figs. 3(a) and 3(b) depict, respectively, the insertion and
return loss of a series of SAW delay lines with varying
number of finger pairs (Np) fabricated on a 2.5 μm-thick ZnO
film on GaAs(001). The resonances of the R, S1, and S2 modes
are clearly observed in both the transmission and the reflection
spectra for all the cases except for the S1 mode in the
reflection spectra for the lower Np cases, where it is hardly
distinguished from the background.

148

the Smith chart of the impedance of the devices. The traces, in
the capacitive half of the chart, move approximately along
curves of constant resistance, except at the mode resonances,
where a loop is formed. As Np increases, the traces present
larger loops, i.e. stronger resonances, and they shift towards
smaller values of capacitive reactance.
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The evolution of the bandwith with Np for the different
mode resonances shown in Fig. 3(a) is summarized in Fig. 4.
Both, the bandwidth between first nulls on either side of the
resonance frequency (BWnn) and between points 3 dB below
the main lobe maximum (BW3) have been extracted from the
experimental data in Fig. 3(a). The experimental bandwidths
in Fig. 4 (labeled as BWnn exp and BW3 exp) are compared to their
theoretically expected values (labeled as BWnn th and BW3 th).
The theoretical bandwidth between first nulls is given by the
expression BWnn = 2f0/Np, where f0 is the resonance frequency
of the mode. The theoretical value of the bandwidth at 3 dB is
BW3 ≈ 0.31BWnn, the characteristic value of a square sinc
function at that level. The comparison of the experimental and
theoretical values of BW3 shows an overall good agreement,
whereas the experimental values of BWnn are systematically
lower than the theoretically predicted ones. This discrepancy
is likely to be related to the error in determining the position
of the nulls. This error is especially large in the case of the S1
mode where first nulls appear at a very high insertion loss, as
can be noticed in Fig. 3(a).
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Figure 4. Evolution of the bandwidth of the Rayleigh (R), first Sezawa
(S1), and second Sezawa (S2) mode resonances with the number of finger
pairs in SAW delay lines on a 2.5-μm thick ZnO film on GaAs. See text for
details.
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Figure 3. (a) Insertion loss, (b) return loss, and (c) Smith chart (normalized
to 50Ω) of SAW delay lines with varying number of finger pairs Np on a 2.5μm thick ZnO film on GaAs. R, S1, and S2 denote the Rayleigh and the first
and second Sezawa modes, respectively.

The variation of Np modifies the losses of the devices by
means of two different mechanisms. On the one hand, the
passband of the devices narrows as Np increases and this
translates into a reduction of the losses. This correlation is
clearly observed in Figs. 3(a) and 3(b). On the other hand, the
increase in Np produces an increase in the capacitance of the
IDT, decreasing its reactance and thus enhancing the
impedance matching condition of the device. Fig. 3(c) shows

D. Impedance matching
A stub tuner has been used to impedance match one of the
IDTs forming the SAW delay lines under study in order to
determine the maximum potential of the devices. The selected
device was patterned on a 2.5 μm-thick ZnO film on
GaAs(001) formed by IDTs with W=60 μm, λ =1 μm, and
Np=70. The device was mounted on a sample holder with
SMA connectors. The contribution of the measurement set-up,
including an SMA cable and the stub tuner in its initial
contracted position, has been eliminated by means of the
calibration.
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Fig. 5 shows the return loss spectra of an IDT before and
after using the stub tuner to impedance match it, whereas the
inset presents the data in the format of a Smith chart, where
the variation of the impedance with frequency is depicted. The
comparison of the spectra in Fig. 5 and its inset for the
untunned IDT with those of a similar IDT (Np=70) in Figs.
3(b) and 3(c) indicates the contribution of the sample holder.
The traces, which are in the capacitive half of the chart when
measured on wafer with probes [see Fig. 3(c)], cross over
from inductive to capacitive when measured on housing, as
shown in the inset of Fig. 5. In particular, the resonance of the
R mode lies in the inductive half of the chart. The inductance
measured is likely to originate from the wire bondings used to
connect the device to the sample holder.

IV.

CONCLUSIONS

Strongly oriented and highly resistive ZnO films on GaAs
substrates have been obtained by sputtering at room
temperature. The different acoustic waves propagating along
the [110] direction of GaAs in ZnO/GaAs(001) systems have
been experimentally and theoretically investigated. In addition
to the fundamental Rayleigh mode, strong high-order Rayleigh
or Sezawa modes propagate confined in the overlayer. In
particular, the insertion loss of the S1 mode can be as low as
that of the R mode for certain thickness-to-wavelength ratios.
The bandwidth and impedance matching characteristics of the
different resonances in SAW delay lines operating at high
frequency (2.5-3.5 GHz regime) have been investigated.
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Abstract—This paper presents a UHF CMOS MEMS resonator
working at 384MHz at its bulky mechanical mode. The novel
topology proposed allows us to design the resonator taking into
account the coupling area of the movable resonator as an
important parameter in the design. The structure is fabricated
using a commercial CMOS technology. This fact allows to
integrate directly the microelectromechanical structure with the
electronic. This work presents the measurement of both, the
stand alone resonator and the resonator with an amplification
circuitry.

I. INTRODUCTION
Microelectromechanical resonators are widely used in RF
applications, both at HF, VHF and UHF ranges. In particular,
CMOS MEMS are a promising solution for the
implementation of RF front-ends due the facility of MEMS
integration, reduced area and low power consumption. Very
competitive devices have been reported using these fully
integrated structures not only for RF applications but also for
sensing. A CMOS metal cantilever, electrostatically excited,
with an exceptional 1 ag/Hz mass sensitivity is used as
frequency-determining element of an oscillato [1-2]. A
CMOS polysilicon Clampled Clamped shaped beam with a Q
of 4400 [3] is an example of CMOS MEMS resonators used
for RF filters in the range of HF. In this work, two resonators
are electrically coupled in order to obtain a IF filter. In [4] a
squared frame resonator based on four FF-Beams anchored by
their nodal points was fabricated by an stack of metal and
intermetal oxide in a collaborative way to increased the
coupling area and achieve a quality factor Q of around 1400.
Other interesting solutions can be found in [5] where flexural
modes and a stack of CMOS metals are used to obtain a
resonator working at HF range. Higher frequency CMOS
MEMS flexural resonators have been demonstrated in [6] to
reach 200 MHz with a 40 nm gaps. However, the use of the
flexural approach has the intrinsic problem of the scaling. An
increase of frequency implies a length reduction of the beam
and therefore the reduction of the coupling area. Bulk modes
offer the solution to the scaling problems and reach very good
results at VHF and UHF ranges as it has been proven in [6-9].
In this paper a Bulk Acoustic Resonator working at 380
MHz is presented. The LBAR resonator structure presented in
[12] suffers for a limitation in the coupling area. An increase

978-1-61284-110-6/11/$26.00 ©2011 IEEE

of this area, in order to achieve a better coupling, changes the
resonance frequency due to variations in the resonator width.
This paper shows a novel geometry that allows at the same
time to preserve the coupling area and increase the resonance
frequency.
II. DESIGN
An LBAR resonator working in its longitudinal vibration
mode has been selected to implement the novel structure.
Figure 1 shows the diagram of the resonator, whose topology
is similar to the suspensions founded in [13]. A maximum
displacement occurs at the end of the structure while the
center of the resonator presents zero movement. This center
point is selected as anchorage point.
The design technique is based on the merge of two
imaginary ellipses, with major and minor axis of a and b
microns respectively, over a rectangle presenting and area of
WxL. The LBAR is defined by the area that separates the two
ellipses. As it will be seen, the novel structure allows to
predefine the length (W) of the coupling area, and fix the rest
of the dimensions to achieve the desired resonant frequency.

Figure 1. Diagram of the resonator, b, corresponds on the minor axis and a to
the major axes. WxL defines the rectangle over the ellipses.

Equation 1 allows to obtain the frequency as a function of
the stiffness of the structure for the desired mode, Kx and the
mass, M. The mass is obtained by subtracting the mass of the
imaginary ellipse (M=a·b·π·t·ρ) to the mass of the rectangle
(L·W·t·ρ) in equation (2), being t and ρ the thickness and
density of the resonator. The stiffness is obtained using
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expression (3) presented in [13], where E is the young
modulus.

length arm; a (m)

10,0µ

The design process starts fixing the length of the coupling
surface (W) and therefore, the coupling area in each arm of the
resonator. Design rules of the technology impose the
minimum width of the device near the anchors (w). Therefore,
the minor axis of the ellipse is determined by the subtraction
of W and ω. Finally, the major axis (a) length of each arm is
determined by the resonant frequency, following expression 1.
The new resonator has been fabricated using the
polysilicon capacitance module present in the commercial
CMOS technology of the Austria Microsystems (AMS) of
350 nm. The resonator has been dimensioned to operate in the
free band of 434 MHz. The previous described design process
has been followed to implement the structure. In particular, a
coupling length of W=3μm with a minimum width ω=850nm
has been fixed. Figure 2 represents the dependence of the
major axis with the resonant frequency. Final dimensions are
detailed in Table 1
TABLEI

TABLE OF DIMENSION OF THE RESONATOR

W=3 μ m

8,0µ

f=434MHz
a=3.5 μ m

6,0µ
4,0µ
2,0µ
200M

400M 600M 800M 1G
Frequency (Hz)

Figure 2.Length of semi resonator vs Frequency (a) for a fixed length of
the coupling area, W

while the two drivers are fabricated using the polysilicon 2
layer. The layout is drawn with a 0 gap between drivers and
resonator in order to take advantage of the fabrication
process, using the interpoly oxide as spacer [9]. Therefore, it
is expected to achieve a gap of 40 nm, corresponding to the
oxide between the two polysilicon layers.
To enable the release of the resonator a pad window is
opened over the structure, in order to remove the pasivation
layer. Vias 3 and 2 are added to eliminate the different inter

2

A

Area of the rectangle (LxW)

21 pm

Ae

Area of the ellipse

12.9 pm2

ρ

PolySi density

2230 kg/cm3

L

Length of the resonator

7 µm

W

Coupling lenght

3 µm

a

Ellipse major axis

3.5 µm

b

Ellipse minor axis

1.075 µm

Kx

Resonator stiffness

46.764 N/m

E

Young modulus

160 Gpa

ω

Minimum width of the
resonator

850 nm

Figure 3. SEM image of the released resonator

t

PolySi thickness

280 nm

M

Mass of the resonator

6.21 pg

metal oxides that would cover the MEMS. A mask less wet
etching is performed using an HF based solution to release
the resonator. Figure 3 shows a SEM image of the released
resonator.

f =

1
2π

Kx
M

M = ( A − Ae ) t ρ = ⎡⎣ 2a ( 2b + ω ) − π ab ⎤⎦ t ρ

Kx =

w ( 4b + w )

arctan 1 +

(2)
(3)

4 Ebt
4a ( 2b + w )

(1)

4b
− aπ
w

III. FABRICATION
The new resonator has been fabricated using the
polysilicon capacitance module where the movable structure
is fabricated using the 280 nm thickness polysilicon 1 layer

IV. ELECTRICAL CHARACTERIZATION
Two versions of the resonator have been implemented.
The first one corresponds to the stand alone resonator while
the second implementation adds a transimpedance amplifier in
charge of amplifying the signal provided by the MEMS. This
second implementation will allows discussing the effect of the
presence of an amplifier on the characterization of the MEMS.
Fig.7 shows an optical image of the MEM resonator, the
circuitry and pads.
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In both cases the measurement set up is shown in fig. 4. A
biasing voltage, which allows to read the current provided by
the movement, is applied over the resonator as well as the
excitation ac signal. A Bias-tee has been included. To enlarge
the output signal, the two electrodes are joined together to read
the motional current. The output is applied directly to the
Network analyzer or to the transimpedance amplifier.
Scattering parameter S21 is used to characterize the LBAR.

corresponding to the physical capacitance between the
movable polysilicon 1 layer and the electrodes polysilicon 2,
is still present.

A gilen t E 5 1 0 0A

V in

CMOS amplifier

V in +V p
T-Bias

MEMS

Figure 6. Optical image of the fully integrated prototype. The output of
the mechanical device is connected to the input of the transimepedance
amplifier

Vp1

-39.15

Vo u t
S21 (dB)

Figure 4. Electrical characterization set up, for stand alone resonator.

Magnitude
-65.50

-39.20

25V

16V
17V
18V
19V

S21 (dB)

-65.55

-39.25
386.4M

-65.60

387.1M

387.8M

388.5M

Frequency(Hz)

-65.65

Figure 7. Transmission coefficient S21 for fully integrated resonator and
CMOS amplifier.

-65.70

V. CONCLUSIONS

380.1M 380.8M 381.5M 382.2M 382.9M
Frequency(Hz)
Figure 5. Transmission coefficient S21 for the stand alone resonator
in air conditions.

Figure 5 shows the test results corresponding to the stand
alone resonator. The resonance frequency is shown at 384
MHz with a level of around 65.6 dB. The small value of the
peak is attributed to the presence of the parasitic capacitance
between the movable structure and the drivers that mask the
motional current.
The measurements of the fully integrated (see fig.6)
prototype are shown in the figure 7. As it is expected, the
coupling level is increased up to 39.2, due the 30 dB gain
provided by the amplifier. In this case the resonance frequency
is located at 387 Mhz due to the tolerances in the fabrication
process. Contrary to other cases, it can be observed that there
is not benefit of using the amplifier in the reduction of the
parasitic current. This fact is attributed to the one port set-up
measurement. Although the amplifier allows to eliminate the
capacitance between the excitation and read-out pads, that
exist in the stand-alone resonator, the dominant capacitance,
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We have presented a novel LBAR resonator that allows
in a very simple manner to design a high frequency
resonator, making independent the coupling area and
resonance frequency.
To demonstrate the viability of the structure, a resonant
micro-electromechanical LBAR working at 380 MHz with,
and without CMOS on-chip readout circuitry has been
implemented and tested.
The test results confirm the functionality of the LBAR,
although a reduction of the parasitic capacitance is desired
to enhance the resonance peak. The differential integrated
fabrication with a dummy LBAR could solve the problem
of the parasitic currents as were demonstrated in [3].
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The Properties of Mth Order Differences and Their
Relationship to Mth Order Random Stability
Victor S. Reinhardt, Raytheon Space and Airborne Systems, El Segundo, California, USA
specific examples of the more general properties of measures and their variances. Some of these properties have
been well-known since the time of Newton [3][4], but others
are less well-known [5]. This paper provides a useful
compendium of these properties as they relate to error
measures such as Allan and Hadamard variances along with
their proofs.

Abstract—Allan and Hadamard variances are well-known
examples of Mth order difference () variances. These are mean
square (MS) averages over data of the Mth order -measure
()Mv(t), where ()v(t) = v(t+) - v(t). Many of the important
properties of Allan and Hadamard variances are specific
examples of the more general properties of Mth order measures. This paper first provides a useful compendium of
these properties along with proofs. Allan and Hadamard
variances are also known as MS measures of Mth order random
stability (or instability). But what is Mth order random stability?
The second part of this paper offers a definition of such stability
as the prediction error solely due to the random error or noise in
the data at an (M+1)th point from an M-parameter calibration
function that is passed through M previously measured data
points. Using this definition and the properties of -measures, it
is shown that Mth order -variances are natural measures of Mth
order MS random stability when the deterministic drift in the
data has (M-1)th or lower order polynomial behavior, the
calibration function is an (M-1)th polynomial, and the measured
data and predicted value are all spaced by . When the drift
(aging plus environmental variation) does not have this
behavior, it is further shown that -variances are biased
measures of such polynomial random stability, even when one
uses fitting techniques to remove the drift from the data. This
drift removal process is shown to alter the spectral kernel
Kstat(f) that relates the -variance in question to the power
spectral density (PSD) of the random noise in the data, even if
the fit perfectly removes the direct drift effects. Methods are
presented for computing such altered Kstat(f) and are illustrated
by computing the changes in Kstat(f) that occur due to various
drift-removal techniques in the unmodified Allan variance.
These results are then used to explain why biases in driftremoved -variances can change so drastically as a function of
power law PSD type and fit methodology. Finally, it is shown
that Mth order -measures that are natural measures of random
stability in the presence of intrinsic aging can become highly
biased as a result of environmental drift removal.

I.

Allan and Hadamard variances are also known as MS
measures of Mth order random stability (or instability) [1][2].
But exactly what does one mean by such stability? The second
part of this paper offers a definition of Mth order random
stability as the prediction error solely due to the random error
or noise in the data at an (M+1)th point from an M-parameter
calibration function that is passed through M previously
measured data points. Using this definition and the properties
of -measures, the paper investigates nature of biases in Mth
order -variances used as measures of polynomial Mth order
random stability (defined as Mth order random stability when
the calibration function is an (M-1)th order polynomial and all
points are equally spaced by ). Here, bias is used in the sense
of the mean difference between the -variance value and that
of the above definition of random stability.
It is shown that Mth order -variances are natural bias-free
measures of such Mth order polynomial stability when the
deterministic drift in the data (intrinsic aging in v(t) over time
plus environmentally induced changes in v(t) over time) is an
(M-1)th or lower or polynomial. When this is not the case, it is
also shown that attempting to remove the drift using data
fitting techniques will leave a residual bias that alters the
spectral kernel Kstat(f) that relates the -variance in question to
the power spectral density (PSD) of the random noise in the
data, even if the fit perfectly removes the direct drift effects.
Methods are presented for computing such altered Kstat(f) and
are illustrated by computing the changes in Kstat(f) that occur
due to various drift-removal techniques in the unmodified
Allan variance. These results are then used to explain why
biases in drift-removed -variances can change so drastically
as a function of power law PSD type [1][6] and fit
methodology. Finally, it is shown that Mth order -measures
that are natural measures of random stability in the presence
of intrinsic aging can become highly biased as a result of
environmental drift removal.

INTRODUCTION

Allan [1] and Hadamard [2] variances are well-known
examples of Mth order difference variances or -variances.
These variances are proportional to the mean square (MS) of
the Mth order forward difference or -measure ()Mv(t) [3].
Here, v(t) is some data variable such as x(t) the time error or
y(t) the fractional frequency error [1], and the operator ()M
is the Mth application of the 1st order forward difference
operator () defined by ()v(t) = v(t+) - v(t) [3]. Many of
the important properties of Allan and Hadamard variances are
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A. Basic Terminology
Figure 1 and Table I describe the basic terminology and
truth model to be used in this paper. v(t) in (1) is any
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continuous data variable, such as x(t) the time error or y(t) the
fractional frequency error [1]. Here, t is the ideal error free
continuous observation time, and v(tn) is a set of data samples
at the error free sampling times tn over the data interval T as
described in (2) and (3). In our truth model, v(t) is additively
partitioned into random error or noise vr(t) (4) and drift vc(t)
(5), which is the deterministic component of v(t). Here,
changes in vc(t) over time are due both to intrinsic aging,
which is a pure function of time, and independent
environmental parameters (t) (6), which mediate the change
in vc(t) over time. Note in (5) that (t) is subsumed into the tvariable in vc(t). This simply assumes that (t) does not
change with ensemble averaging over a specific data interval
T; that is, (t) is deterministic. In the paper, we will also
assume that vr(t) is both zero mean (ZM) and wide-sense
stationary (WSS), but the paper’s results can be
straightforwardly generalized to include noise that is neither
ZM nor WSS [7]. Finally, we note that drift is in general
neither ZM nor WSS.

v,M’(tn’,v(tn)) at the point tn’. For further detail on this model,
see [7].
(12) and (14) are the definitions of ()Mv(tn) the Mth order
-measure of v(tn) and ,M(,v(tn))2 its E-averaged variance
to be called the theoretical -variance. Here, the
normalization factor M in (15) is chosen so that ,M(,vr(tn))2
equals E vr(tn)2 for vr(tn) samples that are uncorrelated with
each other [5]. Note that tn + M must be within the data set
for the definition to apply. Further note that ()Mv(t) is not in
general ZM or WSS, since ()Mvc(t) is not in general ZM or
WSS. Thus, ,M(,v(t))2 is not in general a true variance in
the sense that the ensemble mean has been removed, but we
will call it so for simplicity. On the other hand, ()Mvr(t) is
assumed to be ZM and WSS, and thus ,M(,vr(t))2 is a true
variance. Finally, we note that ,2(,y(t))2 = y()2 the
theoretical unmodified Allan variance of y(t) [1], ,3(,x(t))2
= x()2 = (2/3)y()2 the theoretical unmodified Allan
variance of x(t) [1], and ,2(,y(t))2 = Hy()2 the theoretical
unmodified Hadamard variance of y(t) [2].

Mth Order -Measures ()Mv(t)
2()v(t)
()v(t)
()v(t+)
Noise
vr(t)

Total Data
v(t) = vc(t) + vr(t)

II.

Fit Residuals vj,M’(t)

Fit va,M’(t)
True Drift vc(t)

Fit Accuracy vw,M’(t)

t

Figure 1. Basic Terminology
TABLE I. BASIC TERMINOLOGY
Total continuous data variable: v(t) = vc(t) + vr(t)
Sampled data: t = tn [Unless otherwise specified sampling is uniform]
Uniform sampling: tn= t0 + nts [n= 0 to N-1 and ts = T/N]
Random error or noise: vr(t)
True deterministic drift: vc(t) = vc(t,(t))
Environmental variables included in vc(t): (t)
Fitted estimate of vc(t) from the data set v(tn): va,M’(t,v(tn))
M’-parameter model function (before fit) 1: va,M’(t,a) [a = (a0 … aM’-1)†]
True fit accuracy: vw,M’(tn’,v(tn)) = va,M’(tn’,v(tn)) - vc(tn’)
Fit residuals or data precision: vj,M’(tn’,v(tn)) = v(tn’) - va,M’(tn’,v(tn))
Theoretical mean square (MS) errors 2: ,M’(v(tn))2 = E  nN01 v,M’(tn)2

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

Mth order -measure of v(tn): ()Mv(tn) where ()v(tn) = v(tn+) – v(tn) (12)
(13)
 = mts is assumed, where m is an integer.
(14)
Theoretical Mth order -variance: ,M(,v(tn))2 = M-1E (()Mv(tn))2
M c(M,m)2 = c(2M,M) where c(m,n) = m!/(n!(m-n)!)
M =  m
0

(15)

A COMPENDIUM OF MTH ORDER -MEASURE
PROPERTIES

This section contains a compendium of the properties of
Mth order -measures or Mth order forward finite differences
M()v(t) and their -variances as they relate to stability and
fitting error measures. Explicit proofs are provided for
properties that do not follow directly from previous ones to
make the compendium more complete. Finally, note there are
also backward, mean, and divided differences not discussed
here [3,8].
The theory of finite differences, which is also called the
calculus of finite differences, has a very long history [3,4].
References begin about the time of Newton [4], continuing
with an exhaustive 1860 treatise by Boole [3], and on through
the 20th century [8]. Finite differences were also utilized in the
earliest computing engines, such as the Babbage engine [9], to
turn multiplications into additions in the generation of
polynomials. The historical material emphasizes such
functional generation and the numerical solution of difference
equations. Thus, despite the long history of the field, there is
still material relating to stability and fitting error that seems to
be only recently added [5].
Table II lists basic terminology and properties of Mth order
-measures [3][5][8]. In the table, secondary properties
straightforwardly follow from definitions, so explicit proofs
will not be provided. Note that the Fourier properties in the
table are important for deriving the spectral properties of variances. These Fourier properties are generated here by
equating time-domain operators (i.e., ()M) to time-domain
impulse response functions (i.e., h,M(t)) and then Fourier
transforming these impulse response functions. Finally, two
properties of note not in the table are that both () and ()
can be represented in terms of the differentiation operator
Dt = d/dt as () = exp(Dt) and () = exp(Dt) - 1 when  is
not function of t [2]. Fourier transforming Dt is an alternative
method for generating the table’s Fourier properties.

1

(…)† = hermitian transpose (transpose for real matrices).
2
 = c or r and E = ensemble averaging operator.

In our truth model, some as yet unspecified fitting
technique has generated a data fit va,M’(t,v(tn)) (7) based on the
data set v(tn) and an adjustable M’ a-parameter model
function va,M’(t,a) (8). Note that the explicit reference to v(tn)
in va,M’(t,v(tn)) is important to distinguish it from va,M’(t,vr(tn))
and va,M’(t,vc(tn)), which are fits based on vr(tn) or vc(tn) alone
as the data set. Two basic error measures associated with the
fitting process are the true fit accuracy vw,M’(tn’,v(tn)) defined
in (9) and the fit error residuals or data precision vj,M’(tn’,v(tn))
defined in (10). ,M’(v(tn))2 ( = w or r) defined in (11) is the
ensemble (E) averaged (theoretical) mean square (MS) of
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TABLE II. BASIC PROPERTIES OF MTH ORDER -MEASURES
(Forward) -displacement operator 1:
()v(t) = v(t+) = dt’h(t-t’)v(t’) = h(t-t’)v(t’)
Equivalent t-domain impulse response: h(t) = (t+)
f-domain response function 2: H(f) = Ff,t h(t) = exp(j)
V(f) = Ff,t v(t) = Ff,t ()v(t) = H(f)V(f) where V(f) = Ff,t v(t)
Mth order displacement: ()m = (m)
Equivalent t-domain impulse response: h,m(t) = (t+m)
f-domain response function: H,m(f) = Ff,t h,m(t) = exp(jm)
Mth order (forward) difference operator: ()M = (()-(0))M
1st order -measure: ()v(t) = v(t+) - v(t) = (()-(0))v(t)
M (-1)M-m c(M,m) ()m
Binomial expansion: ()M =  m
0
Falling Factorial: z(m) = z(z-1)…(z-m+1) [Note m(m)= m!]
()M tM’ = M’(M)t(M’-M) if M  M’ otherwise ()M tM’ = 0
Equivalent t-domain impulse response:
M (-1)m c(M,m) (t+m)
h,M(t) =  m
0

(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)

M (-1)M-m c(M,m) exp(j)m
f-domain response function: H,M(f) =  m
0
M
M
H,M(f) = (exp(j) -1) = (2j) exp(jf)sin(f)M
(29)
1
Integration limits are - to + unless otherwise stated. Finite limiting
factors are assumed to be included in the integrand.  = convolution.
2
Fourier Tansform: Ff,tv(t) = df exp(-jt)v(t) where  = 2f.

TABLE III. FURTHER PROPERTIES OF MTH ORDER -MEASURES
Mth order drift insensitivity: ()Mvply,M’(t,a) = 0 if M’M
M 1 a (t-t )m
(M-1)th order polynomial: vply,M(t,a) =  m
0
0 m

through all M measured points. Note that this is always
possible here for a well-formed function, because there are
zero degrees of freedom (0-DOF) in the fit.
Theorem (34) states that the prediction error at an
unmeasured (M+1)th point tm’ using an ideal (M-1)th order
polynomial calibration is proportional to ()Mv(t0) when all
points are spaced by . The proof of (34) is as follows [5].
First from (25), note that
M
M-m
c(M,m) ()mv(t0)
()Mv(t0) =  m
m' (-1)

+ (-1)M-m’c(M,m’)v(tm’)

(40)

Second, note that vply,M(tm,a) can always be made to pass
through M data points, because it is a 0-DOF fit. Thus, one
can substitute vply,M(tm’,v(tm)), the (M-1)th order polynomial
that passes though the measured v(tm), for v(tm) in the right
term of (40) to obtain
M
M-m
c(M,m) ()m vply,M(t0,v(tm)) +
()Mv(t0) =  m
m' (-1)

(-1)M-m’c(M,m’)v(tm’)
(30)
(31)

Prediction error 1 at tm’ (M+1 total data points)
ve,M,M’(tm’,v(tm)) = v(tm’) – vcal,M’(tm’,v(tm))
(32)
where vcal,M’(tm’,v(tm)) is fit to M measured points v(tm) mm’ (tm’ not in fit)
e,M,M’(tm’,v(tm))2 = E ve,M,M’(tm’,v(tm))2
(33)
Theorem: ve,M,M(tm’,v(tm)) = ()Mv(t0) (-1)M-m’/c(M,m’)
(34)
when vcal,M(tm’,v(tm)) = vpoly,M(tm’,v(tm)) that passes through M measured v(tm),
all points are spaced by , and tm’ is not included in the measured tm.
(35)
e,M,M(v(tm’))2 = M,M(,v(t))2/c(M,m’)2
Theorem: vj,M(tm) = (T/M)Mv(t0)(-1)M-mc(M,m)/M
(36)
when va,M(tm’,v(tm)) = vpoly,M(tm’,v(tm)) is generated with a USLF over M+1
measured points spaced by  and tm’ is included in the measured tm.
j,M(v)2 = ,,M(,v(t0))2
(37)
(38)
WSS spectral representation2 of stat2: stat2 = df Kstat(f)|Hs(f)|2Lv(f)
Kstat(f) = |H,M(f)|2 for stat2 = ,M(,vr(t0))2
(39)
1
ve,M,M’(tm’v(tm)) and vj,M’(tm’,v(tm)) have similar formulas but not the same
meaning.
2
Hs(f) represents system filtering that is included in the t-domain variables
v(t), vr(t), and vc(t) [5][7]. Thus, the single sideband power spectral density
(PSD) of vr(t) is |Hs(f)|2Lv(f), where Lv(f) is the pre-filtered PSD of the prefiltered noise process, i.e., for neg-p noise this PSD is Lv(f) = Kp|f|p [5][6][7].

Table III lists further properties of Mth order -measures.
The first property (30) is the well-known insensitivity of Mth
order -measures to (M-1)th or lower order polynomial drift.
This follows directly from (27). The next property (34) relates
-measures to polynomial prediction error after an ideal Mpoint calibration. General prediction error ve,M,M’(tm’,v(tm)) is
defined in (32) as the difference at an unmeasured point tm’
between the true value v(tm’) and a prediction based on
vcal,M’(tm’,v(tm)) an M’-parameter calibration function
somehow generated from M measured calibration points
v(tm). Note that vcal,M’(tm’,v(tm)) is essentially the same as the
fit va,M’(tn’,v(tn)), except that the points and functions may be
different. As shown in Figure 2, when tm’ is the last point tM,
the prediction error is an extrapolation error, and when tm’ is
an internal point, the prediction error is an interpolation error.
Finally, an ideal M-point calibration vcal,M(t,v(tm)) is defined
as an M-parameter calibration function that exactly passes

(41)

Reversing the binomial expansion, we can then write this as
()Mv(to) = ()Mvply,M(t0,v(tm))
+ (-1)M-m’c(M,m’)(v(tm’) - vply,M(tm’))

(42)

Finally from (30), we note that ()Mvply,M(t0,v(tm)) = 0, which
proves (34). For extrapolation error, also note that (34) has the
simple form ve,M,M(tM,v(tm)) = ()Mv(t0).
ve,M,M’ º
v(tm)
 
  
vcal,M fit
to t0…tM-1
(a) Extrapolation

v(tM)

ve,M,M’

º v(tm’)
 

 
vcal,M fit to
t0…tM excluding tm’
(b) Interpolation


Figure 2. Extrapolation and interpolation prediction error.
(36) was first demonstrated by the author using
combination of analytical and Monti Carlo techniques [5], but
Charles Greenhall later provided the author with a totally
analytical proof in an unpublished communication [10]. We
reproduce this proof here as follows with some modifications.
TABLE IV. MATRIX EQUATIONS FOR M+1 DATA POINTS
v = (v(t0),…,v(tM))†
vj = (vj(t0),…,vj(tM))†
vply = (va(t0),…,va(tM))(T) = ua
a = (a0,…,aM-1)†
unm = (tn – to’)m [n = 0 to M, m = 0 to M-1, to’ arbitrary]
Un-weighted least squares fit (ULSF) solution:
a = (u†u)u†v vply = gwv vj = (I - gw)v gw = u(u†u)u†
(T/M)Mv(t0) = δ†v [from (25)]
δ = ((-1)Mc(M,0),…,(-1)M-nc(M,n),…c(M,M))†
(δ†u)m = (T/M)Mt0m-1 = 0 [from (27)]
vj = gδv [(36) in matrix notation] gδ = δ(δ†δ)-1δ† = M-1δδ†
M = δ†δ [from (15) and (50)]

(43)
(44)
(45)
(46)
(47)
(48)
(49)
(50)
(51)
(52)
(53)

Table IV defines the matrix notation used to prove (36). In
the table, we write the M+1 the values of v(tm), vj(tm), and
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vply,M’(tm’,v(tm)) as M+1 dimensional vectors v, vj, and vply
(43), (44), and (45). In (45), vply,M’(tm’,v(tm)) is defined using
both the M-dimensional parameter vector a (46) and a power
law basis function matrix u (47). In this notation, an unweighted least squares fit (ULSF) solution is given by (48)
[11]. In this form, it is well known that gw the solution matrix
for vply in terms v is an operator that projects v into an Mdimensional manifold defined by the set of basis vectors in u
[11]; that is, gwvply = vply for any a. It is also well-known that
vj = (I - gw)v, and (I - gw) is an operator that projects v into
the normal to this u-defined manifold (the orthogonality
theorem) [11]. Since, there are only M+1 dimensions in the
total space, vj can thus be represented by a constant b times a
single vector orthogonal to all the vectors in u.

(a) the data consists solely of random error vr(tn), and
(b) the M-parameter calibration function vcal,M(t,vr(tm)) is fit
to pass through M measured calibration points vr(tm).
Similarly, Table V (56) is the equation for polynomial Mth
order random stability, which is defined as Mth order random
stability when
(a) the model function vcal,M(t,a) is vply,M(t,a), and
(b) all points are equally spaced by .
Note here that (34) is also used to write polynomial random
stability in terms of an Mth order -measure. Their MS forms
are given in (55) and (57) (using (35)). Furthermore, applying
(30) to (56) and (57), we note in (58) that ()Mv(tn) and
,M(,v(t))2 the -measure and -variance acting on the raw
(non-fit removed) data are unbiased measures of Mth order
polynomial random stability when the drift is of the form
vply,M’(t,a) for M’  M over the data interval T (because
()Mvc(t) = 0). This is a generalization of the well-known fact
that Hadamard variances are insensitive to constant frequency
drift [2].

To find such a vector, consider (T/M)Mv(t0) given in (49)
as δ†v, where δ is defined in (50). From (27), we note in (51)
that δ†u = 0. Thus, δ is a vector orthogonal to the basis u, and
we can write vj as bδ. We further note that gδ in (52) is the
projection operator into the direction of δ; that is, gδvj =
bδ(δ†δ)-1δ†δ = bδ = vj. Finally, noting M = δ†δ in (53), we
prove (36).
The final property of Mth Order -Measures in Table III
relates to the wide-sense stationary (WSS) spectral integral
representation of stat2 [5][7], where stat2 is some MS statistic
of ()Mvr(t). This spectral representation is given here and in
Table III (38) as
stat2 = df Kstat(f)|Hs(f)|2Lv(f)

(38)

where
(a) Lv(f) is the pre-system-filtered single sideband power
spectral density (PSD) of vr(t) [5][7] (see Table III Note 2),
(b) Hs(f) is a system response function [5][7], which is a
generalization of a high frequency spectral cut-off fh [1],
and

When vc(t) is not equal to vply,M’(t,a) for M’  M over T,
()Mvc(tn) is not zero, and thus ()Mv(tn) and its various MS
statistics stat(v(tn))2 are no longer unbiased measures of Mth
order polynomial random stability. This is a generalization of
the well-known fact that Allan variances acting on raw data
are sensitive to frequency drift in the data and are thus biased
measures of purely random stability. When utilizing variances as measures of random stability in the presence of
such drift, standard practice is to minimize the bias by
attempting to remove the drift with some fit va,M’(tn’,v(tn)) and
then utilizing ()Mvj,M’(tn’,v(tn)) to generate the -variance
[1]. However, it is recognized that this is an imperfect process,
and drift removal methodologies have been developed to
minimize the bias for constant frequency drift [12].

(c) Kstat(f) is a spectral kernel that defines the spectral
properties of the statistic independent of Hs(f) [5][7].
For stat2 = ,M(,vr(t0))2, (39) notes that Kstat(f) = |H,M(f)|2
[5]. This |H,M(f)|2 has the well-known f2M highpass filtering
property of an Mth order -variance with respect to Lv(f)
[1][5][7]. We finally note that Kstat(f) for ,M(,vr(t0))2 is a
response function squared, because ()M is a time translation
invariant operator. We finally note that Kstat(f) cannot be
represented as a response function squared for all error
measures or statistics [5][7].
III.

TABLE V. MTH ORDER RANDOM INSTABILITY
General M order random stability at uncalibrated point tm’
vs,M(tm’,vr(tm)) = ve,M,M(tm’,vr(tm))
(54)
(55)
s,M(tm’,vr(tm))2 = E vs,M(tm’,vr(tm))2
Polynomial Mth order random stability, vcal,M(t,a) = vply,M(t,a), tm = t0+m
vs,M(,tm’,vr(tm)) = ()Mvr(t0) (-1)M-m’/c(M,m’)
(56)
(57)
s,M(,tm’, vr(tm))2 = ,M(,vr(t0))2 M /c(M,m’)2
When vc(t) = vply,M’(t,a) for M’  M
()Mv(t0) and ,M(,v(t0))2 (acting on data with no fit removal) are natural
(58)
unbiased measures vs,M(,tm’,vr(tm)) and s,M(,tm’,vr(tm))2.
When vc(t)  vply,M’(t,a) for M’  M & linear fit over N points tn
()Mvj,M’(tn’,v(tn)) = ()Mvr(tn’) - vc-bias(tn’) - vr-bias(tn’)
(59)
vc-bias(t) = ()Mvw,M’(t,vc(tn)) = bias due to va,M’(t,vc(tn))  vc(t) over T
vr-bias(t) = ()Mvply,M’(t,vr(tn)) = bias that changes kernel Kstat(f)
Note vply,M’(tn’,v(tn)) = vply,M’(tn’,vr(tn)) + vply,M’(tn’,vc(tn))
(60)
th

MTH ORDER RANDOM STABILITY (INSTABILITY)

Intuitively, random stability (or instability) is a measure of
the temporal variation of v(t) solely due to the random data
component vr(t). In this section, we precisely define the
concept of Mth order random stability and explore the issues
associated with implementing this definition when vc(t) as
well as vr(t) is present in data.

In such imperfect cases, Table V (59) separates the bias or
difference between ()Mvj,M’(tn’,v(tn)) and ()Mvr(tn’) the true
measure of polynomial random stability into two terms as
follows. vc-bias(t) in (59) is the direct bias component that
occurs when the fitted model function va,M’(t,vc(tn)) does not
completely track vc(t) over T. The form shown in (59) in
terms of vw,M’(t,vc(tn)) is obtained by using (9), (10), and (60).
In this case, we also note that (38) no longer completely

Table V (54) defines general Mth order random stability
vs,M(tm’,vr(tm)) as the prediction error ve,M,M(tm’,vr(tm)) when
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specifies stat2; that is, one must add a second spectral integral
term that is a function of the PSD of vc(t) (or its non-WSS
equivalent) to completely specify stat2 [5][7]. The second bias
component in (59) vr-bias(t) is the bias effect of the drift
removal fitting process on Kstat(f). It is noted that the fitting
process changes Kstat(f) from its non-fit-removed form even
when the drift removal makes vc-bias(t) = 0, because the fitting
process filters vr(t) as well as vc(t) [5][7].

is more and more heavily weighted in the stat2 integral (38).
Note for white noise, that bias changes to stat2 are minimal if
fh >> 1/, because white noise equally weights the whole
spectrum up to fh. In fact, for this white noise case in the limit
of fh, the fit-removed x2 is the same as the non-fit
removed one. This is the source of the misconception that fit
removal for large N can completely remove frequency drift
effects without biasing x2.

To analytically compute this fit-removed Kstat(f), one can
use the spectral theory developed in [5] and [7]. In addition,
there is a simple numerical method for generating Kstat(f) for
any stat2 of the form n’n’vstat(tn’,v(tn))2 as follows. One first
generates code to compute vstat(tn’,v(tn)) starting with two
input data sets v(tn) = cos(2fotn) and v(tn) = sin(2fotn) over
the desired range of fo. One then computes stat2(fo) for each fo
from these v(tn) and adds the resultant stat2(fo) values together
to produce a net stat2(fo). We note for this input that stat2(fo) =
Kstat(f0), because
includes
the
(a) v(tn)
stat(fo)2 = df Kstat(f)Lv(f),

system

filtering,
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Figure 3. The Kernels Kstat(f) for the unmodified Allan variance of x(t) with
various forms of drift removal at /T = 0.5.

(d) summing stat(fo)2 for cosine and sine inputs is
equivalent to randomizing the phase of the input to make
the output result WSS.

Figure 3 shows the alteration in Kstat(f) for 6th order
polynomial ULSF removal, as well as 2nd order polynomial
ULSF removal. This case is important in understanding bias
effects when dealing with long term data where a constant
frequency drift model is no longer valid. This is true for long
term crystal oscillator aging, which has long term frequency
aging behavior given by a sum of Aln(1+Bt) terms, and for
environmentally induced drift large T, which typically has
quite complicated behavior over long observation intervals.

In using this numerical technique, a word of caution is
warranted. Numerical truncation error can generate
misleading results at small f when a high degree of
cancellation from many terms is responsible for the result.
Thus, one should always check for proper theoretical
asymptotic behavior before relying on the numerical result.
As an illustration, let us now consider the Kstat(f)-biases
introduced by various drift removal methods in the generation
of the overlapping statistic of ,3(,xj(tn’,x(tn)))2, the driftremoved x()2 the unmodified Allan variance of x(t) [1]. The
drift estimators we will consider are

One can see from Figure 3 that Kstat(f) bias changes due to
6th order polynomial ULSF removal are quite drastic for large
/T. One can also show that this 6th order polynomial case is
typical for polynomial removal with orders greater than 3. We
note that such (M’-1)th order polynomial USLF drift removal
highpass filters the non-fit removed Kstat(f) with |f|2M’ HP
behavior and a highpass knee of about f = 1/T [5][7]. An
importance consequence of this is that a -variance that is a
natural random stability measure without drift removal for
intrinsic aging will have significant Kstat(f) bias, if
environmental factors contribute significantly to the drift over
T and have complicated temporal behavior.

(a) a 2nd order polynomial ULSF,
(b) the Greenhall frequency drift estimator ĉ(r) [12], and
(c) a 6th order polynomial ULSF.
Kstat(f) results for these drift removal methods are shown in
Figure 3 for /T = 0.5, where bias effects on Kstat(f) are
maximized. We note that bias effects on Kstat(f) for all these
drift estimators quickly disappear as /T becomes smaller than
0.5. For reference, the non-drift removed Kstat(f) is also
shown.

A final approach utilized in removing drift from long term
data is piece-wise drift removal over portions T/N’ of the total
data interval T. One can show, however, that this causes the
highpass filtering knee frequency that alters the drift-removed
Kstat(f) to move from 1/T to N’/T. This not only increases the
Kstat(f) bias for  values on the order of 0.5T, but also causes
this increase to remain appreciable for  values down to
0.5T/N’.

In Figure 3, only the lower portion of the spectrum near
f =0.5 is shown. This is because drift-removed Kstat(f) bias
changes are negligible at higher spectral frequencies. In [12],
Greenhall noted that the effect of kernel bias on the Allan
variance varies drastically with the noise type. From Figure 3,
one can see why this occurs; as p in Lx(f)  |f|p changes from
white noise to more negative power law orders, the region
near f =0.5/, where the maximum Kstat(f) bias change occurs,

IV.

SUMMARY AND CONCLUSIONS

This paper has introduced a physical definition of Mth
order random stability as the prediction error from an ideal M-
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point calibration solely due to random noise. This definition
allows one to define Mth order random stability, not only for
polynomial fit prediction with uniform sampling intervals, but
also for non-polynomial fit prediction with non-uniform
sampling intervals. Using this definition and the properties of
Mth order -measures derived in the text, we have shown that
Mth order -measures and their variances without drift
removal are natural measures of Mth order polynomial random
stability when the drift over T is in the form of an (M-1)th or
lower order polynomial. We have also provided a quantitative
method for determining the bias in a fit-removed Mth order measure used to estimate Mth order polynomial random
stability when the drift over T is not in the form of an (M-1)th
or lower order polynomial. An important conclusion of the
paper is that a -variance that is a natural random stability
measure without drift removal for intrinsic aging will have
significant Kstat(f) bias, if environmental factors contribute
significantly to the drift over T and have complicated
temporal behavior.
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observations. A special care has been given to minimization of
non-linear effects in the timing device [3]. The experimental
results [4], [5] proofed the new concept. The extreme singleshot precision, time interpolation linearity as well as the timing
stability were in agreement with the expectations.

Abstract— We are presenting a novel concept of the time interval
measurement which uses a surface acoustic wave (SAW) filter as
a time interpolator. Based on our previous results we have
designed and constructed a timing device which allows
registration of times of arrival of pulses with a single shot
precision of 800 fs RMS, the time interpolation nonlinearity
bellow 200 fs, and the stability in sense of TDEV <10 fs for
averaging times from 300 s to 3000 s. Two identical timing
devices above have been used in an experiment, in which the
frequency outputs of two Hydrogen masers were compared. The
experiment proofed that one of possible applications of the
timing device is a comparison of high performance low-noise
frequency sources and measurement of their frequency stability
in the time-domain. The noise background of the timing system
was negligible for averaging intervals on the order of 100 ms and
longer.

I.

II.

Based on the previous results we have designed and
constructed a timing device which allows measurement and
registration of times of arrival of input pulses with respect to a
local time base. The block scheme of the timing device is in
Fig. 1. An input pulse excites a SAW filter whose output is
sampled at clock ticks and converted by an analog-to-digital
converter (ADC) and buffered. Once the response to the input
pulse has been processed, an internally generated pulse is
applied to the same circuit. This internal pulse is generated
synchronously with the time base reference. After both
responses have died out, they are reconstructed from the
samples and compared by means of cross-correlation to
determine the time interval between the two pulses. All the
processing is integrated into a simple algorithm based on the
fast Fourier transform. The device uses the clock sampling
frequency of 100 MHz. The SAW filter central frequency is of
525 MHz, and the filter bandwidth is of 18 MHz.

INTRODUCTION

A novel time interval measurement method that makes use
of a SAW filter as a time interpolator has been introduced in
[1]. The method is based on the fact that a transversal SAW
filter excited by a short pulse generates a finite-time signal
with highly suppressed spectra outside a narrow frequency
band. It results from the sampling theorem that if the responses
to two excitations are sampled at clock ticks, they can be
precisely reconstructed from a finite number of samples and
then compared so as to determine the time interval between the
two excitations.
A detailed analysis of measurement errors of this method
has been given in [1] and [2]. It results from this analysis that
the method excels in time interpolation efficiency since the
time interpolation error relative to clock period is very small. It
means that an accurate measurement can be achieved even
with relatively low clock frequency. Also random errors
caused by noises generated in different parts of the timing
device are very low thanks to averaging effect as the
interpolation process is not based on the only one but many
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TIMING DEVICE

Figure 1. The block scheme of the timing device.
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The application of the internally generated time mark
ensures calibrating the internal delays on a shot-by-shot basis
hence the extreme timing stability and reproducibility of the
measurements is achieved.
The internal time base is based on an external frequency
multiplier providing spectrally pure 200 MHz sine wave
multiplied from a 10 MHz frequency reference. The
conversion of the 200 MHz sine wave to a pulse clock signal
and its distribution to the ADC and the excitation circuit use
high speed SiGe comparators and buffers.
To be able to check the measurement performance and do
different experiments a reference time mark generator has been
included into the timing device. It generates low jitter pulses
synchronously to the local time base. The repetition frequency

Figure 3. The timing device PCB is installed in an Aluminium box.
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of these pulses is 100 MHz/2 = 763 Hz and their jitter is
below 300 fs RMS which is practically negligible with respect
to the single-shot precision of the timing device itself.

The timing device is constructed on a single PCB (Fig. 2)
which is installed in an Aluminum box (Fig. 3) to ensure the
proper passive heat transfer and high timing stability. The box
dimensions are 250 x 140 x 45 mm. Two identical timing
devices described above together with a power supply unit are
placed in a 19" case and create a two-channel NPET timing
device (Fig. 4). The other 19" case includes the frequency
multiplier 10 MHz to 200 MHz. The NPET communicates
with a personal computer via USB. The input signals are
connected through SMA connectors.

Figure 4. Two identical timing devices together with a power supply unit are
placed in a 19" case and create a two-channel NPET timing device. The other
19" case includes the frequency multiplier 10 MHz to 200 MHz.

The performance of the timing device has been extensively
tested using the reference time marks generated synchronously
to the local time base as described above. The resulting
histogram of the TOAs is in Fig. 5. The single-shot precision
evaluated from these measurements was nearly 800 fs RMS.
Thanks to the device concept and construction an excellent
timing stability has been obtained. Operating the device in a
common laboratory environment without temperature
stabilization, the TDEV better than 4 fs was routinely achieved
for averaging times from 300 s to 3000 s (Fig. 6).

Figure 5. The resulting histogram of TOAs, 500 fs per bin. The single-shot
precision evaluated from these measurements is nearly 800 fs RMS.

The timing stability can also be demonstrated on the 256 s
moving average of the TOAs (Fig. 7) which did not leave the
+/- 4 fs range within the period of 3 hours.
We further completed a series of measurements focused on
the linearity of the time interpolation. In this case we used an
external pulse generator not synchronous with the local time
base. The pulses were connected to inputs of two identical
timing devices through cables with different delays and the
difference of TOAs in dependence on the TOA was measured.
Several such measurements with different differential delay of
the input pulses were completed. The resulting nonlinearity
was evaluated below 200 fs.

Figure 2. The timing device is constructed on a single PCB.
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Figure 8. The experimental setup. There are from left to right the hydrogen
maser EFOS SN 60, the data acquisition PC #1, the NPET timing device
(channels #1 and #2), the frequency multiplier #1, and the data acquisition
PC#2. The other maser EFOS SN 39 and frequency multiplier #2 were located
in the next room.

Figure 6. Operating the device in a common laboratory environment, the
TDEV better than 4 fs was routinely achieved for averaging times from 300 s
to 3000 s. The instability can be considered as a white phase noise for
averaging times up to ~1000 s.

Figure 7. The 256 s moving average of the TOAs did not leave the ± 4 fs
range within the period of 3 hours.

III. EXPERIMENTS
Two timing devices described above have been used in an
experiment in which the frequencies of two H-masers were
compared. The experiment was performed in the underground
time and frequency laboratory at the Geodetic Observatory
Wettzell, Germany. The experimental setup is in Fig. 8. There
are from left to right the hydrogen maser EFOS SN 60, the data
acquisition PC #1, the NPET timing device (channels #1 and
#2), frequency multiplier #1, and the data acquisition PC#2.
The other maser EFOS SN 39 and the frequency multiplier #2
were located in the next room.

Figure 9. The block scheme for the first measurement (a) when both the
timing devices were connected to the same frequency reference and the
second measurement (b) when each timing device was connected to another
H-maser.

At first both the timing devices were connected to the
same frequency reference (H-maser SN 39 and frequency
multiplier #1) according to the block scheme in Fig. 9a. The
aim of this measurement was to prove the jitter and time
stability of the experimental setup including the cables. The
jitter was on the expected level of 800 fs RMS. The resulting
TDEV is in Fig. 10.

Figure 10. The resulting TDEV of the experimental setup when both the
timing devices were connected to the same frequency reference.
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measurement of their frequency stability in the time-domain
for a wide range of averaging intervals. The noise background
of the timing system was negligible for averaging intervals on
the order of 100 ms and longer. The excellent timing precision
near 800 fs RMS and stability well below 10 fs of the novel
principle timing system has been demonstrated.
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VCOCXO. But it was complicated to install three
accelerometers and it would take some time for DSP to
compute and generate compensation value.

Abstract- The paper proposes a digital compensation by imposing
real-time compensation voltage to Vin Pin of VCOXCO while
device vibrating. The embedded digital compensating circuit
includes a MEMS three-axes acceleration sensor, a FPGA and a
D/A converter. G-sensitivity vector can be computed based on the
MEMS sensor. A proportion digital compensation model is built to
generate voltage which can compensate frequency drift and
perturbation caused by acceleration.

This paper proposes real time digital compensation based
on FPGA process. A MEMS three axes acceleration sensor
whose package is less than 3mm×3mm×0.9mm is applied to
get the acceleration vector. A FPGA is employed which can
realize computation in one clock period. Because of the
integration and miniaturization of digital device, the whole
compensation system is flexible, low-cost and easy to be
applied.

. INTRODUCTION
Quartz crystal oscillator is sensitive to temperature and
acceleration[1]. OCXO can maintain temperature stable to
increase stability of output frequency, so OCXO is widely
applied at precise equipment. Most OCXO are VCOCXO
whose frequency can be adjusted from 10-7 to 10-5 by
controlling voltage. OCXO is sensitive to acceleration which
causes equipment performance deterioration at moving
applications. The range of typical g-sensitivities spans from
1×10-10 Hz/g for precision SC cut to greater than 1×10-7 Hz/g
for a low cost AT cut.

Ⅱ. PRINCIPLE OF DIGITAL COMPENSATION
The research is carried out on the basis of Voltage
Controlled OCXO for several reasons. First, the temperature
of OCXO is stable so temperature sensitivity can be
substantially reduced. Second, with the big dimension, digital
controller can be embedded into OCXO. At last it’s easy to
realize the compensation by adjusting the “Vin” pin of
VCOCXO. So little change is needed to be made to the
original OCXO.

At present, to decrease g sensitivity, the way used most is
mechanic cushion which is useful only to high frequency
vibration. It can’t operate effectively when the device suffers
low frequency vibration or continual g movement.
Additionally, mechanic cushion increases the volume and
weight of devices, which is harmful to miniature devices.

A. Frequency domain analysis
When sinusoidal vibration is imposed on OCXO, there
will be vibration-induced sideband in the carrier, the ratio of
the power can be denoted as follows[1]:

Gagnepain uses two resonators in series electrically and
reverses parallel connection mechanically, so g sensitivity
was counteracted[2]. Owing to lack of repeatability in the
acceleration sensitivity, it’s difficult to make alignment.
Greenray corp manufactures dual-resonator oscillators using
AT-strip quartz whose g sensitivity is repeatable in both
magnitude and direction, so the g sensitivity can be below
1×10-11.[3]

LVn ( dBc ) = 20 log( J n ( β ) / J 0 ( β ))
Where

J n ( β ) is the Bessel function of nth sideband.

β = Δ f / f V = (Γ ⋅ A) f 0 / f v

(2)

is the modulation index.

Przyjemski[4] and Emmons[5] used an accelerometer
aligned with the g sensitivity direction. The accelerometer
signal was fed into a tune circuit to decrease g sensitivity. As
the circuit was analog, it’s hard to be linear at all point. Some
scholars[6] proposed three accelerometers mounting with the
oscillator and aligned on mutually perpendicular axes and a
DSP
was applied to generate compensation voltage to
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(1)

Where
frequency;
vector.
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f 0 : output frequency of resonator; f v : vibration

Γ is g sensitivity vector and A is acceleration g

Several approximations can be made if
approximation is

J 0 ( β ) = 1,

J1 ( β ) = β / 2,

β < 0.1 . The

z

J n ( β ) = 0 ，so

am

az

L1v ( β ) ≈ 20 * log((Γ ⋅ A) f 0 /(2 f v ))

ϕz

(3)

When acceleration exists, the quartz resonator will
generate stress which would corrupt its RF outputs. The
package type of resonator would also affect g-sensitivity.
Resonators would be distorted when large-scale g, which
causes non-linear g-sensitivity, is imposed on.

ax

x

ϕy

ay

B. Building acceleration sensitivity vector model

ϕx

y
Figure 1. G-sensitivity vector with three axes of sensor

The direction of g-sensitivity vector was fixed for each
OCXO. A MEMS three dimension g sensor was installed at
the package of OCXO to sense the acceleration. Supposing
that axes of g sensor was x,y,z and g sensitivity angle of each
axis was

ϕ x , ϕ y , ϕ z , it’s shown as Fig.1.

The value of g sensitivity vector can be described as

am = ax ⋅ cosϕ x + a y ⋅ cosϕ y + az ⋅ cosϕ z

(4)

a x , a y , a z was measured by sensor, so if ϕ x , ϕ y , ϕ z
were known, a m could be computed.
If the vibration was imposed only along one axis, g
sensitivity would be only caused by one axis. Supposed that
vibration was imposed on x axis, so

a m = a x ⋅ cos ϕ x = A

Figure 2. G-sensitivity test platform

C. Proportion digital real-time compensation

(5)

Supposed that voltage control coefficient was

We imposed sinusoid vibration at fixed frequency, so
from equation (2),(3) we could get
1

cos ϕ x = A / a x = 10 Lv ( β ) / 20 ⋅ 2 f v /( f 0 ⋅ k a )
Where g-sensitivity coefficient is

g-sensitivity coefficient was
compensation voltage was
(6)

Δv = k

ka .

By using this method, cos ϕ x , cos ϕ y , cos ϕ z could be
obtained. Fig.2 shows g-sensitivity test platform. We impose
sine wave vibration upon one axis. Output of resonator was
multiplied to increase the acceleration effect. The ratio power
L1v ( β ) could be provided by a spectrum analyzer.

p

⋅

kv (Hz/v),

k a and the real-time generated

ka ⋅am
kv

(7)

Where k p was proportion coefficient which would
determine the compensation effect.
The algorithm diagram is shown in Fig.3. Fig.4 shows
the compensation result.

f v1 is frequency drift caused by

f v 2 is frequency drift caused by imposed
voltage Δv which counteracts f v1 . f vc1 is frequency drift

acceleration,

after compensation which is much less than itself before
compensation.
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a FPGA with 45nm low-power copper process technology is
also employed. FPGA got the value from sensor by SPI
interface. A serial D/A converter was applied to generate the
compensation voltage. Dc-dc converter and voltage regulating
module provided necessary voltage for FPGA. The board size
of digital circuit was designed based on OCXO, so it could be
installed just on the pin of OCXO shown as Fig.6.
Furthermore, the total circuit could be embedded in the
OCXO, which made it easy being widely applied.

cos ϕ x

ax
cos ϕ y

am

ay

ka

1

cos ϕ z

kv

kp

ΔV

az
Figure 3. Algorithm diagram

Figure 5.

Digital compensation scheme

Figure 4. Frequency drift after compensation

D. Time delay effect
Suppose that a time delay Δt exists at compensation for
it costs time to sense and compensate. If sinusoidal wave
vibration is imposed, the RF output after compensation can be
described as follows

JG JG
V (t ) = V0 cos(2π f0t + ( f0 ⋅Γ⋅ A / fv )sin 2π fvt −
( f0 ⋅ kv ⋅Δv / fv )sin 2π fv (t − Δt ))
When there is an ideal compensation,

Figure 6. Experiment prototype

(8)

Ⅳ. EXPERIMENT

k v ⋅ Δv = Γ ⋅ A , so

An embodiment of proposed compensation circuit is
designed which consists of a MEMS acceleration sensor, a
FPGA system and a 12 bit D/A converter. The parameter of
OCXO can be described as follow: f 0 = 10 MHz ,

JG JG
V (t ) = V0 cos(2π f0t + ( f0 ⋅Γ⋅ A / fv )(sin 2π fvt
− sin 2π fv (t − Δt )))

(9)

k g = 5 . 06 × 10

Ⅲ. DIGITAL COMPENSATION SYSTEM DESIGN

−9

k = 8 × 10 −8

, v
. With the 12bit D/A, the
frequency controlling resolution is k v / 4096 = 1.95 × 10 −11

For acceleration device experience varies with high
amplitude, it is hard to maintain linear in any work state when
analog circuit is employed. What is more, it is hard to
compute the sensitivity vector with analog circuit.

which is much less than k g .
And experiment platform is also built. It includes:

We designed digital compensation circuit based on
FPGA circuit shown as Fig.5. A MEMS triaxial sensor was
applied which could output three axes acceleration values and
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1)

DC power supply;

2)

digital storage oscilloscope TDS1012;

3)

Spectrum Analyzer E4443A;

4)

vibration controlling system;

The experiment environment is shown in Fig.7(a). The
OCXO is installed on the platform of vibration system as
shown in Fig.7(b). Compensation delay is 7.5us.

( e)Vibration without compensation (f) Vibration with compensation kp=4
Gmax=4g, f=30Hz
Gmax=4g, f=30Hz

(a) Experiment platform

(b) OCXO fixed by clamp

Figure 7. Experiment environment

The output spectrum of OCXO at rest is shown in
Fig.8(a). Then 15Hz 4g sine wave vibration is imposed and
output spectrum is shown in Fig.8(c). Fig.8(b) shows the
compensation voltage and Fig.8(d) shows the output spectrum
after compensation while kp=4. We can see 11.9dB
attenuation is gotten. Then 30Hz, 300Hz experiments were
also carried out. From recorded data we can see that g
sensitivity is much decreased after compensation.

( g)Vibration without compensation (h) Vibration with compensation kp=4
Gmax=6g, f=300Hz
Gmax=6g, f=300Hz
Figure 8. Experiment result

TABLE I.

We can see from Tab.1 that the digital compensation
gets good result when low frequency vibration is imposed.
But it is less effective when high frequency vibration is
imposed. The reason is that delay may cause this problem.

COMPARISON AFTER COMPENSATION

L1v ( β )

L1v ( β ) (dB)

g max

fv

(g)

(Hz)

(dB)

With compensation

4g
4g
6g

15
30
300

-47.6
-54.6
-66.2

-59.5
-60.2
-71.5

Ⅴ CONCLUSION
A new acceleration compensation technique which can
substantially reduce the acceleration sensitivity with low cost
is proposed. The total cost of digital circuit is less than $20
and the compensation makes very little change to OCXO. It is
easy to realize digital compensation for VCOCXO. The
method has good future for high accuracy OCXO.
(a) Output at rest

(b) Compensation voltage
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Abstract—In this paper, we demonstrate synchronization of two
electrically coupled MEMS oscillators incorporating nearly
identical silicon tuning fork microresonators. It is seen that as
the output of the oscillators are coupled, they exhibit a
synchronized response wherein the output amplitudes and
signal-to-noise ratios of the two oscillators are improved relative
to the case where the two oscillators are uncoupled. The
observed output frequency of each oscillator before coupling is
219402.4 Hz and 219403.6 Hz respectively. In contrast, when the
oscillators are driven simultaneously, they lock at a common
output frequency of 219401.3 Hz and their outputs are found to
be out-of-phase with respect to each other. A 6 dBm gain in
output power and a reduction in the phase fluctuations of the
output signal are observed for the coupled oscillators compared
to the case when the oscillators are uncoupled.

I.

INTRODUCTION

Over the last two decades, advancements in design,
fabrication and packaging of silicon MEMS oscillators have
resulted in their commercialization with the potential to
replace quartz crystal oscillators from certain market sectors
due to their smaller sizes, scalability to VHF-UHF
frequencies and the potential for integration with CMOS
electronics. However, MEMS oscillators are currently limited
in their noise performance and output power capabilities, in
part due to their smaller dimensions and the associated onset
of non-linear self-limiting behaviour at relatively modest
oscillation amplitudes.
Several methods have been previously employed to
address these limitations. Of these, perhaps the most notable
is the effort to enhance the noise performance of silicon
MEMS oscillators by increasing the output power using
array-coupled silicon microresonators [1]. In this work, an
array of nine identically designed mechanically coupled
wine-glass disk resonators operating in a combined resonant
mode were embedded in an oscillator feedback loop to
enhance the output motional current, thereby improving the
phase noise performance. While it can be inferred from their
results that the use of multiple resonators, enhances the
oscillator response relative to the typical use of a single
resonator, the use of multiple resonators also changes the
modal dynamics, as each resonator adds an additional degree
of freedom, making the system more susceptible to excitation
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of spurious modes. Moreover, electrostatic transduction of the
resonator array in order to excite a particular combined
vibration mode for an array coupled system can impose
constraints on transducer geometry and routing interconnect
as well as increase the effects of capacitive feedthrough
parasitics.
Various noise sources with electrical, mechanical and
environmental origins result in amplitude and phase
fluctuations in the output of the MEMS oscillator [2]. Phase
fluctuations are accumulated over time and are of particular
interest in timing and frequency control applications [3]. In
an attempt to address the phase stability of MEMS oscillators,
we propose the utilization of the phenomenon of
synchronization wherein synchronized oscillators lock at a
common output frequency and a constant relative phase
difference.
One of the first observations of synchronization was
reported by the Dutch researcher Christiaan Huygens in the
17th century. He observed that when two symmetric
pendulum clocks were suspended from a common frame, they
began to oscillate at a common frequency and out-of-phase
with respect to each other due to the weak coupling that
caused by the imperceptible motion of the frame [4].
More recently, Bennett et al. re-examined the
phenomenon using two symmetric pendulum clocks and
showed that the onset of synchronization was related to the
extent of mismatch of their uncoupled oscillation frequencies
and the strength of coupling between them [5]. The
oscillation frequency for a MEMS oscillator is determined by
the resonating element which is a MEMS resonator in our
case. Tolerances in fabrication processes often result in
variations in the dimensions of the resonator and in their
material properties. Due to these variations, the nominal
resonant frequencies across identically designed resonators
are usually different. MEMS resonators can be coupled by
mechanical or electrical methods [6]. As opposed to
mechanical resonators in more conventional technologies,
electrical coupling of MEMS resonators can be implemented
by parallel-plate capacitive coupling elements that can be
readily implemented in a standard micromachining process.
In this work, the synchronization of two electrically coupled
silicon MEMS oscillators is demonstrated.
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II.

B. Device Characterization

DEVICE DESCRIPTION AND OPERATION

A. Device Configuration
Network Analyzer
(Aglient 4396B)

Resonator 1

Resonator 2

Output power

Excitation force

Resonators 2

Resonators 1

Transimpedance
amplifier

DC bias

Figure 2. Schematic representation of open loop measurement setup for
silicon DETF MEMS resonators.

Figure 1. Optical micrograph of electrically coupled DETF resonators.

Fig. 1 shows an optical micrograph of two electrically
coupled identically designed silicon double-ended-turningfork (DETF) resonators [6]. The device is fabricated in a
commercial foundry process using the silicon-on-insulator
MEMS process through MEMSCAP Inc., USA. The two
resonators are separated by a coupling gap as can be seen in
Fig. 1. In this device, each tine is 350 µm long, 7 µm wide
and 25 µm thick. Additional parallel plates are added at the
point of maximum displacement to ensure uniform
electrostatic actuation of the fundamental vibration mode.
Each added electrode is 280 µm long, 10 µm wide and 25 µm
thick. All the actuation gaps in both the resonators are 2 µm
including the coupling gap. The out-of-phase normal mode of
the resonator is of interest, as it offers a higher quality factor
compared to the in-phase normal mode, due to the
cancellation of stress at the anchor points. It is to be noted
that any potential difference across the coupling gap
generates an attractive electrostatic force which is
displacement dependent and results in a negative mechanical
spring like behaviour. The electrostatic coupling force (Fc)
between two resonators can be determined by:

A schematic representation of the measurement setup for
open-loop experiments is shown in Fig. 2. The device is
tested in a custom vacuum chamber at a pressure of
≈50 mtorr. Two-port electrostatic transduction is employed to
detect the motion of the resonators. An AC excitation force is
applied to the network analyzer to drive the resonators while
DC bias is used to detect the motional current. The output
motional current is amplified and converted to a voltage by a
transimpedance amplifier and then sent to the network
analyzer.
-30

Resonator 1
Resonator 2

-35
Magnitude (dB)

Electrical
coupling

-40
-45
-50
-55
-60
2.1815

2.182

2.1825
2.183
Frequency (Hz)

2.1835

2.184
5
x 10

Figure 3. Open loop response of uncoupled DETF MEMS resonators.

Fc = -

εo A
d

2

(VDC1 − VDC 2 )2

(1)

Here VDC1 and VDC2 are the DC bias applied to each of the
resonators. A is the actuation area, d is actuation gap and εo is
permittivity of free space. It can be deduced from
equation (1) that the change in potential difference across
these resonators results in a modified coupling force.

The result of the measurements for the uncoupled response
after feedthrough cancellation is shown in Figure 3. The
feedthrough component is obtained by applying 0 V potential
difference across the actuation gap. The quality factor and
resonance frequency for each resonator are 31177, 32956 and
218238.3 Hz, 218330.0 Hz respectively. These values are
determined by a nyquist circle fit to the measurements of the
uncoupled response. Although, the resonators are designed to
be identical, fabrication tolerances result in variations in
dimensions and material properties, consequently leading to
deviations in the resonance frequencies for identically
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Figure 4. Open loop response of coupled DETF MEMS resonators observed at resonator 1 under two different conditions of electrical coupling (a) 4 V
potential difference across the coupling gap (b) 8 V potential difference across the coupling gap.

TABLE I.

Oscillator

Frequency (Hz)

SUMMARY OF EMPIRICAL RESULTS

Output power (dBm)

Phase ratio (degrees)
Mean

Standard deviation

Uncoupled Oscillator 1

219402.4

-55.6

169.4

41.4

Uncoupled Oscillator 2

219403.6

-57.6

156.5

54.9

Coupled Oscillator 1

219401.3

-50.8

180.4

18.2

Coupled Oscillator 2

219401.3

-50.9

178.8

20.4

designed structures.
The coupled response of the resonators is shown in
Fig. 4(a) and (b) for two different coupling forces. In first
case, the potential difference across the coupling gap is 4 V
while it is 8 V in the second case. The coupled response is
observed at resonator 1. The lower frequency mode is found
to be out-of-phase normal mode which occurs first, due to the
negative value of the electrical coupling spring.
III.

Amplifier

Output
signal

DC bias

Amplifier

Band pass
filter

IMPLEMENTATION OF ELECTRICALLY COUPLED
OSCILLATORS

Output
signal
Band pass
filter

Comparator

Fig. 5 illustrates the block diagram representation for the
coupled MEMS oscillators. The two DETF resonators are
embedded within the feedback loop of two distinct oscillator
circuits. Each oscillator comprises a transimpedance
amplifier for converting the motional current to a voltage and
to meet the loop gain requirement for sustained oscillation.
This block is followed by a band pass filter which removes
unwanted normal modes. The filter output is then fed to a
comparator. The comparator acts as a hard voltage limiter and
limits the effect of amplitude fluctuations in the feedback
signal. For both oscillators, output signals are observed at the
output of the transimpedance amplifier as shown in Fig. 5.
The response of the above configuration is compared for four
different cases and the results are tabulated in Table I.

DC bias

Feedback
signal

Oscillator 1

Feedback
signal

Comparator

Oscillator 2

Figure 5. Schematic description of electrically coupled MEMS oscillators.

The first two cases are when both the oscillators are
uncoupled (operated independently) and the next two cases
when both are coupled (operated simultaneously). The
observed output frequencies for oscillators 1 and 2 when
operated independently, are 219402.4 Hz and 219403.6 Hz.
When operated simultaneously, the oscillators lock at a
common oscillating frequency of 219401.3 Hz as shown in
Fig. 6(a) and (b) respectively.
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Figure 6. Output response of the MEMS oscillators compared before and after capacitive coupling (a) oscillators are uncoupled (b) oscillators are coupled.

In order to compare the oscillator response for uncoupled
and coupled cases, a frequency normalized plot for
oscillator 2 is shown in Fig. 7. A 6 dBm gain in the output
power and a clear reduction in noise floor can be observed for
the case when the oscillators are coupled relative to the case
when the two oscillators are uncoupled. Both oscillators
describe the same general behaviour.
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Measurements of phase noise and long-term oscillator
stability before and after coupling are ongoing.
IV.

CONCLUSION

We propose the use of synchronization to enhance output
signal power and enhance the signal-to-noise performance for
coupled MEMS oscillators. The synchronized response of
two coupled MEMS oscillators is demonstrated wherein the
output amplitudes and signal-to-noise ratios of the coupled
oscillators are clearly enhanced relative to the case before
coupling. In addition, a reduction in relative phase
fluctuations is observed for two coupled MEMS oscillators
with the two oscillators locking 180o out of phase. These
initial results are promising and demonstrate that the
phenomenon of synchronization can be extended to coupled
MEMS oscillators resulting in improvements in oscillator
noise performance. Future work includes more detailed
investigations of noise and long-term stability in
synchronized MEMS oscillators.

Figure 7. Frequency normalized response of oscillator 2 for uncoupled and
coupled cases.
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Abstract—Opto-electronic oscillators (OEOs) are based on a
long optical fiber that acts as a high Q cavity. However, a long
fiber is sensitive to the temperature fluctuation. The aim of this
paper is to study the possibility of stabilizing the OEO cavity by
employing the technology of radio frequency transfer over fiber
links. We propose a scheme of a dual-loop OEO with a probe
signal and experimentally demonstrate that the probe signal is
useful for monitoring the fiber delay without observable
interference. This paper will simulate the adjusting of the OEO
optical cavity by a variable optical delay module and discuss its
best long-term stability.

I.

use of a probe signal for monitoring the fiber delay and
evaluate the performance of OEO with stabilizing its delay.
II.

fo =

INTRODUCTION

Ultra-stable frequency transfer over an optical fiber has
been a state of art technology in the recent years [1]-[3]. By
compensating the delay variation according to the phase
information of the round-trip signal, a very stable optical delay
line could be obtained. A radio frequency (RF) transfer using
amplitude modulation of the laser carrier has demonstrated a
frequency stability of the 10-15 level at 1-s averaging time and
below 10-18 at 1 day [4].
An ultra-stable optical delay line is vey important
component for many kinds of optical systems, such as the
optoelectronic oscillator (OEO). This oscillator, based on
optical fibers to act as a high quality factor (Q) cavity, is
capable of generating radio-frequencies with very high
spectral purity [5]. Very low phase noise of variant OEO
architectures have been demonstrated, such as the dual-loop
OEO [6][7], coupled OEO [8], and OEOs with photonic
resonator-based filters [9]. However, the long-term instability
of OEO is still a challenge due to its sensitive to the
surrounding temperature variations. It is still a challenge for
OEO to reach a good long-term frequency stability without a
thermally stabilized chamber [10].
The aim of the paper is to study whether the technologies
of RF frequency transfer can be adequate for stabilizing the
optical fiber loop of OEO. We experimentally demonstrate the
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BACKGROUND

There are two fiber paths with different time delays in the
dual-loop OEO as illustrated in [6]. If we assume the delay of
the long fiber loop is τ 1 , and that of the short fiber loop is τ 2 ,
the oscillation frequency is given by
m

=

k

τ1 τ 2

,

(1)

where m and k are integers. The mode spacing of the OEO is
then determined by the short loop delay τ 2 , and the phase
noise is determined by the long loop delay τ 1 . This leads to
the oscillation signal having narrow spectral linewidth with
the suppressed unwanted modes. Because of the frequency
pulling effect between a narrow spectral width of the long
loop and a broader one of the short loop, a small tuning of
oscillation frequency is chiefly determined by the long loop
delay variations unless a frequency hopping happens [6][11].
If the long loop delay varies Δτ 1 , the oscillator frequency
is then tuned by an amount Δf o , and the relation is expressed
as
Δf o −Δτ 1
=
.
fo
τ1

(2)

The frequency stability is then negatively related to the
stability of long loop delay. If there is a possible to monitor
the loop delay, one can stabilize the fiber delay by the
techniques of RF frequency transfer. An approach to precisely
monitoring the long fiber delay is demonstrated as follows.
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EXPERIMENTAL SETUP

Fig. 1 shows the scheme of a dual-loop OEO with a probe
signal. These devices are commonly available in time keeping
institutes for the purpose of time and frequency transfer. In
order to add a probe signal, a RF coupler is used in front of the
optical modulation. Our light source is a 1310 nm single-mode
laser. After the direct modulation, the optical signal is divided
into two loops by a 50/50 optical coupler. The longer one is a
10 km spool of standard single-mode fiber (SMF), and the
short one is a 30 m SMF pigtail. An additional RF power
splitter, followed after the photodetector of the long fiber,
provides the output port of the probe signal. Since the loss of
the short fiber is much small than the long one, the additional
attenuator is essential to balance the loop gains. After
combining the signals from these two loops, two cascaded RF
amplifiers provide a high gain to compensate the loss of
components for reaching the oscillation condition. A RF bandpass filter, having a 4 MHz bandwidth centered at 70 MHz,
selects an oscillation around the intermediate frequency.
Finally, a half of the RF power is taken off by a power splitter
and used as an OEO output. The other part of RF signal is
combined with the probe tone and sent back to form the
feedback loops. The output is measured by a spectrum
analyzer and a frequency counter (SR 620).
A pseudo-random noise (PRN) encoded signal is
employed to monitor the long fiber loop delay of the OEO.
The PRN signal is based on the spread-spectrum techniques,
resulting in a signal with a wider bandwidth and a lower
spectral power density. The probe signal is generated by a
modem (TimeTech SATRE), usually used for two-way
satellite time and frequency transfer (TWSTFT) [12]. The
modem acts as a time interval counter to measure the
propagation time when the probe signal passing through the
long fiber and returning back to the modem.
10 km SMF

LD
RF
Coupler

PS
RF
Coupler

1/2

PD 2

ATT.

RF
AMP

PS

RF power Splitter

0
-10

RF Filter

Figure 1.
Experimental setup. LD: direct modulation laser diode; PD:
photo detector; ATT: variable power attenuator; SMF: single mode fiber.
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Figure 2.

RF spectrum of OEO tone at 70.6 MHz and probe signal
centered at 86 MHz.

To avoid the interference between the oscillation and the
probe signal, the frequency of the probe signal should lie
outside of the bandwidth of the band-pass filter, and far away
the oscillation frequency. Moreover, its power intensity must
be much lower than that of the oscillation to avoid the beats
between them. However, the probe signal should maintain its
carrier-to-noise ratio for the monitoring precision. Fig. 2
shows the spectrum of the RF output. The oscillation
frequency is at 70.6 MHz with a peak power of 1.7 dBm. The
center frequency of the probe signal is placed at 86 MHz,
which is 15.4 MHz far from the oscillation. While the chip
rate of the probe signal is 2.5 MHz, the actual bandwidth
larger than -60 dBm is 4 MHz. The peak power occurred near
the 86 MHz is -42.3 dBm, which is about 44 dB lower than
the oscillation signal. The carrier-to-noise ratio of the received
probe signal reaches 69 dB/Hz. In the observation of the
frequency counter, the existence of this probe does not affect
the stability for the period larger than 1 s. In addition, the
probe signal can be easily eliminated by an additional filter
following the RF output.

1/2

30 m SMF
RF
output

probe signal
output

PD 1

probe signal input

10

Signal Power (dBm)

III.

IV.

RESULTS

For focusing on the long term behavior, the frequency
measurements were recorded every second by counter, and
there was no frequency hopping during our observation.
Meanwhile, the delay of the long fiber was monitored every
second by the probe signal from a modem. To reduce the
short-term measurement noise of the monitored data, we used
the 600-s moving averages of the monitored data to represent
the delay of the fiber in this study. Fig. 3 shows the measured
frequency variation and the negative value of the monitored
delay variation. It is clear that the frequency varied with the
delay variation.
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Figure 5.
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Fig. 4 shows the Allan deviation results. The measured
frequency fluctuation is represented by red line. The frequency
stability is 3.9×10-10 at a 1-s averaging time. Due to the
thermal drift, the curve has no descending or flat part, and
ascends to 10-7 after 4000-s averaging times. The other blue
curve is the predicted results according to the delay data. As
the relationship described by (2), we treated the negative
fractional delay fluctuation (i.e. − Δτ τ ) as the fractional
frequency data, and calculated their frequency stability. These
two curves have the same tendency and were tied to a similar
level. This means that the predicted results are in certain
agreement with the measured frequency data. Nevertheless,
the measured data in the short term were a little worse than the
predicted one because the delay of the non-monitored filter
rapidly responded to the temperature fluctuation. However, for
the long term (τ > 700 s), the stability of the measured
frequency is lower than the predicted value.
V.

Comparison between delay stabilities of the measured freerunning fiber loop and simulated tuning fiber loop.

By reading the stabilized delay data as frequency data,
we could evaluate the frequency stability for a cavity
stabilized OEO. Fig. 6 shows the evaluated results of the
simulated delay data. The long-term frequency stability of the
OEO could be kept within 10-10 after 600-s averaging times.
Compared with the free running OEO, the results show that
the frequency stability was reduced from 10-7 to 3×10-11 at a
104-s averaging time. This would be a great improvement.
1.E-09

Overlapping Allan deviation

Frequency variation Δf(Hz)

such like a motorized variable optical delay line and a
piezoelectric fiber stretcher. Based on the specification of
commercial devices, we simulated the delay of active tuning
fiber loop of an OEO. The delay varying speeds are classified
as none, ±0.01 ps/sec, and ±0.05 ps/sec; and the control
dynamic range is 600 ps. We steered the delay line according
to the difference between the typical value and the value of
the past 600-s moving average of the monitored data. Finally,
we got a simulated result of a stabilized loop delay.
Fig. 5 shows the Allan deviations of the monitored delay
and the simulated stable delay after the tuning. Since the
delay data were actually the time interval readings of the
phase differences, the results were calculated as the phase
data. The long-term stability of the delay of the free running
fiber loop was almost limited to the level of 10-15. Through
the active compensation, the stability of the fiber delay could
be below 10-18 after 3×104 s averaging.

100

100

Frequency (OEO simulation with fiber
delay monitoring and tuning)
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1.E-11
1.E+00

1.E+01
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1.E+03
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PERFORMANCE EVALUATION OF ACTIVE TUNING

According to the monitored fiber delay data, we are able
to stabilize the fiber delay by compensating its variation. To
carry out the active optical compensation, the long fiber delay
would be controlled by inserting an available fiber device,

Figure 6.
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Frequency stability of an OEO from the simulation of tuning
fiber loop delay.

VI.

[4]

CONCLUSION

We have demonstrated a probe-signal method for
monitoring the fiber delay of a dual-loop OEO. Since the
probe signal can keep a good carrier-to-noise ratio with a
much lower power level than that of the oscillated signal, there
is no observable interference in the oscillation loop.
The measurement noise of the monitored data is not
precise enough that we have to use their 600-s moving
averages to represent the fiber delay. In the future work, we
plan to carry out the active stabilizing of a fiber delay loop
according to the monitored data. Then, more precise
monitoring is necessary for real-time phase correction.
Through the better selection of components, we may employ a
higher chip-rate PRN signal, which requires a broader
bandwidth, to increase the precision of monitored data.
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Abstract— This paper presents a critical review of different
acoustic resonator models exposed in the past, in the light of
recent experimental results. Among the few models attempting
to explain the 1/f behavior of the quartz crystal resonator, the 1/f
quantum noise theory of P. Handel and the thermal boson
theory of M. Planat, are recalled. The latest published
experimental results are analyzed taking into account these
models. In the case of Handel’s model, the noise depends on the
resonator volume under the electrodes and the unloaded quality
factor of the resonator. Handel’s model is supposed to give an
order of magnitude of the lowest possible noise level, but now
some experimental results are under its prediction. An approach
using the vibrating volume of the resonator is proposed to renew
the lowest noise level estimation and found to be compatible with
the latest experimental results.

I.

The oscillator limitation is theoretically imposed by the
resonator. However, few models attempt to explain the 1/f
behavior of the quartz crystal resonator. In this paper, we will
briefly recall the 1/f quantum noise theory of P. Handel and
the thermal boson theory of M. Planat in order to compare the
latest published experimental results to the lower limitations
computed with these two models. In the case of Handel’s
model, the noise depends on the resonator volume under the
electrodes and the unloaded quality factor (Q) of the resonator.
It gives an order of magnitude of the noise, but now some
experimental results are below its prediction. In this paper, we
will show that a lower theoretical estimate can nonetheless be
extracted from Handel's model provided one uses the vibrating
volume of the resonator instead of the volume under the
electrodes.

INTRODUCTION

High-precision quartz oscillators are mainly used in
telecommunications, metrology and space applications such as
local oscillators in satellites. The short-term stability of such
oscillators is essential.
In 1994, J. Norton [1] has measured the best result of
short-term stability of a quartz crystal resonator. It was a
5 MHz SC cut mounted in a BVA structure. The result in term
of Allan standard deviation was 3.74⋅10-14 for τ equals to 10 s.
In 1999, at 10 MHz, R.J. Besson [2] measured two BVA
quartz crystal oscillators with 5⋅10-14 Allan standard deviation.
Then, for ten years, there had been no significant
improvement of quartz oscillators in the short term stability
domain and no real solution had been found to improve the
phase noise of BAW resonators. J. Norton’s result represented
the best acoustic resonator noise performance that could be
found in the literature, pretty close to the lowest theoretical
estimates. However, recently, better experimental results [3-4]
have shown that quartz crystal oscillators may still have not
said their last word in the short-term stability domain.
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II.

MODELS

The following part presents a summary of the two models
trying to elucidate the physical origin of the 1/f flicker noise
of a quartz crystal resonator with a focus on the origin of the
1/f formula. We note, that both models can be seen as the two
opposite sides of the fluctuation-dissipation theorem [5],
since Planat studies the energy fluctuations around statistical
equilibrium of a population of massless degenerate thermal
bosons, whereas Handel proposes an origin for the dissipation
occurring when the oscillator comes back to its mode after a
small perturbation.
A. Planat’s Model
In 2003, M. Planat proposed a statistical thermodynamics
based model to explain the 1/f noise in quartz crystal
resonators [6]. In this paper, Planat considered the case of a
population of massless bosons with a degenerate quantum
harmonic oscillator energy spectrum which predict a
hyperbolic fluctuation spectrum at low frequencies. According
to the equipartition law of statistical mechanics, the partition
function is introduced using a degeneracy parameter of the
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energy level nhf with n the number of bosons, h the Planck
constant and f the frequency. The free energy F may be
approximated in the low frequency part of the spectrum by:

F
π2 1 ⎛ x
≈−
− ln⎜
kT
6 x 2 ⎝ 2π
with x = hf / kT

x
⎞
⎟+
24
⎠

(1)

Subsequently, the exposed model keeps only the first term
of (1).
According to the Einstein’s conventional approach, the
energy fluctuations of a system in equilibrium within a larger
system of temperature T are:

ε 2 = (E − E

)2

= kT 2

∂ E

With ΔP& , the variation of current density of the quartz
crystal.
Then the number of photon emitted as bremsstrahlung of
frequency f, per Hertz is given by dividing (6) by the energy of
photon hf:

Z=

∂u
(3)
df = S u ( f )df
∂T
with u the energy spectral density and Su(f) the power
spectral density of the fluctuations of u.
dε 2 = kT 2

SδΓ / Γ ( f ) =

d 2x
dt

B. Handel’s Model
P. H. Handel proposes in [9] a summary of his 1/f quantum
noise theory. According to him, the general origin of the
intrinsic 1/f noise is due to a quantum self-interference process
caused by very small spontaneous bremsstrahlung energy
losses. The rate Γ of phonon interactions which remove
phonons from the main quartz resonator mode is modulated by
the quantum 1/f effect. The time-derivative of the polarization
vector P of the quartz crystal is affected. According to
bremsstrahlung, when the phonon is removed, a constant
energy is radiated away per unit frequency interval at any
frequency, its expression is:

( 4πε 0 ) 3c 3

+ 2Γ

dx
+ ω02 x = F ( t ) (9)
dt
(10)

The resonant frequency is given by:

S (f)
h
1 A ph
(5)
= −1
S y( f ) = ω 2 = 4
Vf
f
ω
Q
(5) has been used to give an order of magnitude of the
power spectral density of the fractional frequency fluctuations
of a 5 MHz 5th overtone (OT 5), AT-cut quartz crystal
resonator.

E=

2

Q = ωr / 2Γ

(4)

ωr2 = ω02 − 2Γ 2

velocities of the longitudinal mode A and the shear modes B
and C, respectively.
Considering [7-8], the fractional frequency fluctuations in
a quartz crystal resonator are:

(ΔP& )

(8)

3πfe2c 2

The quality factor of the resonator is defined as:

With 3 / c 3ph = 1 / cC3 + 1 / cB3 + 1 / c 3A , cA, cB and cC the

1

( )2

4α ΔP&

If the main resonant mode is described as a forced
harmonic oscillator with losses then the quantum 1/f
fluctuations are present in the loss coefficient Γ of the
following equation:

Thus, energy fluctuations in the bandwidth df are given by:

A ph
9hc 3ph 1
⎡ Su ( f ) ⎤
=
=
⎢ 2 ⎥
3 kTf
Vf
4π V
⎣ u ⎦ LF

(7)

3πfe 2c 2

α = ( 1 / 4πε0 )( 2πe2 / hc ) = 1 / 137 , the
With
Sommerfeld’s fine structure constant.
Thus the one side spectrum is inversely proportional to f:

(2)

∂T
One can reformulate this relation for the fluctuations of the
energy dE = u(f,T)df in the bandwidth df:

( )2

2α ΔP&

(11)

Thus

S y( f ) =

1
4Q 4

SδΓ / Γ ( f )

(12)

Where y = Δf/f0 is the relative frequency fluctuation.
The vibrational energy of the crystal can be written as:
2

()

⎛ m ⎞ 2 2
⎛ Nm ⎞⎛ dx ⎞
W = nh ω = 2⎜
⎟⎜ ⎟ = ⎜ 2 ⎟ χ P& (13)
⎝ 2 ⎠⎝ dt ⎠
⎝ Ne ⎠
With m the reduced mass of the elementary oscillating
dipoles, e their charge, N their number in the crystal, χ a
polarization constant, <ω> the average circular frequency of a
thermal phonon interacting with phonons in the main
resonator mode and n the average number of phonons in that
typical thermal phonon mode.
Thus with:

(ΔP& )2 = Nhnω

(6)
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4χ 2

(14)

We can write:

S y( f ) =

2

e2

β ⎛⎜ V ⎞⎟
f ⎜⎝ Q 4 ⎟⎠

(15)

αh ω

With: β = n0

2 2

= 1 / cm 3 , n0 the number of

12nπmc χ
dipoles per volume unit and V in cm3.
III.

ACOUSTIC VOLUME ESTIMATION

The acoustic volume estimation is carried out using
Tiersten’s definitions as e. g. in [10].

2

⎡
x32 ⎤
x12
⎢ ⎛ 3π
1 ⎛ 3π ⎞
⎞ -α 3 2 - β 3 2 ⎥
W1 ≅ ĉ⎜ ⎟
x 2 ⎟e
e
⎢cos⎜
⎥ dV (22)
2 ⎝ 2h ⎠
⎝ 2h ⎠
⎥
V ⎢
⎣
⎦
To define the acoustic volume, we can consider the
vibration amplitude which remains constant over the surface
Seq, then we compute a cylindrical volume that has the same
energy than the acoustic wave.
2

W2 ≅
X3

∫∫∫

1 ⎛ 3π ⎞
ĉ⎜ ⎟
2 ⎝ 2h ⎠

2

2

⎡ ⎛ nπ
⎤
⎞
∫ ⎢⎣cos⎜⎝ 2h x2 ⎟⎠dx2 ⎥⎦ × Seq

(23)

Thus:
2

⎡
x2 ⎤
x2
⎢ − α3 21 − β3 23 ⎥
W1 = W2 ⇒ S eq = ⎢e
e
⎥ dx1dx3
⎢
⎥
S
⎣
⎦
Consequently, the acoustic volume is defined by:

Figure 1. Geomeric definition of a plano-convex resonator

∫∫

Due to the plano-convex shape, the thickness of the
resonator 2h is given by the following expression (Fig. 1):

⎡ (x 2 + x32 ) ⎤
2h ≅ 2h0 ⎢1 - 1
(17)
⎥
4Rh0 ⎥⎦
⎢⎣
The amplitude of the mechanical displacement in the
resonator is:
unmp =

(

) (

n π x2
A sin
H m αn x1 H p β n x3
2h
⋅e

)

- α n ( x12 / 2 ) - β n ( x32 / 2 ) jωnmp t

e

n 2π 2ĉ
8Rh03 M n

and β n2 =

(18)

e

n 2π 2ĉ
8Rh03 Pn

(19)

Where n = 1, 3, 5, … the overtone number, m, p = 0, 2, 4,
…, label the different mode shapes in the plane of the
resonator, Hm and Hp are Hermit polynomials, R is the
curvature radius, 2h0 is the thickness of the resonator center,
Mn and Pn are the dispersion constants and ĉ is the effective
elastic constant associated to the propagation of the (C) mode.
For the 3rd overtone (OT 3), we have:

u300 = A sin

α32 =

3πx2 -α3( x12 / 2 ) - β3( x32 / 2 ) jω300 t
e
e
e
2h
9π 2ĉ
8Rh03 M 3

and β32 =

9π 2ĉ
8Rh03 P3

(20)

(21)

In the case of SC-cut quartz resonator [11], the cut is
defined by a doubly rotation (ϕ = 22°45’, θ = 34°) and in
N/m²:

ĉ ≅ 34.6 ⋅ 10 9 , M 3 ≅ 57 ⋅ 10 9 , P3 ≅ 67 ⋅ 10 9
The energy of the acoustic wave is given by:

IV.

(25)

APPLICATION OF THE MODELS TO EXPERIMENTAL
MEASUREMENTS

with:

αn2 =

Vac = Seq 2h0

(24)

As seen in [4], the best measured resonators are the 5 MHz
BVA SC-cut, OT 3, resonator from Oscilloquartz (Neuchatel,
Switzerland). In [12], a succinct description of the resonator is
given which allows us to compute an order of magnitude of
our approach. The diameter of the resonant part of the
resonator is around 20 mm, the electrodes diameter D is about
11 mm. The thickness of the resonator is chosen to vibrate on
the OT 3 at 5 MHz. The acoustic velocity for the thickness
shear C-mode of a SC-cut in quartz crystal is about 3610 m/s.
Thus, the thickness at the center of the resonator 2h0 is given
by 3λ/2 formula and is approximately equal to 1.15 mm.
The energy trapping is quasi-independent of the electrodes
dimension, in contoured resonators. It influences the motional
resistance and the static capacitor. The displacement can be
computed from the center of the resonator to the external edge
of the resonator. The radius of curvature is one of the most
important parameter. Usually, sufficient energy trapping is
obtained when the lateral boundary has no effect on the
vibration. Thus, we will consider an attenuation of the
mechanical displacement of about 10-7 between the center and
the boundary of the resonator. This trapping corresponds to a
curvature radius R of about 290 mm (fig. 2).
Τhe Q factor of this kind of resonator can be found from
the dissipative matrix ηij of the quartz crystal [13]. These
constants must be expressed in the SC-cut orientation. Then,
the values are considered as the imaginary part of the
effective elastic coefficients. Resolution of the Christoffel
equations [11] gives the complex eigenvalue ĉ + iη̂ . Then,
an order of magnitude of the Q factor can be obtained using
the following equation:

180

Q=

ĉ
ηˆ 2πf

With ε22 = 39.78⋅10-12F/m the permittivity constant in SCcut.

(26)

In our case, ηˆ ≅ 3.95 ⋅ 10 −4 Ns / m 2 . A SC-cut quartz
crystal resonator, at 5 MHz, OT 3, gives a maximum of
quality factor of about 2.8⋅106. This value corresponds with
the one given in [3].

We have C0 around 3.4 pF.
Short-term stability is usually given in the time domain
with an Allan variance. The Allan variance is computed from
the Fourier frequency and from the power spectral density of
the frequency fluctuations [14]:

σ 2y (τ ) =

∞

∫ S y (f)

2sin4πfτ

0

(πfτ )2

df

(30)

In the case of the flicker frequency noise (which is the
resonator noise), relation between the Allan standard
deviation and the power spectral density (PSD) of relative
frequency fluctuations Sy(f), is given by [15]:

σ y _ floor = 2 ln( 2 )S y (1Hz )

(31)

Table 1 presents the comparison between measurements
and the results proposed by both models. For Planat’s model,
only the velocity of the C-mode of the acoustic wave is used
to the computation. The result is really higher than the
experiment. Using the acoustic volume in this model is not
relevant because of the invert proportionality.
TABLE I.
COMPARISON OF THE SHORT-TERM STABILITY IN TERM OF
ALLAN STANDARD DEVIATION σY_FLOOR OF A SC-CUT, 5 MHZ, OT 3
RESONATOR

Figure 2. Energy trapping of a plano-convex resonator, SC-cut 5 MHz,
OT3, R = 290 mm. (red curve: along x3 axis, green curve: along x1 axis).

Consequently, we can compute the motional resistor Rmot
from the motional capacitance Cmot using:

L 2πf
= mot
QC mot 2πf
Q
In the case of OT 3, Cmot is given by [10]:
1

Rmot =

D
⎞
⎛D
2
x2
⎟
⎜ 2 −α x1
2 −β 3
3
3
2 ⎜
2 dx
2 dx ⎟
64ê26
e
e
1
3⎟
⎜
0
⎟
⎜0
⎠
⎝
Cmot =
3
9π h0 ĉ

∫

(27)

5
2.8

Rmot (Ω)

42

Cmot (fF)

280

Lmot (H)

3.6

C0 (pF)

3.4

Volume under electrodes Velec (cm3) 1.093⋅10-1

2

∫

1.076⋅10-2

Volume ratio

10

(vol. under electrodes)

σy_floor_Handel

(28)

(vol. under electrodes)

σy_floor_Handel
(Acoustic vol.)

With D the electrode diameter, ê26 ≅ −0.0576 C / m the
effective piezoelectric constant.
The computing value of Cmot is around 280 fF. We obtain
Rmot equals to 42 Ω, Lmot is about 3.6 H. These results are
closed to the measured value in [3].
The static capacitor C0 can be also computed with the
following formula [9]:
2
ê26
2 ⎞ ε 22 +
⎛
πD ⎜
( D / 2) ⎟
ĉ
1+
C0 =
8 Rh0 ⎟⎠
2h0
4 ⎜⎝

Acoustic volume Vac (cm3)

σy_floor_planat

α3 β3

2

2

Frequency (MHz)
Quality factor Q (106)

(29)

σy_floor_exp [1]
(oscillator measurement)

σy_floor_exp [4]
(oscillator measurement)

5.2⋅10-12
5.4⋅10-14
1.67⋅10-14
3.75⋅10-14
2.5⋅10-14

The flicker noise seems to be the limit of the short-term
stability of a quartz crystal resonator. An order of magnitude
of this limit is given by the previous calculus around 1.6 10-14
with the Handel’s model using the definition of the acoustic
volume.
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If it was possible to eliminate this noise, the noise limit
should be given by the thermal noise of the resonator. In term
of Allan standard deviation, its expression is usually [16]:
1
kT
(32)
QL 2 Pτ
With a loaded Q-factor QL around 1.6⋅106 for the previous
resonator and a excitation power of 60 µW, we get around
T = 80°C:

σ y _ therm( τ ) =

σ y _ therm( τ ) ≈ 4 ⋅ 10

−15

⋅τ

−1 / 2

(33)

[3]

[4]

[5]
[6]
[7]

At 1s, without 1/f noise, the short-term stability limit
should be 4⋅10-15.
V.

[8]

CONCLUSION

Regarding the experimental results, the 1/f story of the
quartz crystal is not over. The considered models should be
the fundamental limit of the flicker noise of a resonator.
Values of Handel’s model are under the experimental
measurements if the volume is considered as the acoustic
volume. The experimental results seem to be now very close
to the fundamental limit. The model validity could be proved
by varying the acoustic volume while keeping the Q factor of
the resonator constant.
ACKNOWLEDGMENT

[9]

[10]

[11]

[12]
[13]

The authors thank M. Planat for his helpful discussion and
the CNES for financial support of the work.

[14]

REFERENCES
[1]

[2]

J. R. Norton, "Performance of ultrastable quartz oscillators using BVA
resonators," Proc. European Frequency and Time Forum,
Weihenstephan, Germany, March 1994, pp. 457-465.
R. J. Besson, M. Mourey, S. Galliou, F. Marionnet, F. Gonzalez,
P. Guillemot, R. Tjoelker, W. Diener, A. Kirk, "10 MHz Hyperstable
quartz oscillators," Proc. Joint Meeting IEEE Ann. Freq. Cont. Symp.
and European Frequency and Time Forum, Besançon, France, april
2009, pp. 326-330.

[15]

[16]

182

J. Chauvin, P. Weber, J.P. Aubry, F. Lefebvre, F. Sthal, S. Galliou,
E. Rubiola and X. Vacheret, "A new generation of very high stability
BVA oscillators," Proc. Joint Meeting IEEE Ann. Freq. Cont. Symp.
and European Frequency and Time Forum, Genova, Switzerland, June
2007, pp. 1261-1268.
P. Salzenstein, A. Kuna, L. Sojdr and J. Chauvin, "Significant step in
ultra high stability quartz crystal oscillators," Electron. Lett., vol. 46,
no. 21, pp. 1433-1434, (2010).
R. Kubo, "The fluctuation-dissipation theorem," Rep. Prog. Phys., vol.
29, pp. 255-284, (1966).
M. Planat, "Thermal 1/f noise from the theory of partitions: application
to a quartz resontor, " Physica A, vol. 318, pp. 371-386, (2003).
J. J. Gagnepain, J. Uebersfeld, G. Goujon, P. Handel, "Relation
between 1/f noise and Q-factor in quartz resontors," Proc. IEEE Ann.
Freq. Cont. Symp., Ft. Monmouth, New Jersey, May 1981, pp. 476483.
P. H. Handel, "Nature of 1/f frequency fluctuations in quartz
resonators," Solid State Electron., vol. 22, pp. 875-876, (1979).
P. H. Handel, "Quantum 1/f effect in resonant biochemical piezoelectric
and MEMS sensors," IEEE Trans. on Ultrason., Ferroelec. and Freq.
Cont., vol. 52, no. 9, Sept., pp. 1461-1467, (2005).
D. S. Stevens, H. F. Tiersten, "An analysis of doubly rotated quartz
resonators utilizing essentially thickness modes with transverse
variation," J. Acous. Soc. Am., vol. 79, n° 6, pp. 1811-1826, (1986).
R. Bourquin, B. Dulmet, J. J. Boy, "SC-cut resonator operating in
anharmonic modes with B-mode reduction," Proc. European Frequency
and Time Forum, Brighton, United Kingdom, March 1996, pp. 239243.
D. Schneuwly, Y. Schwab, "Quartz clocks," 3rd Int. Telec. Sync.
Forum, London, UK, Oct. 2005.
J. Lamb, J. Richter, "Anisotropic acoustic attenuation with new
measurements for quartz at room temperatures," Proc., Roy. Soc. Series
A, vol. 293, pp. 479-492, (1966).
L.S. Cutler, C. L. Searle, "Some aspects of the theory and measurment
of frequency fluctuations in frequency standards," Proc. IEEE, vol. 54,
no. 2, Feb., pp. 136-154, (1966).
F. Sthal, M. Mourey, F. Marionnet, W. F. Walls, "Phase noise
measurements of 10 MHz BVA quartz crystal resonators," IEEE Trans.
on Ultrason., Ferroelec. and Freq. Cont., vol. 47, no. 2, March, pp. 369373, (2000).
F. L. Walls, J. Vig, Phase Noise "Fundamental limits on the frequency
stabilities of crystal oscillators," IEEE Trans. on Ultrason., Ferroelec.
and Freq. Cont., vol. 42, no. 4, July, pp. 576-588, (1995).

Effects of Volume and Frequency Scaling in AlN
Contour Mode NEMS Resonators
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Abstract—This paper presents, for the first time, the analytical
modeling and the experimental verification of the effects of
volume and frequency scaling in AlN contour mode NEMS
resonators (CMRs) on oscillator phase noise and associated limit
of detection (LOD) when the device is used for sensing massinduced frequency shifts. Both the analytical model and the
experiments show that the LOD is improved by scaling the
thickness of the AlN plate and by increasing the operating
frequency of the device (i.e. implementing a high frequency
resonant nano-plate). LOD values in the order of 10s of zg/μm2
are experimentally extracted.

I.

INTRODUCTION

The need to detect extremely small concentrations of
analytes requires reliably measuring extremely small
variations in the sensor output signal. In this perspective,
gravimetric sensors, such as Quartz Crystal Microbalances
(QCMs) [1-3], have a significant advantage over other sensor
technologies (conductance-based sensors, Chem-FET, or
optical sensors [4-6]) since they use frequency as the output
variable, which is one of the physical quantities that can be
monitored with the highest accuracy [7]. Nevertheless, smart,
compact, portable and low cost electronic noses for multiple
gas detection cannot be implemented with bulky and
unintegrable QCMs. Even if QCMs have been successfully
employed as gravimetric sensors thanks to their extremely
high quality factors, which permit to obtain limits of mass
detection in the order of few nanograms, their relatively large
volume and their inability to be directly integrated on silicon
render them unattractive for the fabrication of sensor arrays
composed of a large number of mechanical elements.
In response to this growing demand for miniaturization,
the use of micro and nano electromechanical (MEMS/NEMS)
resonators for sensing applications has been extensively
explored. The scaling of the device dimensions enables the
fabrication of nanomechanical resonators whose mechanical
resonance frequency is extremely sensitive to mass loading.
Nevertheless, the greatly reduced dimensions of these devices

render their transduction extremely difficult and require the
use of cumbersome, complex and power inefficient read-out
techniques. In addition, the enhancement in sensitivity
associated to the scaling of the device dimension is in most
cases offset by the reduced stability and power handling of the
nanomechanical device, which result in a limited gain in limit
of detection (LOD) [8, 9].
The LOD, or resolution [9], is defined as the minimum
value of analyte concentration that can be detected. It depends
on both device sensitivity as well as signal to noise ratio and it
determines the ultimate performance of a gas sensor. For
gravimetric gas sensors the LOD is strictly related to both the
sensitivity of the device resonance frequency to mass adsorbed
per unit area (not absolute mass) and the minimum frequency
shift (induced by gas molecule adsorption) that can be
resolved by the sensor readout. Although the device sensitivity
is influenced exclusively by the mass and frequency of
operation of the mechanical element (hence it is enhanced by
scaling the device dimensions), the minimum measurable
frequency shift is a function of the noise of the acoustic
oscillator (i.e. resonant element and electronic circuitry),
hence the power handling and the dimensions of the
mechanical device.
Therefore, optimal sensor performance is attained by
synthesizing an ultra-low mass resonant device (hence with
ultra-high frequency sensitivity to mass loading per unit area)
that can be efficiently excited into mechanical vibration
(hence large surface area of the transducer is desirable since it
facilitates efficient transduction) and that can handle input
power levels high enough to guarantee very low noise
performance. Suspended membranes with thickness in the
nanometer range are therefore desirable. Flexural plates
(instead of beams) are a good compromise [10, 11], but higher
frequencies and power handling are achieved in bulk mode
acoustic resonators [12-14].
In this perspective, the recently demonstrated Nanoscale
AlN Contour Mode Resonant Sensor (nano-CMR-S)
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technology [15] represents the best candidate for the
implementation of high performance gravimetric gas sensors.
In fact, this technology enables the fabrication of ultrasensitive nanoscaled devices that can be efficiently actuated
and sensed piezoelectrically directly on chip [15, 16]. The
capability of this technology to maintain high Q and high
coupling, kt2, despite the device volume reduction has been
demonstrated [15, 16] and it represented the enabling feature
for the demonstration of individual sensors [15, 16] and sensor
arrays [17, 18], connected to compact, low power and low
noise CMOS oscillator circuits for direct frequency readout.
In this work, for the first time, the noise performance of
the AlN nano-CMR-S technology is studied from both
analytical and experimental points of view. In particular the
effects of volume and frequency scaling of the NEMS
resonator on the sensor limit of detection are investigated.
Both the analytical model and the experiments show that the
LOD is improved by scaling the thickness of the AlN plate
and by increasing the operating frequency of the device (i.e.
implementing a high frequency resonant nano-plate). LOD
values in the order of 10s of zg/μm2 are experimentally
extracted.
II.

ANALYTICAL MODEL

An AlN CMR-S is composed of an AlN film sandwiched
between two patterned metal electrodes (Figure 1). When an
AC voltage is applied across the thickness (T) of the device a
contour-extensional mode of vibration is excited through the
equivalent d31 piezoelectric coefficient of AlN.

electrical impedance of the resonator [19] and can be
designed independently of the desired resonance frequency.
The sensitivity, S, to mass per unit area of a CMR-S
loaded on its top surface and its associated Limit of
Detection, LOD, can be expressed as in Eq. (1) [20, 21].

S =−

f0
2 ρ eq T

LOD =

Δf min
S CMR − S

(1)

Where Δfmin indicates the minimum frequency shift
detectable by the sensor read-out. When the resonant sensor
is connected to a self-sustained oscillator loop for direct
frequency readout, the minimum detectable frequency shift,
Δfmin, is limited by the noise induced frequency fluctuations
of the oscillator output signal. Different types of noise (whose
physical meaning and origin go beyond the focus of this
paper) such as, white phase modulation (WPM), white
frequency modulation (WFM), flicker frequency modulation
(FFM) and random walk frequency modulation (RWFM)
affect the oscillator signal and contribute to the generation of
frequency fluctuations [22]. Such noise induced time domain
frequency fluctuations are typically described by a statistical
tool called Allan Deviation (square root of Allan Variance)
[23]. The Allan Deviation (units of Hz) is commonly used to
measure the time domain frequency fluctuation of clocks and
oscillators for a given integration time, τ (measurement time).
For oscillator circuits composed of an acoustic resonator
(such as the NEMS resonator of this work) connected in the
positive feedback loop of a sustaining amplifier the Allan
Deviation (hence the noise induced frequency fluctuations)
can be expressed according to Eq. (2) [22].
(2)
Δf min

⎡
f0
= σ y (τ ) = ⎢
⎣⎢ 2 ⋅ Q ⋅ PC

⎤ ⎡
⎤
1
1
+ α FF + α RW τ ⎥
⎥ ⋅ ⎢α WP ⋅ + α WF ⋅
τ
τ
⎦
⎦⎥ ⎣

Where f0 is the oscillator signal frequency; Q is the quality
factor of the acoustic resonator; PC is the power level at
which the resonator is driven; αWP, αWF, αFF, αRW are
respectively coefficients for white phase modulation, white
frequency modulation, flicker frequency modulation and
random walk frequency modulation; τ is the measurement
time (inverse of the measurement bandwidth).
It is important to note that the value of Allan Deviation,

σY(τ), for a given measurement time, τ, can be lowered by

Figure 1 Schematic representation of an AlN NEMS CMR-S: a number, n, of
sub-resonators each of width, W, is mechanically coupled in order to excite a
higher mode of vibration in the AlN nano-plate (f0 is set by W) The inset
shows a FEM simulation of the device mode of vibration.

Given the equivalent mass density, ρeq, and Young’s
modulus, Eeq, of the material stack (AlN and metal
electrodes) that forms the resonator, the center frequency, f0,
of this laterally vibrating mechanical structure, is univocally
set by the periodic pattern of width W formed by the metal
electrodes on the AlN plate [19]. The other two geometrical
dimensions, thickness, T, and length, L, set the equivalent

increasing the driving power PC. Therefore, in order to
minimize the noise of the oscillator it is possible to drive the
acoustic resonator with the maximum power level that it can
handle. A mechanical resonator is characterized by a critical
value of vibration amplitude (greatest displacement) after
which non-linear phenomena occurs inducing a distorted
admittance vs. frequency curve, which exhibits an infinite
slope right at the point of bifurcation [24]. This critical value
of vibration amplitude is associated to a critical value of drive
power, Pmax, (maximum power that the resonator can handle
before bifurcation occurs) which is a function of the resonator
geometry, quality factor, Q, and material properties.
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For AlN Contour-Mode Resonators a simple analytical
expression for the critical power, Pmax, due to elastic nonlinearity has been derived in [25]. Such expression is reported
in Eq. (3) and can be employed to describe the maximum
power level that the AlN nano-CMR-S can handle.

Pmax

A
T
=K⋅
⋅
2
ρQ W

K=

2π 3 Y03
3 9Y2 − 10Y12

The single CMOS Pierce-like oscillator circuit can be
connected to up to 8 nano-CMR-S by means of an equivalent
number of CMOS switches operating in a time multiplexed
mode and addressed by a 3 to 8 digital decoder integrated on
chip.
TABLE 1: RESONATOR GEOMETRICAL DIMENSIONS

(3)

Where A is the device surface area (n⋅W⋅L); W the device
frequency setting dimension; T the thickness of the material
stack forming the AlN nano-CMR-S (Figure 1); ρ the device
equivalent mass density; Q, the linear quality factor of the
resonator; Y0 the device equivalent Young’s modulus; Y1 and
Y2, the first-order, and second-order corrections of the strain
dependent Young’s modulus.
According to Eq. (3), the power handling, Pmax, of an AlN
nano-CMR-S (for a given value of device surface area, A) is
directly proportional to the device resonance frequency, f0,
and inversely proportional to the square of the device quality
factor, Q2. Substituting Eq. (3) in Eq. (2) and dividing the
result by the sensitivity (Eq. (1)) of the AlN nano-CMR-S it
is possible to find an expression for the LOD of the AlN
CMR-S technology as function of the device material and
design parameters:

LOD(τ ) = ρ 5 4 ⋅

T ⋅W
A⋅ K

⎡
1
1
⋅ ⎢α WP ⋅ + α WF ⋅
+ α FF + α RW
τ
τ
⎣

(4)
⎤
τ⎥
⎦

Eq. (4) shows that the LOD of a NEMS AlN CMR-S
connected to a self-sustained oscillator circuit and driven at
critical power, Pmax, improves by scaling the resonator
thickness, T, and by increasing its surface area, A, and
frequency of operation, f0, (W∝1/f0) independently of the
device quality factor, Q.
Therefore, the analytical model suggests that optimum
sensor performance can be achieved by designing an AlN
nano-plate (with greatly reduced thickness, T, and relatively
large area, A) and by exciting it into a high frequency bulk
acoustic contour-extensional mode of vibration.
III.

EXPERIMENTAL VERIFICAITON

In order to experimentally verify the proposed analytical
model three nanoscale AlN CMR-S operating at 224 MHz,
634 MHz and 1 GHz (Table 1) were fabricated on the same
chip and simultaneously connected to a single multiplexed
CMOS oscillator taped-out in the ON Semiconductor 0.5 μm
process.
The AlN nano-CMR-S were fabricated with a 3 mask
fabrication process analogue to the one reported in [21] while
the design of CMOS multiplexed oscillator circuit is described
in [17, 26]. Briefly, the CMOS multiplexed oscillator is
implemented by means of an inverter amplifier biased in its
active region (Figure 2). Transistors M1 and M2 form the
CMOS inverting amplifier while transistor M3 acts as a large
resistor to provide biasing of M1 and M2 in the active region.

Figure 2: Micrograph and circuit schematic of the multiplexed CMOS
oscillator chip (1.05 mm2).

The electrical responses of the three fabricated devices
were first characterized in open-loop configuration using an
RF probe station and the admittance curves were measured by
an Agilent® N5230A Network Analyzer after performing a
short-open-load (SOL) calibration on a reference substrate.
The measured electrical responses of the devices were fitted to
the Modified Butterworth van Dyke (MBVD) equivalent
electrical circuit [27] and the device performances are reported
in Table 2.
In order to characterize the multiplexed oscillator signal
for each of the 3 different operating frequencies
(corresponding to each of the nano-CMR-S), the 3
combinations of the 2 bit address were provided to the decoder
by a Data Acquisition (DAQ) system so as to sequentially turn
on each resonator. The Allan Deviation, σY(τ), was measured
by a Fluke PM6690 Frequency Counter. The bias of the
multiplexed oscillator circuit was adjusted for each of the 3
operating frequencies in order to achieve an output power
level, Pout, as close as possible to the critical power level, Pmax,
of the corresponding resonator. In order to extract the LOD,
each measured value of Allan Deviation was divided by the
mass sensitivity value, S, of the corresponding resonator
according to Eq. (1). The experimentally extracted LOD
values (at the 3 different operating frequencies) are plotted in
Figure 3 for different values of measurement time, τ.
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power level (Figure 3) is ~11 dB smaller than the value of
maximum power, Pmax (Table 2), that the corresponding
resonator can handle. Consequently the LOD at 1 GHz is
higher than the one achieved at lower frequencies. Figure 4
shows a simulated LOD as function of frequency and for a
fixed optimum measurement time, τ, of 50 ms. The LOD is
simulated employing the same noise coefficients that fit the
experimental data, but power levels, PC, equal to critical
power values, Pmax, at all the operating frequencies. The
simulation confirms that the LOD at 1 GHz would be smaller
than the one achieved at lower frequencies if the resonator was
driven at its critical power, Pmax.

TABLE 2: RESONATOR PERFORMANCE: PMAX IS ANALYTICALLY CALCULATED
USING THE VALUE OF NON-LINEAR COEFFICIENT, K, EXPERIMENTALLY
EXTRACTED IN [25] FOR A 250 NM THICK ALN FILM.

Therefore, the experiment shows that, as predicted by the
design equation, the LOD of an AlN nano-CMR-S connected
to a self-sustained oscillator circuit and driven at its critical
power level, Pmax, improves by increasing the operating
frequency of the device independently of the quality factor, Q,
of the resonator (the device with highest Q shows the worst
LOD). A higher Q, though, would still be beneficial to lower
the power consumption of the overall circuit, in agreement
with the fact that Q is a concept related mainly to energy
dissipation rather than noise.

Figure 3: Experimentally extracted LOD values and equivalent analytical
model fitting. The experimentally extracted LOD at 1 GHz for measurement
time values, τ, comprised between 1 and 20 ms cannot be fitted by the
proposed analytical model: this is repeatable, but not yet explained by the
authors. It is worth noting that for very fast measurement times, below 1 ms,
the relative measurement error of the instrument is larger than 10-7.

The experimentally extracted LOD was fitted by the
analytical model discussed in the previous section of this
paper and described by Eq. (5) (note that Eq.(5) = Eq. (4) for
Pc = Pmax).
(5)

Figure 4: Experimental and simulated LOD as function of frequency and for
a fixed measurement time, τ, of 50 ms. The LOD is simulated employing the
same noise coefficients that fit the experimental data, but power levels, PC,
equal to critical power values, Pmax, for each of the operating frequencies.

⎡ ρ ⋅T ⎤ ⎡
1
1
⎤
+ α FF + α RW τ ⎥
LOD = ⎢
⎥ ⋅ ⎢αWP ⋅ + αWF ⋅
τ
τ
⎦
⎣⎢ Q ⋅ PC ⎦⎥ ⎣
Where: αWP = 2.2⋅10-9 [W0.5⋅s]; αWF = 9.2⋅10-11 [W0.5⋅s0.5];
αFF = 4.9⋅10-7 [W0.5]; αRW = 4.6⋅10-7 [W0.5/s0.5]. The same set
of noise coefficient values was used to fit the experimentally
derived LOD for all of the 3 different operating frequencies
showing the independence of the noise coefficients from the
operating frequency, f0, quality factor, Q, and drive power
level of the 3 NEMS resonators employed.
It is important to note that not enough power can be
provided by the currently designed circuit to reach the critical
power level, Pmax, at all the operating frequencies. The
maximum output power at high operating frequency is limited
by the CMOS technology currently employed. This is
particularly significant for the 1 GHz case whose output

IV.

CONCLUSION

In this paper the analytical modeling and the experimental
verification of the effects of volume and frequency scaling on
the LOD of AlN Contour-Mode NEMS Resonant Sensors was
presented for the first time. An analytical model that relates
resonator design parameters, such as resonance frequency and
thickness, to the limit of detection of the resonant sensor was
developed. In order to experimentally verify the proposed
analytical model three nanoscale AlN CMR-S operating at 224
MHz, 634 MHz and 1 GHz were fabricated on the same chip
and simultaneously connected to a single multiplexed CMOS
oscillator taped-out in the ON Semiconductor 0.5 μm process.
The LOD at the three different frequencies was experimentally
extracted through Allan Deviation measurements and the
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experimental data was fitted by the proposed analytical model.
Both the analytical model and the experiments showed that the
LOD is improved by scaling the thickness of the AlN plate
and by increasing the operating frequency of the device (i.e.
implementing a high frequency resonant nano-plate). LOD
values in the order of 10s of zg/μm2 were experimentally
extracted.
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Abstract—High Tc superconducting materials provide very high
Q microwave resonators, which are supposed to make low phase
noise oscillators. The expected phase noise has never been
observed on operational oscillators. Our goal is to outperform
the specifications of acoustic resonators and whispering gallery
modes, with 2D resonators operated at 1 GHz: Q > 100,000 low
1/f noise Si transistors, -150 dBc/Hz at 100 Hz from the carrier.

I.

INTRODUCTION

High critical Temperature Superconducting (HTS)
materials have been studied, and are commercialized for
microwave filtering applications. They provide very selective,
very low insertion filters thanks to high quality factor
resonators [1-3]. These very high Q resonators are also
expected to provide low phase noise oscillator. Nevertheless
this has never been clearly demonstrated on operational
oscillators. 3D resonators [4] exhibit very high Q > 106, but
vibration sensitivity creates parasitic lines in the spectrum. 2D
resonators [5] provide intermediate Q that decreases versus
frequency. The choice of the reference frequency f is a very
important point for the success of the demonstration.

State of the art reference oscillators are usually made with
acoustic wave resonators (Bulk or Surface Acoustic Waves:
BAW or SAW) in the megahertz range, and then multiplied by
N to reach the operating frequency F of the system (or F is
divided by N in synthesizers). The floor level is increased by
20 Log N (Fig.1). Thus the trend is to increase the reference
frequency up to 1000 MHz. The theory of acoustic attenuation
[6,7] shows that, for a given material and a given cut, the
product of the quality factor times the frequency is a constant.
According to the Leeson's theory [8], the phase noise rises
from the floor level kBT (-174 dBm/Hz at 300 K), at the offset
frequency f/2Q. This results in a shift away from the carrier as
the square of the frequency f, and in a detrimental increase of
the colored noise close to the carrier (Fig.2).
A compromise can be found for many systems, or
combining for example a 10 MHz BAW and a 1 GHz SAW
can help for more stringent requirements. Nevertheless higher
quality factors are highly desirable for improved oscillators,
especially for radar applications.

Figure 2. Increasing the reference frequency lowers the quality factor (Q.F
is constant), shifts the corner away from the carrier as F² and increases the
colored noise close to the carrier.

Figure 1. Phase noise £(f) at 1 GHz versus carrier offset frequency:
Increasing the reference frequency lowers the multiplication rank and the
noise floor level far from the carrier
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The surface resistance Rs of the superconducting films is
measured at 10 GHz using the dielectric resonator method
[10]. The values are between 200 and 300 μΩ at 77 K, two
orders of magnitude lower than pure copper. Since the loss of
superconductors evolves as the square of the frequency, the Rs
at 1 GHz is 2 to 3 μΩ, more than three orders of magnitude
lower than normal metals, which vary as the square root of the
frequency.
The resonator (Fig. 4) is designed as a folded half
wavelength line. Instead of the classical hairpin shape, we
optimized the geometry in a nearly closed C in order to:
minimize the size (large pads in the capacitive part of the
line), improve the power handling capability (large half circle
for the inductive part of the line where the current flows), and
minimize the radiated energy (very short electric dipole
corresponding to the gap).
Figure 3. Comparison at 1 GHz between state of the art acoustic wave
oscillators and expected phase noise of a HTS oscillator according to
Leeson's theory for an unloaded Q of 100,000 and a loaded Q of 50,000 [5].

The goal of the study is to go beyond the performances of
acoustic resonators (and whispering gallery modes). We know
that 2D HTS resonators can provide a Q higher than 100,000
at 1 GHz (one order of magnitude higher than acoustic
resonators), and only 10,000 or less at 10 GHz (a similar law
Q.F ~ constant is found for acoustic, dielectric and HTS
resonators, through different theoretical approaches). The
choice of a 1 GHz 2D HTS resonator seems the most
pertinent. Figure 3 confirms the validity of this approach with
a phase noise lower than all acoustic wave oscillators for all
offset frequencies. Moreover the advantages of 1 GHz are:
•

upper frequency range of acoustic oscillators

•

lower multiplication rank

•

higher Q

•

available low flicker noise silicon bipolar transistors

•

light cryocooler compatible size (15x15 mm)

•

noise floor level –180 dBm/Hz at 70 K
II.

Both the line and the ground plane are superconducting.
The top and the walls of the enclosure are also coated with
superconducting wafers in order to minimize eddy current
losses.
Accurate integrated input and output couplings modeled
with Sonnet e.m. software [12] are patterned simultaneously
and overlaid by gold contacts.
B. Resonator Microwave testing
The very low surface resistance of YBa2Cu3O7 films and
the optimized design of the resonator give quality factors
much higher than 100,000, typically 150,000 at 77 K (Fig.5).
77 K is often used as a reference temperature since it
corresponds to liquid nitrogen, but standard Stirling
cryocoolers (utilized for infrared cameras) can easily reach
lower temperatures.
It is quite realistic to operate between 60 and 70 K where a
Q higher than 200,000 is obtained. Moreover the power
handling capability improves by one order of magnitude
between 77 and 60 K. This is a most important point since
high Q resonators have to carry high reactive power. High Q is
not sufficient to get a low phase noise; the reactive power
really makes the spectral purity of the oscillators.

SUPERCONDUCTING RESONATOR

A.

Resonator Patterning
YBa2Cu3O7 films are deposited on both sides of a
magnesium oxide single crystal substrate by sputtering [9,10].

Figure 4. Superconducting resonator: YBa2Cu3O7 film (700 nm thick)
deposited on a magnesium oxide substrate (500 µm thick)

Figure 5. 1 GHz HTS planar resonator unloaded quality factor QU
versus reactive power and temperature
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Figure 6. Magneto-optical control of the superconducting properties of the
YBa2Cu3O7 resonator

The power handling capability of the resonator is very
dependent on the quality of the film and of the patterning,
which can be controlled by a magneto-optical microscope
(Fig.6). A perfect superconductor expels the magnetic field
(Meissner effect). By exploiting the Faraday effect in a garnet
film, it is possible to visualize the magnetic field map and to
control the quality of the superconducting pattern.
III.

OSCILLATOR CIRCUIT

The feedback oscillator circuit (Fig. 7) is designed using
the AWR-MWO® software [13] for setting the oscillation
conditions. This circuit includes:
•

NEC-CEL SC 5801 silicon Bipolar Junction
Transistor (BJT SPICE model with documented AF
and KF flicker noise coefficients).

•

Sonnet modeled resonator including integrated input
and output couplings to set the gain close to unity

•

Sonnet adjusted delay line to set the phase equal to 2π
along the closed loop

•

Infineon BBY55 Varactor for fine phase trimming

•

Bias circuits

Figure 8. Feedback loop oscillator lay-out with:
60 K cooled 2D HTS resonator (black and light blue, central part),
room temperature low flicker noise Si BJT (deep blue, right part)

It was first intended to use a cooled SiGe transistor, but the
flicker noise of SiGe is poorer than that of Si, and increases at
low temperature. We chose a Si transistor with a very low
flicker noise (1/f corner at 350 Hz), but Si transistors do not
operate at 60 K. Thus the active part of the circuit is kept at
room temperature (Fig. 8).
The length of the delay line is carefully adjusted in order
to get the right phase when closing the loop. The Sonnet
modeling takes into account the meander shape of this line and
all the connecting lines of the circuit. The permittivity of the
alumina substrate is controlled by the split cavity TE01n mode
method [14]. And the S parameters are re-injected in AWRMWO. In spite of all these precautions, a varactor is inserted
to provide a fine-tuning for technological dispersion
compensation. The setting of the phase strictly equal to 2π is
essential for the optimal operation and the purity of the
oscillator. It may require an automated control (not utilized
here)[15].
IV.

PHASE NOISE

The phase noise of the feedback oscillator circuit is
analyzed by the harmonic balance method in AWR-MWO.

Figure 7. MWO-AWR 1 GHz oscillator modeling including SONNET
modeled HTS resonator

Figure 9. MWO-AWR phase noise modeling £(fm) = LFM @ 1 GHz
with an unloaded quality factor QU = 230 000
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This modeling gives a theoretical noise, with a floor level
at -184 dBc/Hz, which is coherent with a 10 mW output, and a
colored noise frequency corner slightly below 10 kHz, which
is coherent with a loaded QL higher than 50,000. QL was set at
50,000 in the open loop configuration, but it cannot be
measured when the loop is closed and can only be estimated
from the corner frequency.

modeling with AWR-MWO and Agilent ADS are in good
adequacy with the Leeson's theory and deserve the further
effort to build a demonstrator. Practical interest of this
oscillator lies in the capability of a compact cryogenic
integration, which is our actual purpose.

The slope of the colored noise is -20dB/decade down to
100 Hz and clearly turns up to -30 dB/decade only below 100
Hz, which is better than expected from the transistor flicker
noise specifications (1/f corner at 350 Hz).

The authors wish to acknowledge Olivier Llopis (LAAS)
for transistor choice, Jesus Obregon (XLIM), Jean Chazelas
and Alain Raymond Poezevara (Thales) and for useful
discussions on oscillators and phase noise.

These results are not incompatible with the straightforward
application of the Leeson's theory. Nevertheless, they may
appear over-optimistic and make the validity of the software
questionable. We decided with the French defense
administration DGA to benchmark it versus the Agilent
ADS® software [16] (fig. 10).
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The phase noise Sφ = 2 £(f) modeled by ADS, and
transposed from 1 to 10 GHz for comparison, is about 6 dB
higher than AWR-MWO, but remains quite low compared to
acoustic oscillators and a SKO sapphire whispering gallery
mode oscillator, manufactured by PSI Poseidon [17], which is
the X band reference. The floor level is of the sapphire
oscillator is lower; but the unloaded Q of a sapphire resonator
is typically 200,000 at 10 GHz and 300 K, which gives a
frequency corner around 50 kHz. The flicker noise of X band
transistors is also higher, and the slope is -30 dB/decade up to
2000 Hz. The colored noise of the 10 GHz 3D oscillator is 10
to 20 dB higher than the multiplied 1 GHz HTS 2D oscillator.
V.

CONCLUSION
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Phase Noise Improvement in Balanced SAW Oscillators
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SAW oscillators as stable clock sources are received a number of applications in information and
communication industry. As the frequency is raised up several hundred MHz and GHz range, the
output with differential waveform such as LVDS has many advantages for power supply noise
rejection and direct match to the preceded stages of mixer and phase detector as in the clock and
data recovery applications. However, the configuration of the oscillator normally adopts the
Pierce or Colpitts oscillators, which needs a single to differential converter. Here, a balanced
SAW oscillator is first presented. The differential outputs possess inherently 180o out of phase in
odd harmonics and in phase in even harmonics. By using these features, the powers of combined
signal and noise are raised 6dB and 3dB, respectively. Thus, the phase noise of the combined
signal can be improved at least 3dB, which is useful in low phase noise applications.
The balanced oscillator is constructed by using two identical Colpitts oscillators. The functional
block is revealed in Fig. 1a. The one-port SAW resonator acts as the tank and is also acted as the
phase coupling network between the identical oscillators. Under fundamental vibration mode, the
RF current of the opposite plates of the resonator is out of phase, which drives the corresponding
outputs of two identical oscillators 180o out of phase. The balanced SAW oscillator has been fabricated on FR4 substrate and its photograph is shown in Fig.1b. The size of the pc board is
25mm x 25mm for the convenience of measurement. The DC supply voltage is 3.0V. Current
consumption is 17mA with each output -2.5dBm. The differential outputs are fed to an output
coupling network (0o or 180o power combiner) and a push-push oscillator will be available. Output power is increased to +3dBm with 6 dB improvement. Thus, a significant reduction in phase
noise was also expected. The measured phase noise is shown in Fig.2. At 100 kHz offset from
the carrier, the phase noise is about -158 dBc/Hz for balanced outputs and -164 dBc/Hz for the
output combined with 180o power combiners. Thus, 3dB, at least, improvement in phase noise is
verified.

(a)

(b)

Fig. 1 (a)Functional Block and (b) PCB layout of Fig. 2 Comparison of measured phase noisthe Balanced Oscillator with One-port SAW Re- es with and without power combination
sonator at 433MHz
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Abstract―We report on the generation of millimetre wave
signals with frequency instability of a few parts in 1016. Such
performance was achieved at 103.750 GHz by multiplying
frequencies of two almost identical 12.969 GHz oscillators based
on liquid helium cooled sapphire dielectric resonators. The
multiplication stages were shown to only add a small amount of
noise at averaging times less than 10 seconds, resulting in a
minimum of frequency instability of 5x10-16 at 20 seconds
averaging time. Such ultra-stable signal sources operating at
frequencies of 100 GHz are very important for many
applications including high frequency radio astronomy.

INTRODUCTION
Precise frequency generation is important for a variety of
applications including radar, telecommunications, positioning
and navigation, geodesy and time keeping, tests of
fundamental physics and radio astronomy [1-8]. So far,
signals with the short-term fractional frequency instability of a
few parts in 1016 have been generated at microwave
frequencies only. This was achieved either with classical
oscillators based on sapphire loaded cavity resonators cooled
to liquid helium temperature, termed as “sapphire clocks” or
“cryogenic sapphire oscillators” (CSO) [9-11], or via the use
of mode-locked laser technology by extracting high order
harmonics of pulse repetition rate from a femtosecond pulse
train referenced to an ultra-stable laser [8]. In this letter we
demonstrate that the excellent fractional frequency stability of
a typical microwave CSO can be transferred to frequencies
above 100 GHz by means of direct frequency multiplication.
In the Extremely High Frequency (EHF) band (30-300 GHz)
low noise frequency generation at parts in 1016 frequency
instability below 1000 seconds averaging time has never been
achieved. Such precise frequency generation at EHF has
application for radio astronomy, high-speed data links, pointto-point high bandwidth communication and space-borne
radio communications. In particular the next generation of
high frequency VLBI will require a reference oscillator better
than the best Hydrogen Masers (which typically have
stabilities of parts in 1013 to 1014 over averaging times of 1 to
30 second) [12].
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Fig. 2. Frequency instability as measured by the Square Root Triangle
Variance with respect to a single oscillator.

Fig. 3. Frequency instability added by the doubling (bold diamond) and
quadrupling (bold circle) stages as calculated by the quadratic difference
between the 12.969, 25.937 GHz and 103.750 GHz stages.

resonator," Phys. Rev. Lett., vol. 90, no. 6, 060402, 2003.

CONCLUSION
To our knowledge this is the first time fractional frequency
instability below 10-15 in the range of integration times 2 to
100 s was demonstrated for mm-wave signals at frequencies
above 100 GHz. This was achieved by multiplying frequency
of a 12.969 GHz cryogenic sapphire oscillator. The excess
noise of frequency multiplication stages was estimated as
contributing to oscillator frequency instability at the level of a
few parts in 1017 for integration times above 4 s. The noise in
the multiplication stages was low enough to enable a very low
level of frequency instability to be measured at the high
frequency of 103.75 GHz. This has important implications for
many precision measurement and metrological applications, in
particular for the next generation of high frequency precision
radio astronomy.
This work was support by the Australian Research Council
Grants No. DP0878108, DP0878108 and FL0992016.
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Abstract—We present our recently experimental results on a
DFB laser diode pumped Rubidium atomic frequency standard.
Our experiment was based on a homemade lamp-pumped
Rubidium frequency standard with the discharge lamp assembly
removed. In the experiment, we first locked a DFB laser diode to
the 87Rb cycling transition (5S1/2, F=2Æ5P3/2, F=3) by means of
saturation absorption locking technique. After that, we
optimized the parameters carefully related to the clock
performance, such as temperature of the physical package,
amplitude of the modulation signal for the laser locking.
The preliminary short-term stability of our clock is
measured 5.25×10-12τ-1/2 (1s<τ<100s).
I.

progress in this field was mainly made on the compact laserpumped Rb clock [15-16] and the pulsed Rb clock [17-20].
In this paper, we report our recently preliminary
experiments on a DFB laser diode pumped Rubidium
frequency standard, which is based on a homemade traditional
Rb clock with the discharge lamp assembly removed. The
similar work was also carried out by C. Affolderbach, et al. on
a commercial Rb clock [1]. Our paper is organized in the
following four sections. Section one introduces the
experimental setup. Section two is about the parameter
optimizing. The third and fourth sections are respectively the
preliminary experimental result and the conclusion.

INTRODUCTION

II.

In a traditional Rubidium frequency standard, a discharge
Rb lamp is used as the light source. And after the discharge
lamp, an 85Rb filter gas cell is typically employed so that only
“b” line light of 87Rb is left to produce the pumping light.
However, since the filter process is always imperfect, it
results in broadening the microwave resonance line, generally
1-2 kHz and additional light noise. These make the signal
contrast of a traditional Rb clock keep below 1% and damp
the further improvement in the short-term stability.
To eliminate the problem resulted from the discharge
lamp and the filter process, and improve the short-term
stability of Rubidium frequency standard remarkably, the
narrow linewidth laser diode was proposed to be
implemented as the pumping light source. The narrow
linewidth laser diode, which can offer excellent control of the
light spectra, can greatly improve the pumping rate and avoid
the additional light noise. As a result, the short-term stability
can be greatly improved in this condition. For the desired
improvement, interest and attempts in this field have never
diminished, since the preliminary experiment result reported
by L. L. Lewis and M. Feldman [2]. On one hand, theoretical
analysis and calculation were carried out to make certain of
the influence of different noises and shot noise limit of the
laser pumped Rb clock [3-9]; on the other hand, experiments
were designed to improve the signal-to-noise ratio (SNR) and
reduce the light shift effect to advance the performance of
laser-pumped Rb clock [10-14]. And during last few years,

Our experimental setup can be divided into two main
parts: the laser head and the clock module. The laser head
consists of a DFB laser diode and the frequency stabilization
devices. And the clock module is our one homemade
traditional Rubidium frequency standard with the discharge
lamp removed as shown in Fig. 1.
Laser head
isolator
DFB LD
λ/2
PBS
Lock-in detection
Frequency control

detector

T-controlled
reference Rb cell

Clock module
A2 Slow-wave structure
detection &
Rb cell
lock -in
detector
6.8GHz
VCXO
Microwave
10MHz
synthesizer
Frequency measurement

λ/4
A1
M

Fig.1. Experimental setup. λ/2 and λ/4, wave plates; A1 and
A2, attenuators; M, mirror; PBS, polarizing beam splitter.
In the experiment, we lock the DFB laser diode to the
cycling transition (5S1/2, F=2→5P3/2, F=3) of 87Rb by means
of saturated absorption locking technique. In this condition, all
the 87Rb atoms on the ground state (5S1/2, F=2)

This work is supported by “the Fundamental Research Funds for the
Central Universities”.
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The amplitude of the modulation signal for the laser
frequency stabilization has a strong influence on the SNR of
the error signal. And the error signal affects apparently the
frequency stabilization of the laser diode. Since the AM and
FM noise from the laser diode greatly limit the short-term
stability of the clock, we changed the amplitude of the
modulation signal to improve the laser-locking effect and
reduce these noises. And the frequency of the modulation
signal was maintained at 8 kHz on this step.
To search for the best parameter, we measured the shortterm stability of the clock while regulating the amplitude
(Fig. 3b). From Fig. 3b, we can read that neither too big nor
too small amplitude the clock performs best. The most
appropriate amplitude of the modulation signal for laser
locking was found to be 130mV in the end.
Relative Allan Deviation

are pumped to the excited state (5P3/2, F=3) and fall back to
the ground state (5S1/2, F=1) through nonradiative transitions.
Because of this pumping process, around 33% of all the 87Rb
atoms can be utilized for magnetic resonance, with the SNR
evidently improved. And to suppress the spectrum drift
caused by temperature fluctuation, another temperature
controlled reference Rb cell is employed. The energy level
structure and saturated absorption spectra for frequency
stabilization of 87Rb are presented in Fig. 2.
In the clock module, the microwave resonance signal is
generated in the Rb gas cell with the microwave slow-wave
structure. The VCXO is locked to the clock transition of 87Rb
(Fg=1, mF=0→Fg=2, mF=0) and provides 10MHz. signal.
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Modulation Amplitude (mV)

Frequency Detuning (MHz)
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(b)

Fig.2. (a) Hyperfine level structure of 87Rb (D2, ‘a’) line. (b)
The saturated absorption spectra of 87Rb (D2, ‘a’) line.
III.

IV.

PARAMETER OPTIMIZATION

After finishing the basic setup of the clock system, we
optimize the parameters carefully related to the clock
performance. In this experiment, the environment
temperature drift and the light shift effect make great
influences on the long-term stability of the clock. The
temperature point of the physical package also affects the
short-term stability. For the parameters optimizing, we lay
emphasis on searching the best temperature point of the
physical package, and the amplitude of the modulation signal
for laser frequency stabilization.

In the Rb gas cell, the temperature factor affects seriously
the saturated vapor pressure of Rb atoms. Consequently, the
microwave resonance signal intensity will change when
altering the physical package temperature, with the laser light
intensity unchanged. In this way, the short term stability σ(τ)
can be seriously influenced.
On this step, we search for the temperature point where
the clock works best. And to find out this key point, we
carried out measurement on the temperature dependences of
the clock short-term stability (Fig. 3a). As a result, we found
that short-term stability appears best when the temperature
controlled around 70oC.

PRELIMINARY RESULT

After optimizing the parameters above, we measured a
preliminary short-term stability of the DFB laser diode
-12 -1/2
pumped Rubidium frequency standard, 5.25×10 τ
(1s<τ<100s). And this is 20% better than the lamp-pumped
Rubidium clock on the same physical package (Fig. 4).

1E-11

Lamp
Laser

A. Temperature of the physical package

B. Amplitude of the modulation signal

(b)

Fig.3. (a) The relevance between the physical package
temperature and the clock short-term stability. (b) The
relevance between the modulation signal amplitude and the
clock short-term stability.

Allan deviation

(a)

200

1E-12

1E-13
1

10

100

Sampling time(s)

Fig.4. Preliminary short-term frequency stability of DFB
laser diode pumped Rubidium frequency standard.
V.

CONCLUSION

In this experiment, we built a DFB laser diode pumped
Rubidium frequency standard. The laser diode was locked to
the cycling transition (5S1/2, F=2→5P3/2, F=3) of 87Rb. After
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relevant parameters optimized, the preliminary measured
-12 -1/2
short-term stability of the clock was 5.25×10 τ
(1s<τ<100s). And our recent experiments indicate that the
laser noises limit greatly the performance of the clock. When
considering the long-term frequency stability, the long term
environmental temperature drift and the light shift effects are
the major restrictions. We are also trying to improve these
factors to get better results for long terms.
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Abstract— We describe the latest improvements and current
status of our cryogenic sapphire oscillator Michelson-Morley
experiment that has recently been moved from The University
of Western Australia to Humboldt University of Berlin.

I. I NTRODUCTION
The original Michelson-Morley experiment [1] used an
optical interferometer to search for an orientation dependent
change in the speed of light due to the presence of a luminiferous aether. In contrast, this experiment features two
orthogonally aligned cryogenic sapphire oscillators that are
mounted in the same vacuum space and actively rotated in
the laboratory. The beat frequency is recorded and analysed
for orientation dependent frequency changes which could be
caused by orientation dependent variations in the speed of
light. These possible variations are expressed as bounds placed
on coefficients in the Standard Model Extension framework
[2], [3] and describe violations of Lorentz invariance. Our first
cryogenic sapphire oscillator Michelson-Morley experiment
ran at The University of Western Australia from 2004 - 2006
[4] and was able to constrain nine photon sector coefficients
from the Standard Model [5]. In order to place better bounds
on these coefficients we need to improve the frequency stability of the experiment.

Fig. 1.

Beat frequency as a function of sapphire loaded cavity temperature.

frequency of the two cryogenic sapphire oscillators exhibits a
temperature/frequency turning point at 5.5 K (figure 1).
Power, frequency and temperature control loops are implemented using voltage controlled attenuators, phase shifters and
heaters respectively. These control loops maintain oscillation
at the desired mode and increase frequency stability.

II. C RYOGENIC S APPHIRE O SCILLATORS

III. E XPERIMENT D ESIGN AND ROTATION

A 5.1 cm diameter cylindrical sapphire crystal is mounted in
a silver plated copper cylindrical cavity and excited at 12.968
GHz via SMA antenna probes. This sapphire loaded cavity
sustains a standing wave whispering gallery mode (WGE16,0,0 )
with a dominant radial electric field. WGE modes are twice
as sensitive to Lorentz Violations compared to WGH modes
(dominant crystal axis electric field) which the previous experiment operated in. At cryogenic temperatures the sapphire
crystals exhibit quality factors on the order of one billion
which is an order of magnitude improvement compared to
the previous experiment. These improvements are achievable
due to the larger sized diameter of the new crystals. The beat

Two sapphires are mounted orthogonally in the same copper
block and are sealed within two vacuum cans to reduce thermal
fluctuations. The cans are submerged in a 200 L liquid helium
bath that allows for three weeks continuous operation. Three
copper heatsinks provide a thermal path to the liquid helium
(figure 2). The majority of the control electronics are housed
at room temperature above the dewar. Ambient temperature
fluctuations in the lab cause phase shifts in the microwave
control electronics and may limit the beat frequency stability,
the full impact of this effect is currently being analysed. The
dewar is rotated with a period of 44 seconds on an air-bearing
table that records angular position to within 350 µRads. Power

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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Fig. 3. Magnitude of tilt of experiment as a function of angular position.
Data was collected over 1100 rotations.

Fig. 2. Cross section of dewar containing liquid helium bath and two sapphire
loaded cavities.

and electrical signals enter and leave the table via a rotating
connector. A rotating mercury connector is used to bring the
10 MHz reference on to the table for the frequency counter
and helium gas returns via a custom made rotating connector.
The table is mounted on three aluminium cylinders which
in turn are each mounted on a pressure sensor. These are used
to align the centre of mass with the rotation axis. A set of
orthogonal tilt sensors are mounted in the middle of the table.
Two of the aluminium cylinders are temperature controlled
and thus thermally expanded to compensate for long term
tilt variations. The experiment tilts up to 6 µRads during one
rotation (figure 3) which is believed to be the underlying cause
of the dominant systematic as the beat frequency oscillates in
a similar manner. Stationary tests have found a beat frequency
tilt sensitivity of 17 mHz / Degree which is not enough to limit
the frequency stability of the beat. The previous experiment
was rotated using a belt and stepper motor system and had no
tilt compensation system.
IV. F REQUENCY S TABILITY AND F UTURE W ORK
For short integration times the frequency stability of the beat
is limited by rotation induced systematics as can be seen by the
hump at twice the rotation frequency in the Allan Deviation
plot (figure 4). For longer integration times the frequency
stability becomes similar for rotating and stationary results.
The frequency stability at half the rotation period is lowered
by over an order of magnitude compared to the previous
experiment. We are continuing to investigate ways to increase
the frequency stability.
The experiment will run for a full year and we anticipate
being able to improve our bounds placed on Standard Model
Extension coefficients by a factor of 75 compared to our
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Fig. 4.

Beat frequency stabilities with linear drift and

√

2 removed.

previous setup. After this run the cryogenic sapphire oscillators
will be combined with a set of optical resonators for a joint
experiment that will allow us to place bounds on a wider range
of Lorentz violating coefficients [6].
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Abstract— We report on our studies of the light shift in a

modulated in the GHz range is used to create the CPT signal,
each component of its spectrum will contribute to the groundstates shifts. In principle, the two first order sidebands (which
are used in this case for coupling the Cs ground states) will
create frequency light-shifts of opposite signs and should
therefore cancel out. However, second order effects and the
shifts due to the carrier and to all the other laser sidebands
create additional shifts resulting in non negligible light-shift.
In some cases, all these contribution may cancel each other
and result in a suppressed light-shift [3]. Here we show that
this suppression can also be achieved with carefully selected
cell temperature.

miniature atomic clock based on Coherent Population Trapping
(CPT) in Cesium. There is no data published in the literature on
the frequency and intensity-related light shift coefficients for
CPT atomic clock on the Cesium D1 line, only for the D2 line.
With our data we fill this gap and report on the measurements of
light shift for the Cs D1 line in a MEMS buffer-gas cell. The
behavior of the light shift due to different laser intensities, laser
frequencies and due to different cell temperatures is discussed.

I. INTRODUCTION
Coherent Population Trapping (CPT) can occur in a Λ
system in which the two hyperfine components of the S1/2
ground state of an alkali atom are coupled to a common
excited state by two laser fields that are nearly resonant with
the two atomic transitions [1]. If the frequency difference of
the two laser fields is close to the atomic hyperfine splitting of
the two ground states, quantum coherence between the two
hyperfine components will be effectively generated. This
quantum coherence reduces the total absorption and
fluorescence and, under certain conditions, atoms can be
completely trapped in a so-called coherent dark state, where
they do not interact with the light any more. CPT resonances
can be very narrow, which makes them good candidates for
the realization of atomic clock. For this application however,
systematic shifts of the CPT resonance have to be understood
and controlled.

II. EXPERIMENTAL SETUP
The experimental scheme is shown in the Figure 1.

In CPT, the presence of two resonant light fields not only
couples the two atomic states but may also shift the relative
position of the two energy states through the AC Stark effect.
This “light-shift” depends on the frequency and intensity of
the light and may be expressed as a function of the two
coefficients α and β, often referred to as the intensity lightshift coefficient (α) and the frequency light-shift coefficient
(β) [2]. In the case of CPT in an ideal three-level system with
no decay of the ground-state coherence, significant light-shift
suppression is expected. When a single-mode laser, frequency

Figure 1. Experimental scheme

A DFB laser at 894.6 nm, resonant with the Cs D1 line is
used as a light source [5]. Optical beam is modulated at ν
~4.6GHz by using a fiber-coupled Electro-Optical Modulator
(EOM) and two phase-coherent electromagnetic fields,
separated by 2ν ~ 9.2 GHz, are generated. In this case the two

This work was funded by EU FP7 (MAC-TFC project, no. 224132) and by the
Swiss National Science Foundation (project 200020-118062).
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first order sidebands (+ 1 and -1) are used to create the Λscheme. A beam splitter is placed directly after the EOM in
order to split the laser beam in two different paths. One part of
the beam is sent trough an evacuated macroscopic cell and the
resulting absorption signal can be used to stabilize the laser
frequency using a standard lock-in scheme. The second part of
the laser beam is circularly polarized by a quartz-plate before
passing through a MEMS Cesium vapor cell placed in the
clock’s Cs cell package. The Cs MEMS cell contains a Neon
buffer gas and its external dimensions are 2.4 x 4 x 6 mm [4].
A photodiode is placed directly after the Cs cell package to
detect the CPT signal. This signal can also be used to stabilize
the laser frequency in alternative to the separate absorption
setup. In this case, the laser is locked to a broadened line
(Voigt profile resulting from Doppler and homogeneous
broadening due to buffer gas). In the Cs cell package, the
MEMS cell is temperature controlled and is surrounded by a
solenoid generates a static magnetic field parallel to the light
propagation vector to lift the degeneracy of the Zeeman
sublevels. The ensemble is surrounded by 2 μ-metal magnetic
shields to reduce perturbations from external magnetic fields.
The cell temperature can be stabilized in a relatively wide
temperature range (45 to 90˚C). A commercial frequency
synthesizer (referenced to a Hydrogen Maser or to quartz a
VCO – for spectroscopy or closed-loop clock mode,
respectively) produces the 4.6 GHz microwave radiation.
III.

(a)

(b)

Figure 2. (a): Shift of the CPT line as a function of the laser power for laser
frequency tuned to the F’=3 state. The measurements were repeated for
different cell temperature (b): Same measurements like in Figure 2 (a) for
laser frequency tuned to the F’=4 state.

EXPERIMENTAL RESULTS

We measured the light-shift as a function of the laser
power at different MEMS cell temperature and the results are
reported in Figure 2. In this case the laser frequency was
locked using the buffer-gas MEMS cell and the measurements
have been performed for two different situations of laser
detuning: coupling the ground states through the F’=4 excited
state or coupling through the F’=3 state. These two couplings
are achieved by tuning the laser frequency to the optical
transition involving the respective excited atomic state. The
light-shift coefficient α is extracted as the value of the slopes
of the line fits in Figure 2a and 2b.

Our results show that the intensity light-shift changes its
sign with changing cell temperature (Fig 2a). With increasing
temperature, the first order sidebands will be absorbed more
strongly by the Cs atoms, reducing their average light
intensity acting on the atoms in the cell. Thus the overall
balance between positive and negative light-shift contributions
from the different laser sidebands will change, as it is seen on
our measurements.
We have demonstrated the impact of the reported lightshift reduction by recording the frequency stability of our
clock. At time scales around ∼ 1000 s we measured an
improvement of clock stability by factor of 10, reaching the
8x10-11 level, by choosing the proper temperature of the
buffer-gas cell [6].

In the case when the laser is locked to the F’=3 state, for
lower temperatures the light shift coefficient α is negative. For
higher temperatures, the light shift becomes positive. For cell
temperatures around 82˚C, the light shift is significantly
suppressed. In the case of F’=4 laser locking, light shift is
always positive for any cell temperature and we did not find a
temperature with suppressed light shift. Similar results were
obtained in the case when the laser is locked to the separate
evacuated macroscopic cell.

IV.

CONCLUSION

We presented the first experimental results on the light
shift in a micro-fabricated cell filled with Cs and pure Ne
buffer gas, for CPT spectroscopy on the Cs D1 line (at 894.6
nm). The light-shift is found to change the sign as a function
of cell temperatures. A cell temperature was found for which
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light shift is significantly suppressed. We previously
demonstrated that a mixture of two buffer gases is not needed,
because a turnover temperature around 80˚C can also be
obtained with pure Ne as buffer gas [7]. This temperature
coincides with the one suitable for the low intensity light-shift
reported above, in the case when the laser is locked to F’=3
state. Furthermore, this temperature is also in the correct
temperature range for operating a miniature atomic clock.
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Abstract— We report on a comparative study on the light shift
in two possible clock schemes for vapor-cell standards, Double
Resonance (DR) and Coherent Population Trapping (CPT), by
using the same wall coated cell and compact atomic resonator.
Our experimental setup allowed us to measure and study the AC
Stark shift, resulting from a mono-chromatic or a non
monochromatic optical excitation. The light-shift was
investigated as function of the laser intensity and the laser
frequency.

I.
INTRODUCTION
The light-shift (or AC Stark shift) of the atomic clock
transition is often one of the main sources of instability in
vapor-cell atomic frequency standards (“Rb clocks”). Here we
report on our investigations of the light-shift in two possible
clock schemes shown in Fig. 1: Double Resonance (DR)
interrogation (Fig. 1a) [1] and Coherent Population Trapping
(CPT, Fig. 1b). The CPT resonances are created using the socalled lin//lin scheme [2, 3]. For the DR interrogation, the
optical and microwave radiations are applied separately
applied to the atoms, but simultaneously and in continuous
mode, while for CPT the microwave frequency is imprinted
onto the light field by frequency modulation. In both cases, the
same laser wavelength was used (Rb D1 transition, 795 nm).

mF=-2 mF=-1 mF=0 mF=1 mF=2
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Figure 2. Block diagram of the experimental setup.

Fe=1
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II. EXPERIMENTAL SETUP
The block diagram of the clock setup is shown in Fig. 2.
Light from a compact laser head [4] is frequency-stabilized to
the Rb D1 transition (795 nm) and passes through an ElectroOptical Modulator (EOM). Before irradiating the resonance
cell, the laser beam is linearly polarized, and has a diameter of
5 mm. The vapor cell is 14 mm long and has 14mm diameter,
contains pure 87-Rb, and its inner walls are coated with
paraffin. The cell is placed inside a magnetron-type cavity in
which the resonant microwave field has a TE011-like
geometry, as described in [5]. A solenoid generates a static
magnetic field parallel to the light propagation vector and the
whole physic package is surrounded by 2 mu-metal magnetic
shields. DR (resp. CPT) is obtained by injecting the
microwave signal into the magnetron cavity (resp. the EOM).

mF=-1

mF=0

mF=1

mF=-1

mF=2

Fg=2

Fg=1
mF=0

mF=1

(b)

Figure 1. (a): Double resonance scheme. (b) CPT scheme.

III. LIGHT SHIFT MEASUREMENTS
The clock transition may be shifted due to the AC Stark
effect [6]. This shift depends on the spectrum of the optical
radiation and may be expressed - in first and local
approximation - as a function of the two coefficients α and β,
often referred to as the intensity light-shift coefficient (α) and
the frequency light-shift coefficient (β) [7]. These coefficients
and the achievable laser frequency and intensity stabilities
ultimately determine the eventual medium and long-term
performance of the clock.
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A. Intensity light-shift coefficient (α)
We measured the intensity light-shift as a function of the
laser power at different laser detuning in both the DR and CPT
clock schemes and the results are reported in Fig. 3 and 4,
respectively. The measurements have been performed when
locking the laser frequency to the four available sub-Doppler
references (Fground = 1, 2 to Fexcited = 1, 2). The light-shift
coefficient α is given by the slopes of the line fits in Fig. 3 and
4. For instance, when locking the laser to the Fground = 2 to
Fexcited = 1 sub-Doppler transition, and the coefficients are
-7.5·10-11/µW for the DR scheme and -3.2·10-11/µW for the
CPT scheme, respectively.
Figure 5. Shift of the DR line as a function of the laser frequency for the
constant laser power of 40 μW.

Figure 3. Shift of the DR line as a function of the laser power for laser
frequency tuned to the 4 different laser detunings. Shifts are given relative to
the unperturbed Rb hyperfine splitting frequency.

Figure 6. Similar measurements of β for the CPT clock scheme. Shifts are
given relative to the unperturbed Rb hyperfine splitting frequency.

From the results shown in Fig. 5 and 6, one may extract the
frequency light-shift coefficients (β) for any nominal laser
frequency. For instance, when locking the laser to the Fground =
2 to Fexcited = 1 sub-Doppler transition at an optical power of
40 µW, this coefficient is +310 mHz/MHz for the DR and -93
mHz/MHz for the CPT.

Figure 4. Shift of the CPT resonance as a function of the laser power (similar
to the data of Fig. 3 but for the CPT scheme).

B. Frequency light-shift coefficient (β)
We also measured the shift of the clock transition as a
function of the laser frequency for DR and for CPT. The
results are reported on Fig. 5 and 6, respectively. Note that
similar measurements were reported in [8], but not over such a
large laser frequency scan and only for the case of a buffer gas
cell. In Fig. 5, one may observe some differences as compared
to the theoretical values presented in [9], in particular
concerning the number of laser frequencies which give a zerovalue intensity light-shift (we find two such laser frequencies
instead of four occurrences given in [9]). Work is in progress
in order to understand these differences and to analyze the
analogue result for the CPT case.

IV. SUMMARY AND CONCLUSIONS
We present our measurements and study of the intensity
and frequency light shift in vapor-cell standards using a wallcoated cell and two clock schemes: DR and CPT. These
results will be relevant in order to optimize the performances
of a future compact atomic clock and determine its
fundamental limits for medium and long-term stability.
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Abstract— The frequency of an atomic clock may be stabilized
against C-field variations by applying weak magnetic pulses
tuned to the Larmor frequency. The small signal produced by
these pulses is a Ramsey spectrum of the Zeeman transitions
which, when added to the microwave Ramsey signal, may be
adjusted to compensate exactly for the quadratic frequency
shift of clock transition at a given value of the C-field. The
cancellation is provided by a feed-forward mechanism which
modifies the error signal without the need to adjust the C-field.
This can be implemented in most atomic clocks by generating the
required audio-frequency pulses on wires producing a magnetic
field perpendicular to the C-field.

I. I NTRODUCTION
In an alkali-atom frequency standard, special care must be
taken to produce a uniform C-field, stabilize it over extended
periods of time and evaluate the large bias produced by the
second-order Zeeman shift. The C-field can change for several
different reasons such as variations of the external magnetic
field, aging of the shield material, environmental temperature
fluctuations, magnetization of the shields or hysteresis, mechanical shocks, and ageing of the electronic circuits. Because
the frequency inaccuracy of an atomic clock is strongly
dependent on the C-field, some methods have been proposed
to reduce the magnetic field sensitivity. These methods can be
classified by the type of mitigation used to reduce the magnetic
field sensitivity. They fit into four general groups:
i) Use atomic transitions with a weak dependence on the
C-field. The clock transition is selected to have a quadratic
frequency dependence on the magnetic field and a weak
magnetic field is used (e.g. the transition labeled 0-0, Fig. 1).
A variation on this is to choose a large C-field value where the
frequency dependence of the transition becomes null [1] (e.g.
the transition between |3, −1i and |4, −1i labeled “−1, −1” in
Fig. 1). However, this method requires an extremely uniform
C-field and has not yet been implemented successfully.
ii) Generate a very stable and uniform C-field. Stable electronic circuits, permanent magnets and shielding offer possible
methods to stabilize the C-field using passive stabilization
or active feedback. A current generating the C-field can be
stabilized to a constant value, magnetic shielding can be used
to mitigate magnetic field variations, or permanent magnets
can be used to generate the C-field. All these methods suffer
from a large sensitivity on the temperature.

978-1-61284-110-6/11/$26.00 ©2011 Crown
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iii) Use feedback from a measured value of the C-field. Several
methods have been proposed to measure the C-field and correct
its value to keep it constant. One method proposes to use a
dual frequency synthesizer [2] to run a clock at a high C-field
while simultaneously measuring the C-field. Other methods
involving some kind of adjustment to the C-field have been
suggested [3]–[6]. However, it is known that such adjustments
must be frequently applied because after a C-field change
the frequency often relaxes back to almost where it started
[7]. Most of the stability problems have been traced to the
magnetic shields and their hysteresis effects. Measuring the
C-field usually interferes with the operation of the clock,
requires a complex system and affects the performance of the
microwave system.
iv) Use a feed-forward mechanism based on the value of
the C-field. For example, the “Multi-Coherent method” [8]
uses a combination of many microwave and radio frequencies with optical pumping to achieve multiple measurements
simultaneously. However, it only reduces the dependence of
the frequency on the C-field by 33% (by using an average
of all mF states) and suffers from problems associated with
an increased complexity of the microwave synthesizer which
could affect the long-term frequency stability of the clock.

Fig. 1. Diagram of the hyperfine energy levels in a cesium atom. The relative
frequency of each level is plotted as a function of the magnetic field.

The stabilization method presented in this paper is a feedforward mechanism which does not require changing the Cfield nor changing the current producing it by more than a
very small amount. This keeps the system operating in a
linear regime. The feed-forward mechanism is provided by a
small asymmetry produced on the microwave Ramsey fringe
by coherent transfer of a small amount of population between
the Zeeman levels. Two weak rf magnetic pulses are generated
at a frequency near the Zeeman splitting of the hyperfine
sub-levels and applied to the atoms between the microwave
pulses. The magnetic pulses produce rf Ramsey fringes which
are dependent on the linear frequency splitting between the
hyperfine Zeeman sub-levels. When the C-field changes by a
small amount, this rf Ramsey signal causes a frequency pulling
on the microwave Ramsey fringes which can be adjusted
to compensate exactly the quadratic Zeeman shift. With the
proper amplitude adjustment of the rf magnetic pulses, the
clock frequency can be made independent of small variations
of the C-field. A detailed description is provided below with
numerical examples given for the two cases of a beam clock
and a fountain clock.
II. D ESCRIPTION OF THE METHOD
Any change in the value of the C-field will affect the
frequency of a clock because it is referenced to an atomic
transition which has a quadratic frequency dependence on
the magnetic field f00 = C1 B 2 (z(t)) , where hi denotes
the time average, B(z(t)) is the value of the C-field at
position z(t) along the trajectory between the two microwave
Ramsey excitations, and C1 is a constant determined by
atomic properties (in cesium C1 = 42.745mHz/nT2 ). A
variation of the C-field away from its nominal value B0
produces a frequency deviation on the microwave Ramsey
fringe δR = C1 B 2 (z(t)) − B02 . For small variations of the
C-field away from its nominal value B0 >> B(z(t)) − B0
the frequency deviation of the microwave Ramsey fringe is
δR ∼
= 2B0 C1 hB(z(t)) − B0 i. Therefore, at a given value of
the C-field and as long as the deviation is small, the frequency
offset of the clock will depend linearly on the C-field deviation
from its nominal value.
To compensate this linear dependence of the frequency
offset of the clock, one can take advantage of the linear
frequency dependence of the Zeeman transitions. Several
methods already exist to measure the C-field using the linear frequency shift [9], [10]. However, these measurements
interfere with the normal operation of the clock and are only
performed during the evaluation phase of the clock. Also, the
measurements have to be repeated periodically to monitor the
value of the C-field. In the method presented here, only one
initial measurement of the C-field is required before running
the clock. The feed forward mechanism keeps the frequency
of the clock independent of small variations of the C-field.
The feed-forward signal is produced by applying rf magnetic pulses at a frequency fC tuned near the Zeeman frequency fZ = C2 hB(z(t))i, where C2 is a constant determined
by atomic properties (in cesium C2 = 3.5 kHz/µT). The field
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of the rf magnetic pulses must be aligned perpendicular to
the C-field in order produce transitions between the mF =
±1 states. The rf magnetic pulses produce Ramsey fringes
(see Fig. 2), but in this case the signal is as a function of
fC −fZ . A variation of the C-field away from its nominal value
B0 produces a frequency deviation on the rf Ramsey fringe
δZ = C2 hB(z(t)) − B0 i. Thus, the frequency deviation of
the microwave Ramsey fringe can be expressed as a function
of the frequency deviation of the rf Ramsey fringe δR =
2B0 C1 δZ /C2 = ǫδZ . With weak rf magnetic pulses, the
rf Ramsey fringes can be adjusted to produce a “frequency
pulling” equal to −ǫδZ , thus compensating for the quadratic
Zeeman shift.
Thus, this technique uses a rf Ramsey interrogation within a
microwave Ramsey interrogation. Since the Zeeman frequency
shift is much larger than the Ramsey shift (1/ǫ ≃ 6800 for
a typical field of 6µT in a commercial cesium beam clock),
the rf-pulses need only to have a small amplitude such that
only a small fraction of the population is transferred. Also,
since the C-field is sampled by each atom along its individual
trajectory, spatial variations of the C-field are canceled as
well as temporal variations. Thus, this method stabilizes the
frequency of an atomic clock against temporal variations of
the C-field and its non-uniformity.
III. I MPLEMENTATION EXAMPLES
For the examples given below, a commonly used measurement cycle is assumed in the atomic clock. The source of
atoms produces atoms distributed between the possible atomic
states |F, mF i. A state selector only transmits the atoms in the
states |3, mF i (the cesium atom is used for this description).
Ramsey interrogation [11] is used to interrogate the atoms
with two microwave π/2-pulses at a frequency fM W near
the hyperfine transition frequency f00 between states |3, 0i
and |4, 0i (the 0-0 transition or the clock transition). For the
detection, a second state selector only transmits the atoms
which are in any of the states |4, mF i before they reach the
detector. A typical microwave Ramsey signal measured as a

Fig. 2. Ramsey fringes and frequency points used by the locking circuit. The
function is referred to as R(f ) in the text, with f being either the microwave
frequency or the rf-detuning.

Fig. 3. Populations in a beam clock a) after the first state selector, b) after
the first microwave Ramsey pulse, c) after the first rf Ramsey pulse, d) after
the second rf Ramsey pulse, e) after the second microwave Ramsey pulse,
and f) after the second state selector.

function of fM W − f00 is shown in Fig. 2. The local oscillator
(clock frequency) is locked to the atomic reference using a
frequency modulation scheme at the two frequencies a and b
at fM W ± ∆f . The servo control adjusts the frequency of
the local oscillator to keep the microwave Ramsey signals
measured at points a and b at the same level. When this
condition is met, the local oscillator is locked to the 0-0
transition, that is, fM W is locked to f00 .
A. Compensation in a clock without magnetic state selection
This example describes the method as it could be implemented in a typical beam clock or in a fountain clock without
state selection. The measurement cycle is assumed to start
with all atoms in F = 3 states. Two rf magnetic field pulses,
timed between the microwave Ramsey pulses, are applied on
the atoms.
The states of interest for the microwave Ramsey interrogation are the states |3, 0i and |4, 0i (the notation |F, mF i is
used). Since the rf magnetic pulses have a small amplitude,
these two states connect to the states |3, −1i, |3, 1i, |4, −1i
and |4, 1i. The contribution from the other states is negligible
and not considered in this discussion. The population in each
state is a3±1 |3, ±1i, a30 |3, 0i, a4±1 |4, ±1i and a40 |4, 0i
(the populations are not normalized). Also, ρ3±1 = |a3±1 |2 ,
ρ30 = |a30 |2 , ρ4±1 = |a4±1 |2 , and ρ40 = |a40 |2 . Fig. 3 shows
a diagram of the atomic populations, with cesium being used
in this example.
a) After the first state selector, only the atoms with populated
|3, mF i states are transmitted. The populations are and
ρ3±1 = ρ30 = 1 and ρ4±1 = ρ40 = 0.
b) The first microwave Ramsey pulse produces a coherent
state-superposition between the states |3, 0i and |4, 0i, with
ρ3±1 = 1, ρ4±1 = 0, and ρ30 = ρ40 = 0.5.
c) The first rf Ramsey pulse produces several coherent statesuperposition between the following states: |3, −1i and
|3, 0i, |3, 1i and |3, 0i, |4, −1i and |4, 0i, and |4, 1i and
|4, 0i. The resulting populations are ρ3±1 = 1 − 3ǫ/8,
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ρ30 = 0.5 + ǫ/4, ρ4±1 = ǫ/8 and ρ40 = 0.5 − ǫ/4. The
value of ǫ is related to the amplitude of the rf magnetic
field and is kept small (of the order of δR /δZ ).
d) The second rf Ramsey pulse, is phase shifted by π/2
(that is, the rf frequency tuned to points a or b on
Fig. 2) and produces more population transfers between
the states: |3, −1i and |3, 0i, |3, 1i and |3, 0i, |4, −1i and
|4, 0i, and |4, 1i and |4, 0i. The resulting populations are
ρ30 = 0.5 + ǫR(fC − fZ ), ρ4±1 = ǫR(fC − fZ )/2 and
ρ40 = 0.5−ǫR(fC −fZ ), where R(fC −fZ ) is the Ramsey
function plotted in Fig. 2.
e) The second microwave Ramsey pulse produces more population transfer between the states |3, 0i and |4, 0i, resulting
in the populations ρ4±1 = ǫR(fC − fZ )/2 and ρ40 =
R(fM W − f00 ).
f) After the second state selector, only the atoms with populated |4, mF i states are transmitted, resulting in the populations ρ3±1 = ρ30 = 0, ρ4±1 = ǫR(fC − fZ )/2, and
ρ40 = R(fM W − f00 ).
Finally, the detector measures the total population resulting
in a signal:
X
S=
ρF,mF = R(fM W − f00 ) + ǫR(fC − fZ ). (1)
F,mF

Without rf-pulses (e.g. ǫ = 0), the detected signal would be
S0 = R(fM W − f00 ).
The feedback signal S uses the function R(f ) near the two
operating points a and b (Fig. 2). A first order Taylor expansion of R(f ) gives the linear relation R(f ) = 1/2+β(∆f ±f ),
where ∆f is the offset frequency, the “+” sign is for point a
and “-” is for point b. In order to compensate the frequency
shift of the 0-0 transition, the contribution from the rf Ramsey
signal is made negative by using a modulation which is out
of phase with respect to the microwave modulation (i.e. when
the microwave frequency is at point a, the rf-frequency is at
point b, and vice versa.) The signal is then
S = ±β[(fM W − f00 ) − ǫ(fC − fZ )] + (1 + ǫ)(1/2 + β∆f ).
Using f00 = C1 B02 + δR and fZ − fC = C2 hB(z(t))i −
C2 B0 = δZ = δR C2 /(2B0 C1 ), the signal is:
S = ±β[fM W − δR (1 − ǫC2 /(2B0 C1 ))] + K,
where K is a constant. The servo control modifies fM W in
order to keep the error signal S constant. The value of δR
depends on the C-field, but with the appropriate choice ǫ =
2B0 C1 /C2 , δR is multiplied by zero removing the dependence
of the signal S on the value of the C-field.
Thus, by selecting the amplitude of the rf-pulses so that
ǫ = 2B0 C1 /C2 , the frequency deviation of the rf Ramsey
signal will cancel the frequency deviation of the microwave
Ramsey signal. The small value of ǫ < 0.0002 needed for
this method is to be contrasted to the large population transfer
(effectively 100% or ǫ = 1) used in [8] where the mF = 0,
±1, ±2, etc. states are completely mixed by large rf-signals.
With the appropriate selection of the rf-pulses amplitude,
the rf Ramsey signal added to the microwave Ramsey fringes

Fig. 4. Diagram of the populations in a fountain clock. The populations in
the relevant states are shown by the circles: a) after the first state selector,
b) after the first microwave Ramsey pulse, c) after the first rf Ramsey pulse,
d) after the second rf Ramsey pulse, e) after the second microwave Ramsey
pulse, and f) after the second state selector.

(the error signal steering the frequency of the clock) becomes
independent of C-field deviations away from the nominal value
determined by the frequency of the rf-oscillations fC . Since
the C-field is sampled by each atom along its individual
trajectory (as represented by hB(z(t))i), spatial variations
of the C-field are canceled as well as temporal variations.
Thus, this method stabilizes the frequency of an atomic clock
against C-field non-uniformity and temporal variations by
compensating for the quadratic frequency shift of transitions
of the clock. The rf magnetic pulses produce a compensation
directly at the level of the frequency servo loop. No feedback
based on a measurement of the C-field has to be applied to
the C-field dc-current.
Excitation electrodes producing a transversal field over the
entire region of the C-field are assumed in this example. However, the excitation electrodes can also produce a longitudinal
field over two short sections near the microwave excitation
regions.
B. Compensation in a clock with magnetic state election
Some clocks use the initial state |3, 0i at the beginning
of the cycle, e.g. in some fountain clocks. In this case,
the method takes advantage of the small difference between
the Zeeman frequency splitting between the |3, mF i states
fZ3 = C3 hB(z(t))i and the splitting between the |4, mF i
states fZ4 = C4 hB(z(t))i, where C3 = 3509.8Hz/µT and
C4 = 3498.6Hz/µT in cesium.
a) After the state selector, the populations are ρ30 = 1, and
ρ3±1 = ρ4±1 = ρ40 = 0. Fig. 4.
b) The first microwave Ramsey pulse produces a coherent
state-superposition between the states |3, 0i and |4, 0i,
giving ρ3±1 = ρ4±1 = 0 and ρ30 = ρ40 = 0.5.
c) The first rf Ramsey pulse produces the populations ρ3±1 =
ρ30 = ρ4±1 = ǫ/8 and ρ30 = ρ40 = 0.5 − ǫ/4. The value
of ǫ is related to the amplitude of the rf magnetic field and
is kept small (of the order of δR /δZ ).
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Fig. 5.

Ramsey spectra of Zeeman states.

d) The second rf Ramsey pulse, is phase shifted by π/2 (that
is, the rf is tuned to points a or b on Fig. 2). The resulting
populations are ρ30 = 0.5+ǫR(fC −fZ3 ), ρ4±1 = ǫR(fC −
fZ4 )/2 and ρ40 = 0.5 − ǫR(f C − f Z4), where R(fC −
fZ F ) is the Ramsey function plotted in Fig. 2 and fZF is
fZ calculated with the constants C2 (F ).
e) The second microwave Ramsey pulse produces the populations ρ4±1 = ǫR(fC − fZ4 )/2 and ρ40 = R(fM W − f00 ) −
ǫ[R(fC − fZ3 ) + R(fC − fZ4 )]/2.
f) After the pusher beam, ρ3±1 = ρ30 = 0 and only the atoms
with populated |4, mF i states are transmitted.
Finally, the detector
P Pmeasures the total population resulting in
a signal S = F mF ρF,mF = R(fM W − f00 ) + ǫ[R(fC −
fZ4 ) − R(fC − fZ3 )]/2.
The feedback signal S is used in the same way as the signal
of Eq. 1 with the correction term R(fC − fZ4 ) − R(fC − fZ3 )
providing the sensitivity on the C-field to be used as a firstorder correction to the second-order Zeeman shift. One has
to be careful to select an appropriate launch height/C-field
combination for the technique to work.
IV. M EASUREMENT OF THE POPULATION TRANSFER IN A
FOUNTAIN CLOCK

A measurement of the Ramsey fringes produced by rf
magnetic pulses was made to demonstrate the technique. The
launch height of the atoms was selected at 15cm above the
Ramsey cavity. A pulse duration of 25ms was used with the
rf pulse-pairs separated by different time intervals τ . Instead

of tuning the frequency of the rf-pulses, the current in the Cfield electrodes was tuned to simulate a change in the value
of the C-field. The results are shown in Fig. 5 for different
times between the Ramsey pulses. As expected, the fringes
become narrower as the time interval is increased. A shift of
the central fringe with different time interval τ is the result of
some C-field non-uniformity.
The contrast to the fringes decreases to zero when the time
interval reached 250ms. This is due to the fact that with a
C-field of 1.7mGauss, the Zeeman frequency splitting of the
F = 3 states is 596.6Hz and the Zeeman frequency splitting of
the F = 4 states is 594.7Hz. The ∼ 2.0Hz difference implies
that the states are in phase every 500ms, but are out of phase
after 250ms.
V. C ONCLUSION
The method presented in this paper improves the long term
stability of a clock without adjustments of the C-field current.
The rf magnetic oscillations produce a compensation directly
at the level of the frequency servo loop. No feedback based
on a measurement of the C-field is required to adjust the Cfield dc current. The method also corrects for the spatial nonuniformity of the C-field since each atom individually probes
the C-field along their respective trajectories. The method may
be implemented in any atomic clock e.g. a fountain clock,
a beam clock and in some cases, a hydrogen maser. The
implementation is relatively straightforward and inexpensive.
The long term stability of the microwave synthesizer is not
compromised as this method does not require any modification
of the microwave system. The method uses magnetic pulses
in the audio frequency range of a few hundred Hertz which
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can be produced in most existing clocks using already existing
coils. The stability of a clock is improved by a factor determined by the amplitude stability of the rf magnetic pulses.
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Alternative Variables for Computing Sideband Pulling
in Atomic Frequency Standards
Jon H. Shirley
National Institute of Standards and Technology
325 Broadway, Boulder, CO 80305
II.

Abstract—Sideband pulling has long been considered a possible
source of frequency bias in atomic frequency standards. We
treat a two-level system excited by coherent radiation with
amplitude and phase modulation.
We create alternative
variables to facilitate the second-order solution of the associated
time-dependent Schrödinger equation. We extend earlier work
to include time-dependent excitation and initial phase
dependence.

I.

BACKGROUND THEORY

We begin with a two-level system excited by an
electromagnetic field proportional to

B = ⎡⎣b + ba cos ( Ωt + ϕa ) ⎤⎦ cos ⎡⎣ωt − ( bp / b ) sin ( Ωt + ϕ p ) ⎤⎦ ,

INTRODUCTION
where 2b is the Rabi frequency for the excitation, and ba and bp
are the corresponding Rabi frequencies for amplitude and
phase modulation. These Rabi frequencies may be constant, or
have time dependence. For half-sine-wave excitation we have
b ( t ) = ( π / 2 ) b0 sin ( πt / τ ) . We assume ba and bp have the
same time dependence as b. For a single sideband ba = bp and
φa - φp = 0 or π. When the rotating wave approximation is
made, and the probability amplitudes are redefined by
appropriate time-dependent phases to eliminate the rapid ωt
time dependence [3,7], the resulting time-dependent
Schrödinger equation for the system becomes

Frequency shifts due to the presence of sidebands on the
exciting radiation have been of concern from the earliest days
of atomic frequency standards [1]. Results valid for sidebands
further removed from the carrier than the Rabi width were
given long ago [2,3]. In 1978 Audoin et al. published a
second-order result for the shift due to a single sideband valid
for an arbitrary sideband separation [4]. Although this theory
predicted a first-order shift, it was assumed to average to zero
for the continuous signals from the atomic beam frequency
standards of the time. Their result has been in use ever since to
determine sideband intensity limits necessary to avoid a shift
larger than other uncertainties.
With the advent of cesium fountains operating in pulsed
modes, the possibility of modulation in synchronism with the
cycling of the fountain signals was considered [5]. A
deliberate application of synchronized phase modulation
produced significant shifts in the primary standard NIST-F1
[6]. An accompanying theory agreed with the experimental
results.

i=

Here

⎛ −Δ
d ⎛α ⎞
⎜ ⎟ = =⎜
dt ⎝ β ⎠
⎝ Brot

Brot * ⎞ ⎛ α ⎞
⎟ ⎜ ⎟.
Δ ⎠⎝ β ⎠

Δ = 12 (ω − ω0 ) is half the detuning from the atomic

resonance ω0 and * denotes the complex conjugate. The
coupling by the field is now represented by the complex
quantity

The purpose of the present paper is to extend the secondorder results of Audoin et. al. to include contributions from
synchronized pulsed operation and from two sidebands,
equally spaced from the carrier, with arbitrary relative
amplitudes and phases. Such sidebands may be re-expressed
as the simultaneous application of amplitude and phase
modulation at the same modulation frequency. We adopt this
latter representation since amplitude and phase modulations
interact with the dynamics of a two-level system in different
manners. The primary focus of our analysis will be the
dependence of any shifts on the initial phases of the
modulations.

Brot = ( b + ba cos θ a ) exp ⎡⎣ −i ( b p / b ) sin θ p ⎤⎦ .
We have introduced the abbreviations θa = Ωt + ϕa and
θ p = Ωt + ϕ p . We impose on (1) the initial conditions at the
beginning of excitation α (t = 0) = 1 and β (t = 0) = 0 . Then α
is the probability amplitude that the system remains in its
initial state and β is the probability amplitude that the system
changes state. The Rabi transition probability is then
2

P (t ) = β (t ) .

The corresponding Ramsey excitation probability is

U.S. Government work not protected by U.S. copyright

(1)
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2

2

PRam = βRam = β( 2 ) α (1) + α ( 2 )
2

2

P = 12 − 12 ⎡⎣ Re ( e −2 iaW 2 ) − Re ( e 2 ia Z 2 ) ⎤⎦ .

β(1) + 2 Re ( γe 2 iΔT ) ,
2

These alternative variables obey the following two differential
equations:

where T is the period between the two excitations, and the
coefficient γ is defined as

γ = α ( 2)β( 2) α(1)β(1) *.

dW / dt = −iΔe2ia (t ) Z + iba cos θa ( t )W − bp sin θ p ( t ) e2ia( t ) Z
and

(2)

dZ / dt = −iΔe−2ia( t )W − iba cos θa ( t ) Z + bp sin θ p ( t ) e −2ia( t )W

The superscripts refer to the first and second excitation regions,
respectively. The two excitations are assumed identical, except
that the initial phase of both modulations has advanced by
Φ ≡ Ω (T + τ ) for the second excitation.

where a(t) may be defined by a third simultaneous differential
equation,
da / dt = b ( t ) .
If these differential equations are multiplied by i, they form a
Schrödinger-like pair with a two-by-two hermitian
Hamiltonian. In the absence of detuning and the perturbation,
the right-hand side vanishes. The variables W and Z then
remain constant, equal to their initial conditions
W ( 0 ) = 1 , Z ( 0 ) = 0. Solutions in powers of the perturbation
reduce to straightforward integrals.

The presence of the perturbing modulations causes a
frequency shift given by

2Δ res =

Im γ
,
T Re γ

If we expand γ, defined by (2), in powers of the perturbation
(subscripts) to second order, we find

2Δ res =

Im γ1
Im γ 2
Im γ1 Re γ1
+
−
.
T Re γ 0 T Re γ 0 T ( Re γ 0 )2

(3)

IV.

FIRST-ORDER SHIFTS
For small shifts of the Ramsey resonance we may ignore
the detuning in the excitation regions. The first-order solution
for W is then due only to amplitude modulation,

The imaginary part of γ0 was omitted because it is an odd
function of Δ and merely makes a small change in the value of
T in the denominator (cf. Sec. 3.2 in [7]). Note that the firstorder correction to the denominator makes a contribution in the
last term. To find the perturbation expansion of γ we need the
perturbation expansions of α and β. These are difficult to
derive from (1).

τ

W1 ( τ ) = −i ∫ ba ( t ) cos θ a ( t ) dt ,
0

and for Z is due only to phase modulation:
τ

Z1 ( τ ) = ∫ bp ( t ) sin θ p ( t ) e −2 ia( t ) dt.
0

III.

ALTERNATIVE VARIABLES
To simplify the derivation of the perturbation expansion we
define alternative variables as follows:

Although the expressions for the real and imaginary parts of γ
in terms of the alternative variables are complex, their
perturbation expansion is simpler, because the zero-order
values of W and Z are their initial conditions. Thus we find

W ( t ) = eia (t ) ⎣⎡ Re α ( t ) + i Im β ( t ) ⎦⎤

( )

)

where the argument of a is understood to be the excitation
period τ. The real part of γ0 is sin2acos2a. When we insert the
integrals, apply a trigonometric identity, and substitute into (3),
we obtain the first-order shift

where a(t) is defined as the integral of b(t). The variables
paired in the definitions are those coupled by the excitation.
The exponentials in the definitions incorporate the
unperturbed, on-tune evolution of the two level system. These
new variables obey the same normalization criterion as α and
β:
2

(

Im γ1 = − 12 sin 2a ⎡ Re Z1(1) − Re e 2 ia Z1( 2 ) ⎤ ,
⎣
⎦

and Z ( t ) = e − ia( t ) ⎡⎣ Re β ( t ) − i Im α ( t ) ⎦⎤ ,

δω1 =

2

W ( t ) + Z ( t ) = 1.

−4
I CC cos a sin 12 Φ + I SS sin a cos 12 Φ ] cos ( 12 Φ + ϕ p ) .
[
T sin 2a
(4)

In terms of these variables the Rabi transition probability
becomes

The integral ICC is given by
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τ

I CC = ∫ bp ( t ) cos Ω ( t − τ / 2 ) cos ⎡⎣ 2a ( t ) − a ( τ ) ⎤⎦ dt .
0

The integral ISS is the same except that both cosines are
replaced with sines. This result is valid for excitations
symmetric about their half-way point.
For asymmetric
excitation additional integrals are required. The integrals can
be done analytically for constant excitation to yield the
previously published result [6]. They can be easily done
numerically for half-sine-wave excitation.

δω2 =

where Θ = Φ + Ωτ + ϕ a + ϕ p . This shift is due to the combined
action of phase and amplitude modulation. The coefficients
are sums of integrals depending on a(τ) and Ωτ, but of order
unity. The Q coefficients arise from the interactions within
each individual excitation region. The R coefficients arise
from the interference between the first-order interactions in the
two excitation regions. The terms with coefficients QC, QS,
and R0 do not contribute to the shift when the initial phases are
averaged. But the remaining terms survive when φa - φp is
constant. The Q0, RC, and RS coefficients are the ones
computed for constant excitation by Audoin et. al. [4]. We
have verified their results except that they did not include τ in
Φ. The power dependence of their results was discussed in [5].
We note that these terms vanish if φa -φp = ±π/2, the same
condition that makes the two sidebands have equal intensity.

The first-order shift given by (4) has a sinusoidal
dependence on the initial phase and a rapid oscillation with the
sideband offset due to the phase advance Ф between excitation
regions. Figure 1 shows the envelope of this rapid oscillation
for both constant and half-sine-wave excitation when the final
cosine is replaced by unity.

Fractional Frequency Bias

1e-11

5e-12

0

For atomic beam standards the last term in (3) vanishes,
since the initial phase dependence in Reγ1 averages to zero.
However, if this term is added in, as may be needed for pulsed
standards, the Q coefficients are modified, but the R
coefficients cancel out. Thus if the shift is then averaged over
initial phases, only the Q0 term survives and there is no
Ramsey-like oscillation in the shift. The modified Q0 term is
plotted in figure 2 for both constant and half-sine-wave
excitation.
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Figure 1. First-order sideband pulling. The light blue curve is for
rectangular excitation. The dark blue curve is its upper envelope. The red
curve is the envelope for half-sine-wave excitation.

Fractional Frequency Bias

1.2e-13

V. SECOND-ORDER SHIFTS
The second-order shift can be found in a similar, if more
laborious, fashion. The imaginary part of γ2 has contributions
from the second-order solution for Z and the product of firstorder contributions from Z and W.
These contributions
involve the product of cosθa and sinθp at different times. A
trigonometric identity allows this product to be written

2 cos θ a ( t ) sin θ p ( t ′ ) = sin ( Ωt + Ωt ′ + ϕa + ϕ p )

− sin ( Ωt − Ωt ′ + ϕa − ϕ p )

ba bp ⎡Q0 cos ( φa − φ p ) + ( QC cos Φ + QS sin Φ ) cos Θ ⎤
⎢
⎥,
Tb 2 ⎢ + ( RC cos Φ + RS sin Φ ) cos ( φa − φ p ) + R0 cos Θ ⎥
⎣
⎦

1.0e-13
8.0e-14
6.0e-14
4.0e-14
2.0e-14
0.0

.
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Figure 2. Second-order sideband pulling—initial phase-independent part.
The blue curve is for constant excitation. The red curve is for half-sine-wave
excitation.

Therefore the second-order shift will depend only on the sum
and difference of the initial phases and not on their individual
values. When the computations are carried out, the shift from
the second term in (3) has the form
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SUMMARY

We have theoretically studied sideband pulling in atomic
frequency standards in terms of amplitude and phase
modulation. We have introduced alternative variables to
simplify a perturbation treatment of the modulation. We find
the first-order pulling, generated by phase modulation, for both
constant and half-sine-wave excitation. We find the secondorder pulling is generated by the combined action of phase and
amplitude modulation. We report the initial-phase and
Ramsey-time dependence of the second-order shift.
Contribution of the U. S. government.
copyright.
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Study of a High Performance Rubidium
Atomic Frequency Standard
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Abstract -- In this paper, the study advances of a high

the rubidium hyperfine transition frequency.

performance rubidium atomic frequency standard

The novel physics package mainly consists of

(RAFS) will be reported. The RAFS is a traditional

cavity-cell assembly [3], spectral lamp, C-field and

passive rubidium frequency standard. Some important

temperature controller, microwave frequency multiplier,

performance test results have been obtained. The RAFS

and preamplifier. The cavity-cell assembly employs a

has realized short-term stability of <1.5E-12/1s , and
long-term stability of <2E-14/1d.

patented slotted-tube microwave cavity, and utilizes the
separated

I. INTRODUCTION
The investigations of a high performance rubidium
atomic frequency standard (RAFS) will be presented. This

filter

technique

(SFT)

.The

slotted-tube

microwave cavity has some advantages of higher cavity Q
factor, large microwave filling factor, and can obtain a
higher signal-to-noise ratio for the physics package.

RAFS is a traditional passive gas-cell rubidium frequency
standard. While its physics package employs a novel
slotted-tube microwave cavity [1], and uses the separated
filter technique (SFT). This kind of physics package
features high signal-to-noise ratio, and low light frequency
shift [2].
We have made a lot of experiments and tests with the
RAFS unit, such as frequency stability, drift, phase noise,
harmonics, spurious, magnetic sensitivity, and so on. Some
important RAFS specifications have been obtained. The
recent test results suggest that RAFS has realized
short-term stability of <1.5E-12/1s , long-term stability of
<2E-14/1d, and frequency drift of <3E-13/1d.
II.

Figure 1. RAFS Principle Block Diagram

Light shift (LS) and temperature coefficient (TC) are

PRINCIPLE AND CHARACTERISTIC

Figure 1 shows a principle block diagram for our
rubidium atomic frequency standard. The design of it is a
typical gas-cell RAFS schedule. The physics package acts
as a very stable frequency discriminator for a frequency
around 6.834GHz. By using a frequency synthesizer and
two frequency multipliers that are referenced to the 10MHz
VCXO, the 10MHz output frequency can be stabilized to

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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the most significant factors that affect the long-term
stability of a RAFS. The SFT design of the physics package
enables us to deal with the gas parameters of absorption
cell and filter cell separately, and buffer gas pressures in
both cells can be optimized for the minimum LS and TC.
The spectral lamp is a RF-discharge lamp for optical
pumping and detecting, it operates at about 110MHz. The

photosignal is amplified and filtered before being delivered
to servo control circuit.

The reference source used for RAFS test is the KVARZ
active hydrogen maser CH1-75A which has an excellent

The servo controller is responsible for, synchronously

frequency stability of <1E-15/1d. The frequency curve of

detecting the amplitude and phase of the photosignals at

RAFS is showed in Figure 3, about 78 days test data were

136Hz and 272Hz, and filtering the error signal to lock the

collected with a sample period of 10 seconds, from 24 May

10MHz VCXO to the rubidium hyperfine transition.

2010 to 12 August 2010. The frequency stabilities were

Both the 5.3125MHz signal and the 136Hz phase
modulation waveform are generated by the synthesizer.
The modulated 10MHz signal is converted to 90MHz
signal by RF multiplier. The two signals of 90MHz and
5.3125MHz are input to the microwave multiplier together.
The microwave multiplier is a SRD high-order

calculated with the last 40 days test data in Hadamard
deviation. The stability curve of Figure 4 indicates that the
RAFS unit has achieved long-term frequency stability of
2.6E-14/10000s and 1.3E-14/1d, while its frequency flicker
floor is around of 1.2E-14 level.

harmonic frequency multiplier to complete 76th frequency
multiplication from 90MHz to 6840MHz, meanwhile it
also plays a role of frequency mixer to make frequency
subtraction between 6840MHz and 5.3125MHz. Finally it
will produce 6834.6875MHz microwave field in the cavity
for exciting

87

Rb hyperfine transition. The microwave

frequency multiplier has no independent resonating cavity,
but shares the same slotted-tube cavity with

87

Rb atom

transition microwave resonator.
III. MAIN PERFORMANCES TEST
After the RAFS unit has been completed, and its
operating parameters have been optimized. We conducted
some performance tests with RAFS unit.

Figure 3. RAFS Frequency Test Curve

The short-term frequency stability performance of the
RAFS has been reported on the EFTF-IFCS-2009
conference [3]. In this paper, the long-term stability test
result will be presented. Figure 2 shows the set-up for
RAFS long-term frequency stability measurement.

Figure 2.

Set-up for RAFS Frequency Stability Test

Figure 4.
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Frequency Stability of RAFS Unit

Based on calculation of the last 20 days data, the
frequency drift is 2.5E-13/1d, which still tends to decrease
as RAFS unit continue to work. It can be estimated that the
drift will finally arrive to 1E-13/1d level or better.
Figure 5 presents phase noise curve of RAFS unit,
measured by PN9000 phase noise test system. The
measured results suggest that RAFS has a low phase noise,
from 1Hz (<-95dBc) to 10kHz (<-147dBc).
The RAFS unit has obtained a low magnetic sensitivity
of 1.2E-13/Gauss, benefits from the microwave cavity
shielding scheme of three layers mu-metal.

IV. CONCLUSION
We have developed a gas-cell rubidium atomic
frequency standard with a novel physics package. The
performance test results indicate that the RAFS unit has
achieved good frequency stabilities, the short-term stability
is of <1.5E-12/τ1/2 (1s≤τ≤1000s), the long-term stability is
of <2.0E-14/1d, and its frequency flicker floor is around of
1.2E-14 level. The RAFS unit also has low phase noise and
low magnetic sensitivity.
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Phase Noise of RAFS Unit
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Abstract—This paper shows a traditional Rubidium atomic
clock – XHTF1031. The incorporate lamp and ultra-miniature
waveguide cavity introduced in the physics package is the main
means to downsize the volume of the clock; the electronics
consisting of 6.8GHz direct synthesizer and digital servo system
is to enhance the automatic functions which ensure massively
fabrication available with low costs. At all, the clock has the
physical dimensions of a ovenized crystal oscillator (OCXO),
measuring 51mmx51mm (2'x2') and standing at a mere 25mm
(1'). The Allan deviation of instability is 3E-11/s; the
temperature coefficient is 3E-10 in the range of -20~60℃; the
frequency aging is below 5E-12/d. The clock has the same
dimension and pins’ definitions with OCXO used in telecom, but
higher performance, and would be popularly used in telecom
equipments and base-stations instead of OCXO in future.

I.

INTRODUCTION

Traditional Rubidium atomic clock with a combination of
high performance and volume has large engineer value and
hearty life until now. Comparing with Hydrogen clock and
Cesium clock, compact rubidium atomic clock with merits in
aspect of low power, small dimension and excellent
precession, is one of the most popular atomic clocks, and
bulkily used in Telecom, IP-TV, time-keep system and the
Global Navigation Satellite Systems (GNSS), Especially
IEEE1588 protocol offering several nanoseconds of web
synchronization [1]. In the above area, compact atomic clock
will used instead of OCXO partly.
Rubidium clock uses optical pumping by an Rb spectrum
lamp to create a population inversion between the ground state
hyperfine energy levels F=2 and F=1 in absorption cell [2]. If
the atoms of absorption cell are interrogated with microwave
radiation, the change in light transmission through the cell can
be checked by optical diode, and a discriminating signal in the
light is to lock OCXO in the atomic clock. Employing the two
naturally-occurring isotopes 85 Rb and 87Rb is to enhance the
efficiency of the optical pumping by a fortuitous overlap
between the two optical absorption lines; and similarly, filling
buffer gas (such as N2, NH4) to narrow the line width of the
absorption of the clock transition between (F=2, mF=0) and
(F=1, mF=0). Therefore, the Rb atomic clock has higher
Signal-to-Noise ratio and more outstanding short-term ability.

There is no vacuum system in Hydrogen clock and Cesium
clock, therefore Rb clock has more viable in commercial fields.
When it comes to developing compact rubidium atomic,
the most important work is to downsize the dimension of
physics package of the clock, including lamp and cavity. In
general, the effective means is to pay more attention to the
latter than the prior, as for the cavity is the big part in Rb
clock. In comparison, the prior can not be indefinitely
reduced because of high temperature and exciting RF circuits
located in it. Basing On traditional gas cell Rb clock scheme
and different cavities, several Rb clocks as a module have
been manufactured by Symmetricom, FEI, Spectratime in the
world. In China, Xing Hua Time and Frequency (XHTF)
joining in Spaceon at present has about forty years history in
professional development of Rubidium clock. Until now,
Spaceon has an outstanding achievement in miniature
Rubidium clock, and designed a smallest gas cell Rb clock
XHTF1031 in the world. The XHTF1031 is designed by new
physics package and electronics, and has the same typical
performances with the above-mentioned clocks. The detailed
techniques are presented as below.
II.
A.

Lamp
CLAPP oscillator has a high stability, and can be used as
the driving circuit of the spectrum lamp [3]. The frequency of
the oscillator is decided by L made up of a coil around the
bulb, and by C which is in series with the coil. Because of
high frequency scaled 100MHz, the distributing parameters
will occur while the circuit is placed in the lamp oven. There
is the optimal value of the L and C which need to be tuned in
an extent. In order to cancel the temperature coefficient of the
circuits, a diode is added in parallel with the b-e loop of
transistor in the circuit, which would improve fluctuation and
aging of Rb clock.
The configuration of assembling the parts to shape the
architecture of the spectrum lamp mainly decides the size
itself. In general, bulb and exciting circuits are deigned
separately as two parts. As is known, the temperature
coefficient is added by transistor in the circuits. Taking the
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transistor into the case of lamp can be resolved. The spectrum
lamp is called incorporate lamp. In the architecture, the bulb
of lamp is held into solenoid and together inserts into a bold
which is designed by Teflon which ensure the light density
stable. All of these are fixed into a case which is designed by
aluminum. The PCB is laid into the case simultaneously. In
this way, the electromagnetic radicalization can be shielded
effectively. Therefore, the power dissipation can be used to
heat up the lamp, and the power of the lamp which is capable
of reducing at an extent. In a word, the bottleneck in the
aspect of the coefficient, the size and the power dissipation
has been resolved in the incorporate lamp. The final
appearance of the lamp is shown in Fig. 1.

Waveguide port is the avenue for microwave transmitting
in a model. One port of the waveguide is enclosed as an
emission source, and other port is enclosed excluding a hole
laid in the center of bottom as the diaphragm the lamp light
goes through. Simultaneously, absorption cell insets into the
space in the cavity. In this way, one cavity is shaped in the Rb
clock. While designing the cavity, the parameters including
diameter and length must be calculated. Due to the boundary
abnormity from absorption cell and the hole, the simulation in
magnetism is necessary and effective auxiliary tool to
calculate the parameters. The simulating is as in Fig. 2.

Figure 2. The Cavity of theRb atomic clock XHTF1031.

Figure 1. The lamp removed from the clock XHTF1031.

In the process of fabricating lamp, the bulbs are aged with
high RF power and high temperature firstly. Secondly, the
lamp will be supplied with higher voltage than it being in
normal work. All the steps can ensure to fabricate lamp in
bulk.
B. cavity
In Rb atomic clock, cavity is a container where absorption
cell is located in. Generally, the cavity made of metal, such as
copper or aluminum, is resonant with the microwave of atomic
transitive frequency from synthesizer which is to interrogate
atoms in the absorption cell in order to result in discrimination
signal. At this rate, the volume of the resonant cavity is the
biggest hamper while developing miniature Rb clock.
To reduce the size of cavity in Rubidium atomic clock,
there are several types of cavity as below. The first is cylinder
cavity of TE111 model, sometimes filled by Al2O3 ceramic [4].
Obviously, this cavity has too small Q quality to bring on poor
short-term frequency instability while developing Rb clock by
it. The second is magnetron cavity whose mode is similar to
TE011, and has high Q quality. The cavity has been used in
Hydrogen clock in advantage. But the complex architecture
and difficulty in production by machine hamper its expanding
to compact Rb clock.
Telecom technology brings digital synthesizer to
microwave frequency band, and several synthesizers beyond
7G occur nowadays. The synthesizer has the ability to output
the enough power level of 6.8GHz to interrogate atom. So, the
cavity has no necessity to be resonant with atomic frequency.

In Fig. 2, magnetic excitation is from a loop coupling the
6.8GHz microwave. In order to make excitation higher than
electricity, there is a special hemicycle soldered with the
coupling loop. A bolt made specially is to screw in and out to
compensate the boundary abnormity in the cavity after
inserting absorption cell. By the design, the tolerance of
absorption cell size is bigger than the previous, and the cavity
is more available to fabricate in bulk. There is no ceramic in
side of the cavity; therefore the lower weight and higher
performance in vibration and shock are implemented. In fact,
the power level range of -20 to 0 dBm from frequency
multiplier is ok to the cavity with screwing the bolt. In
addition, the waveguide cavity is made of permalloy metal so
as to reduce frequency shift resulted from magnetism.
III.

ELECTRONICS

Electronics in Rb clock consists of frequency multiplier
which is to multiply 10MHz from OCXO or TCXO to 6.8GHz,
and servo which is to synchronously check and output an error
to lock VCXO.
A. Frequency Multiplier
Traditional frequency multiplier is designed with step
recovery diode (SRD), while SRD has the special property
whose capacitance has different quality on the tradition while
voltage shifts from positive to negative. 6.8GHz microwave to
excite atom is from the high order harmonic wave by SRD. In
this way, the resonance cavity must be used as the selective
loop to enhance the 6.8GHz microwave, and Rb atoms in the
absorption cell laid in the resonance cavity will output the
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check the lamp’s off-on statue to shift the voltage
from low to high, and the second is to lock VCXO.

enough strength of discrimination signal by transmission of
light intensity from lamp to lock VCXO. Owning to the
configuration of frequency multiplier in Fig. 3, the abovementioned cavity can be used in Rb atomic clock.

•

Synthesizer as a frequency multiplier makes the
10MHz from VCXO to 6.834GHz directly and
modulates the microwave with a low frequency 70Hz.
The synthesizer is made up of a digital phase
comparator, digital divider (Div.) and VCO.

•

The cavity-temp. controller and lamp-temp. controller
are to control the cavity temperature and lamp
temperature respectively according to destination
value of temperature automatically.

6.8GHz
10MHz
PD

LF

VCO

70Hz
Div.

Figure 3. The frequency mitiplier scheme block.

In Fig. 3, the 10MHz from OCXO compares with the
similar frequency feeding back from VCO in phase detector
(PD), and the error voltage of the phase is filtered by Low
Filter (LF). Finally, the 6.8GHz is locked in phase with
10MHz and modulated in frequency by 70Hz.
B. Digital Servo System
This part is embedded in a Micro-programmed Control
Unit (MCU). The detailed configuration is as below in Fig. 4.
Cavity-temp.
controller
Synthesizer
(6.8GHz

C field

MCU

Lamp-temp.
controller

Light sampler

DAC20

C. Monitor-control software
The monitor-control software is installed in the PC which
communicates with Rb atomic clock with RS232 protocol.
Otherwise, the clock’s work status including lamp and cavity
can be monitored real-timely. Furthermore, the software can
also set the parameters including synthesizer’s offset and
divider coefficient. With the help of the software, the Rb clock
can be massively produced at a low cost.
D. Archetechure design
The digital electronics and novel physics package are
introduced, and the ultra-miniature Rb atomic clock can be
shaped in a low size scale. Because OCXO with 51mmx51mm
dimension is popularly used, as is necessary to design the
similar Rb clock. Therefore the XHTF1031 has completed on
this idea. The clock without case is shown in the. Fig.5. It is
clear the synthesizer is enclosed in a metal shield, and the
6.8GHz transmits from the synthesizer to cavity by a
microwave line with mini SMB connector.

VCXO

Figure 4. The digial servo system block.

•

MCU is the center controller of the electronics in the
Rb clock. The first function is to initialize external
devices, including synthesizer, DAC20; the second is
to sample the light intensity and temperature data and
to process digital data to export an error to lock
VCXO.

•

C field is set by 12 bit DAC which can adjust the
accuracy of 10MHz frequency standard signal with
high resolution. Therefore, the Rb atomic clock can be
disciplined by GNSS via tuning this DAC’s transiting
data, so the long term stability will up to the level of
satellite atomic clock.

•

DAC20 consists of two 12 bit DAC and is an
equivalent 20 bit DAC, which is to lock the VCXO in
normal work and to make the VCXO to be in
holdover status in abnormal work.

•

Light sampler is to gather intensity of the lamp light
which contains work status of the lamp and atomic
discrimination signal. The first one could assist to
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Figure 5. Spaceon Rb atomic clock XHTF1031 with the cover removed.

•

The two PCBs are overlapped and fixed by 4 sockets.
The frequency multiplier is enclosed in a case and
directly soldered on the small PCB which is aligned
with the cavity and the lamp.

•

The case of Rb atomic clock is made of permalloy
metal and is to reduce frequency shift resulted from
magnetism again. Therefore the magnetic sensitivity
will be reduced at large and finally to achieve the 2E-

11/G. finally, the dimension is 51mm×51mm×25mm
which is compatible with the ordinary OCXO.
Especially, the baseplate of the clock has 4 screw hole
and can be held safely, which makes the clock‘s
frequency specifications tolerable on the condition of
shock and vibration.
IV.

TEST

After making the key-technique design, five prototypes of
the clock have been fabricated. Firstly, we have tested the five
clocks comprehensively. The data and figures of testing are as
below.

B. Temperature coefficient
Temperature coefficient is most difficulty in gas cell Rb
clock while Doppler shift from hot atoms in absorption cell is
appended in resonant frequency [5]. In addition, integrating
filer technique in compact Rb clock is popularly used in order
to downsize the clock’s volume and brings on bigger
coefficient than the scheme of splitting filtering technique. In
XHTF1031, the digital electronics is to compensate coefficient
by the feeding-back error from the temperature sensor
mounted the clock case. In this way, the perfect property of
frequency vs. temperature is achieved finally in Fig.7 as below.

A. short-term frequency instability
Short-term frequency instability is relative with noise from
synthesizer and physics package and the strength of atomic
discrimination. In Fig.6, the short-term frequency instability of
the clock XHTF1031 is given.

Figure 7. The clock XHTF1031coefficent in the range of -20 to 60 ℃.
(a)

The present temperature coefficient in the range of -20 to
60 ℃ is within 3E-10. Next step, the range of work
temperature will be expanded to fit defense and avionics
environment.
C. Aging
Owning to the bulb and absorption cell are made of a
special glass which ingredients is researched by Spaceon, the
aging of XHTF 1031 has the outstanding performance.

(b)
Figure 6. XHTF1031 short-term frequency instability. (a) The typical
frequency accuracy of the clock. (b) The typical frequency Allan deviation of
the clock.

In Fig.6, the short-term frequency instability is showed.
The frequency data are sampled per 1 second in two day,
therefore the quality of frequency point is enough to calculate
the Allan deviation. From the diagram, the short-term
frequency instability is about 2.6E-11/s, 9E-12/10s, 2.8E12/100s, which is satisfied with root tao in Allan deviation,
and is laid in the middle level of compact Rb clock.
Obviously, the data is better than ordinary OCXO’s,
especially in the term of 10s and the time with big scale.
Figure 8. The clock XHTF1031’s Long-term aging test diagram.
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In Fig.8, the typical data is below 5E-12/d, and better with
two or more order of magnitude than ordinary OCXO’s.
V.

CONCLUSION

The ultra-miniature Rb atomic clock XHTF1031 basing on
traditional gas cell Rb clock scheme is completed now.
Furthermore, owning to introduced novel physics package and
the digital electronics, the cost, power dissipation and
dimension are reduced at large extent. Finally, the shape of the
clock is 51mm x 51mm x 25mm (2' x 2' x 1') in the first
version of the clock, which is better standing long-term
frequency instability than OCXO, but compatible with it. In
addition, the clock has better technique maturation than CPT
clock occurring several years ago. Consequently, the clock
will take on an important application position in future, and
will be widely used in aspect of Global Navigation Satellite
Systems (GNSS), IEEE1588 web, IP TV, Timing-keep system
as frequency standard instead of OCXO with higher frequency
performance two or more order of magnitude.
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Abstract— Our laboratory has been developing an atomic
reference system in which an ensemble of cold atoms of cesium
is produced already in the center of a microwave cavity. The
timeline of the project is divided in three parts: proof of
principle with an antenna, design of a microwave cavity with
viewports to produce the magneto-optical trap (MOT) and a
movable system with all the parts embedded in a single package.
In this work we present the first two parts of the global project
with some relevant aspects for the construction of this compact
frequency standard.

I.

Once mounted, the system showed a MOT with about 108
atoms that were interrogated with microwave fields in one and
two pulses configurations. The detection was done using the
same trap laser beams through fluorescence. The results
observed for the hyperfine transition using both schemes of
pulses are shown in Fig 2. They correspond to durations of
12ms in the single pulse and, in the second case, two 4ms
pulses separated by an interval of 8ms.

INTRODUCTION

Compact atomic standards are being developed in many
laboratories using different configurations [1][2]. These
systems are all intended to have small size and high
performance, showing a very promising field in time and
frequency that addresses portability. Following this tendency
our group is working in a simplified configuration that makes
use of cold atoms, trapped in a magneto optical cell.
II.

FIRST ESSAYS

The first experiment we did followed ideas from [3],
where the ensemble of 133Cs atoms was initially prepared in a
magneto optical trap (MOT) and released to expand. During
the free fall the clock transition is excited using a microwave
field applied with a horn. The main changes in our system
were the use of a pyrex cell and a quarter-wave antenna, as
illustrated in Fig. 1.

Figure 2. Resonance observed for the clock transition using (a) one and (b)
two pulses

Figure 1. Vaccum cell and antenna used for the first experiment

The observed results showed to be very promissing, with
the linewidth for the single pulse configuration being 39Hz
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and an Allan Standard Deviation of 9x10-11τ-1/2, when
compared with a Cs commercial standard (Agilent 5071A)

good polishing and cleaning obtained in our mechanical
workshop.

The loss of contrast in the double pulse configuration was
evaluated and the main contribution found was due to the
spatial distribution of the field experimented by the atomic
cloud in free expansion [4].

The MOT was them mounted with 9mm beams and the
obtained cloud was measured with 109 atoms. The whole
temporal sequence used for the experiment is generated using
a data acquisition board (PCI-6025E National Instruments),
that also performs all the measurements. The sequence
include a phase of subdoppler cooling, allowing a cold
sample with temperatures below 25μK.

This configuration, despite the distribution of the field,
has the very interesting aspect of compactness. Nevertheless,
the use in a single pulse mode has shown a linewidth with
reasonable contrast. The limitation in stability is atributed to
SNR mainly.
III.

MICROWAVE CAVITY WITH COLD ATOMS

The next step was the evolution of the system for a better
behaved microwave field. Since the aim of our experiment is
not the use in microgravity, we decided to use the well known
cilindrical resonator. Another point to be observed is the six
beams configurations of the MOT, giving place to a cavity
with at least six viewports. At the end, we finished with a
cavity with ten viewports, all them with 10mm of diammeter,
since this acts as cutoff waveguides for the used frequency.
This number of viewports was necessary to guarantee place
for the fluorescence detection, vacuum pump and Cs reservoir
and microwave feeding with no adittion of many vacuum
adapters. The microwave cavity was sculpted from a single
block of 316L stainless steel, forming also the vacuum
chamber with no weldings. A photograph of the chamber,
with the built covers is shown in Fig. 3.

After the subdoppler cooling phase, the cloud is released
and submited to a sequence of two microwave pulses. The
MOT beams are then turned on again and the fluorescence
signal is collected with a PIN photodiode.
IV.

CONCLUSIONS

The actual stage of our system is still far away the final
shape we intent, since it is not optimized for minimum size of
all the parts, like laser systems, microwave cavity, vacuum
pump and optical bench. The target here was to obtain a
vacuum chamber format that shows the feasibility of such
system.
This chamber configuration permits also good optical
access to the cloud of cold atoms, due to all viewports we
were able to obtain, maintaining a reasonable quality factor
for the cavity.
We considerate that the fluorescence detection is not the
best method to use, since this results in a complete lose of
cold atoms and increases the cycle time. One of the
improvements we are implementing is the detection by
absorption of an independent probe beam.
The actual system has now the objective to be a test bench
for different configurations we plan to test, in order to
minimize parts and subassemblies. Doing so we are passing
to the third phase of our project, that is to design a system to
be operated in an embedded configuration.
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Abstract— The first prototype of an eXtra Small Atomic
Resonator (XSAR) was presented by CSEM in 2009. This paper
describes the progress realized in 2010 towards the realization of
a low-power miniature atomic clock. We present a second
prototype as well as the first RF frequency and laser locked
loops fully integrated on a chip.

I.

INTRODUCTION

Very accurate local clocks play a fundamental role in
modern communication and navigation applications. High
precision references enable fast communication data rates,
while in navigation they allow longer holdover operation
times in absence of synchronization signal, for example from
the Global Positioning System (GPS). Even if this high
accuracy can be achieved with atomic clocks, only the recent
developments in photonics and MEMS processes allowed
reaching the low power consumptions and small sizes needed
for hand-held devices [1], paving the way to the realization of
Miniature Atomic Clocks (MAC). However, reaching the
target of overall device volumes < 1 cm3 and power
consumptions < 30 mW [2] requires further miniaturization
and improved design of all the system aspects, including the
RF control electronics, which has to be low-power without
affecting
the
clock
performances.
State-of-the-art
implementations as in [3] and [4] reached impressive lowpower consumption performances, but using discrete
electronic components which limit the system miniaturization.
This work presents fully integrated RF frequency (RF IC v1.0)
and laser (RF IC v2.0) locked loops developed at CSEM and
designed for MAC applications, tested in combination with a
breadboard level buffered 87Rb cell system [5] based on
coherent population trapping (CPT) interrogation.
The CPT interrogation [2] consists in modulating the bias
current of a wavelength tuned VCSEL at an RF frequency
(νRF) that is half the ground state hyperfine splitting of 87Rb
(νHF / 2 = 3.417 GHz). Fig. 1 illustrates the principle. Let’s
consider that a ramp on the laser diode (LD) bias current
sweeps the pumping photon energy (E = hν) producing two
peaks of absorption corresponding to transitions between each

978-1-61284-110-6/11/$26.00 ©2011 IEEE

of the two ground states toward the excited states. When
amplitude modulation of the LD is added, the absorption
spectrum is composed of each individual laser wavelength
(carrier plus sidebands). For νRF = νHF / 2, a transmission peak
hundreds of Hertz wide (CPT signal) is observed and this
resonance provides the high-Q frequency reference (> 106) of
the MAC. To maintain the system locked around that peak and
provide a highly stable clock, the frequencies of both the RF
modulating signal and VCSEL must be controlled within
feedback loops. In particular, locking of the RF frequency
onto the atoms (RF IC v1.0) is obtained introducing frequency
modulation of the RF carrier, which allows deriving a signed
error signal used to form the RF frequency locked loop.

Figure 1. Physical principle of 87Rb CPT interrogation.

II.

PROTOTYPE EXTRA SMALL ATOMIC RESONATOR

The first prototype (v1.0) of an eXtra Small Atomic
Resonator (XSAR) developed at CSEM had been
demonstrated in [5]. It was built around a miniature 5 mm
diameter glass cell filled with 87Rb and a mixture of Ar and N2
buffer gases. The prototype (Fig. 2 left) consisted in an
assembly of miniaturized building blocks (the laser and optics
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unit was only 4 mm high – heater and thermistor included)
and laboratory-sized sub-systems (the glass atomic vapor cell
unit was up to 20 mm long – heaters, thermistors and solenoid
included). The performance of the complete clock driven by
laboratory electronics and RF synthesizer was in agreement
with the expectation: the short term frequency stability
reached 5 × 10–11 @ 1 s.

Figure 2. XSAR prototypes v1.0 (left) and 1.1 (right).

A step towards the small size and low-power objective has
been tackled by mastering the fabrication of miniature atomic
vapor cells using MEMS fabrication techniques (Fig. 3).
Filling the cells with natural Rubidium has been realized with
different techniques (alkali metal dispenser and alkali metal
salt) and included controlled partial pressures of buffer gas
mixture. Adding new functionalities to the cell and reducing
the cell’s external size are ongoing in order to reduce the
overall physics package size.

amplifier (TIA) converts the photocurrent of the PD into a
voltage. The signal is then chopped coherently with the FM
modulation of the RF carrier before being integrated and lowpass filtered. The resulting voltage drives the frequency tuning
port of a 40 MHz voltage controlled crystal oscillator
(VCXO). The remainder of the system is equivalent to a direct
modulation transmitter featuring a high resolution fractional-N
PLL, whose loop bandwidth is chosen to minimize the RF
close-in noise that will interact with the atoms. For increased
flexibility, the low pass filter was implemented with external
components. The standard 40 MHz crystal was chosen for
small size (available down to 1.6 x 1.2 mm2), possibility to
derive the traditional 10 MHz reference after integer division
and low in-band phase noise plateau thanks to a reduced PLL
ratio. An external bias-T is used to couple the RF power and
the LD biasing current before driving the VCSEL. The typical
RF drive level is from –2 to +2 dBm. Frequency modulation
of the RF carrier is performed at a programmable rate and
depth with a 2-FSK unfiltered square wave signal. Both are
typically in the kHz range with a lock-in amplifier loop
bandwidth of 1 Hz. A resolution of the RF carrier frequency of
10–12 (ppt) is obtained with a 40-bit 2nd order ΔΣ modulator.
The N divider, whose fractional value should be close to
85.425, is implemented with a cascade of dynamic dividers [6]
to achieve low power dissipation.
demod_am
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PFD
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Figure 4. Architecture of the atomic clock RF frequency locked loop IC
v1.0 (blue) and laser frequency locked loop IC v2.0 (green).

Figure 3. 10 x 10 mm MEMS cells with different filling approaches.

The second prototype (v1.1) of an eXtra Small Atomic
Resonator (Fig. 2 right) could be assembled using the
miniature MEMS cells. Driving this prototype with laboratory
electronics allowed to reach frequency stabilities of the order
of 8 × 10–11 @ 1 s. Driving the prototype with the integrated
electronics (see below) is still not possible because MEMS
cells could not yet be filled with the adequate isotope of
Rubidium. The production of MEMS cells, filled with Rb-87,
is ongoing. The performance results of the second prototype
will trigger the design of the third generation prototype. It
should integrate the low-power microwave synthesizer with
integrated laser locked loop (see below), an advanced
packaging for low power consumption, and a MEMS cell with
reduced size and additional functionalities.
III.

RF FREQUENCY LOCKED LOOP

Fig. 4 shows the block diagram of the integrated RF
frequency locked loop (RF IC v1.0). A transimpedance

The photocurrent generated by the PD contains a strong
DC component onto which a weak CPT signal, superimposed
at the FM rate, has to be amplified. A low noise TIA (Fig. 5)
with a band-pass filtering characteristic is implemented with
only two transistors, an external capacitor and a current
source. The two transistors form a current conveyor that
reverse-bias the PD at a constant voltage independent of the
photocurrent. At a higher frequency however, the capacitor
freezes the gate of the top most transistor that presents at its
source a large transimpedance. The latter is maximized with a
large overdrive voltage and using a native transistor, resulting
in high gain and much reduced noise compared to the PD shot
noise. After amplification of the AC square wave signal by the
transconductance and current mirror ratios, coherent chopping
is performed so that the difference of its two components is
integrated on a large external capacitor until the error signal
vanishes. The resulting saw tooth voltage is further low-pass
filtered with an external RC network before it drives the
VCXO differential accumulation varactor. The differential
VCXO based on [7], was designed for maximum tuning range
(~ 100 ppm). A 7 bits switched capacitor bank with a large
on/off ratio is used for coarse frequency tuning down to ppm
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level so that ppt stability could be reached on the analog
varactor.

Absolute Phase Noise (L(f) [dBc/Hz])
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Figure 7. RF frequency locked loop phase noise: RF IC and standard
laboratory equipments.

The RF locked loop has been fabricated in a standard
digital 0.18 μm CMOS technology. The chip has overall
dimensions of 2.1 x 2.3 mm2 comprised of pads and several
test structures, which reduce the active area to about one half.
Fig. 6 shows RF IC v1.0 integrated on a dedicated PCB as
well as a micrograph with illustrated building blocks.
VCXO

LFs
TIA

PD
XTAL
BALUN
RF OUT

with Agilent N5184A + IC VCXO

-140

Figure 5. TIA, demodulator, loop filter and VCXO transitor level
schematic.

ASIC

with complete IC RF locked loop
with Agilent N5184A + OCXO 8887

-40

1 cm

BIAS I2C

PLL MOD

(P)PA
1 mm

Figure 6. RF IC v1.0 on dedicated PCB (left) and chip micrograph (right).

Fig. 7 shows the measured phase noise of the RF signal
(black), corresponding to −85.6 dBc/Hz at 1 kHz offsets from
the 3.417 GHz carrier. At the PLL cutoff frequency of
250 kHz, the phase noise is −98 dBc/Hz. The phase noise of
the RF signal is compared with what is achievable with typical
laboratory equipment. The dark gray curve depicts the noise
measured using a bulky oven controlled crystal oscillator
(OCXO) in combination with an Agilent N5181A RF analog
signal generator. The light gray curve shows the phase noise
resulting from the use of the N5181A synthesis together with
the integrated 40 MHz VCXO output after division by 4.
Fig. 8 depicts the MAC Allan deviation measured on the
10 MHz clock when locked through the IC RF loop to the
physics package (□). The clock exhibits a 1-second intercept
point of σy(τ = 1) = 4 × 10–10, improving as σy (τ) ∝ τ–1/2 up to
some tens of seconds. Work is ongoing to explain the
abnormal drift observed for integration time τ > 20 s also
measured when using the IC VCXO in combination with the
N5181A synthesizer (∇). The free VCXO frequency stability
is also plotted (Δ). The last curve (○) represents the Allan
deviation measured when locking the laboratory equipment to
the 87Rb cell.

Figure 8. Measured Allan deviation on the implemented 10 MHz clock
compared to results obtained with laboratory equipment.

The power consumption of the presented circuit is
summarized in Fig. 9, together with a comparison with stateof-the-art RF electronics for MAC. The TIA and VCXO
contribute to the overall consumption with only 0.31 mW,
while the PLL comprised of the LC VCO consumes 7.89 mW.
The overall consumption of 26.35 mW at an output power of
0 dBm suffers from the low efficiency of the power stage,
which has been initially designed to reach output power up to
10 dBm. Redesign towards 0 dBm would necessitate the
elimination of the power stage, resulting in an overall
estimated power consumption of about only 12 mW.
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RF IC v2.0 integrating the RF frequency locked loop as well
as the laser biasing and frequency locked loop (Fig. 11)
allowed to reach promising frequency stabilities of 1.5× 10–10
@ 1s (Fig. 12). This system is to our knowledge the first RF
frequency and laser locked loops for Miniature Atomic Clock
(MAC) completely integrated on-chip.
Added in chip v2.0

Laser lock

DC + AM

Bias
T

B
λ/4
T° + P
ctrl

RF + FM
Figure 9. Chip consumption breakdown and comparison with existing
work.

PP

Rb cell

VCSEL

PD
T° + B
ctrl

~
RF lock
RF Chip v1.0

IV.

LASER FREQUENCY LOCKED LOOP

Figure 11. Graphical representation of RF IC v1.0 and v2.0 driving a
laboratory CPT atomic clock.

Fig. 10 shows the schematic of the integrated laser
frequency locked loop added in RF IC v2.0. The laser diode
biasing is controlled via an external voltage obtained e.g. from
a DAC. The voltage is copied internally and converted into a
current across a resistor that is further mirrored towards the
laser. A low frequency (10-100 kHz) square-wave modulated
tiny current is superimposed to the main biasing current to
alter slightly the optical frequency of the laser diode. The
interaction with the atoms results in an amplitude modulated
current after detection by the photodiode. The resulting signal
at the TIA output is fed to a coherent demodulator and
integrated on a loop filter whose implementations are similar
to that of the frequency locked loop. The resulting tracking
voltage is then converted to a current that is fed to the laser for
fine optical frequency adjustment, hence closing the laser
locked loop. Low frequency laser and RF frequency locked
loops output signals are combined on an external bias tee
before driving the laser diode.

Figure 12. Frequency stability measured on the breadboard CPT atomic
clock with the laser fully driven by RF IC v2.0.

CONCLUSION

VTRACK

RF_IN

Figure 10. Schematic of the laser frequency locked loop.

The added functionality could be validated experimentally.
Driving the laboratory CPT atomic clock described in [5] with

The results of the second CSEM XSAR prototype have
been presented. The prototype, integrating a MEMS-type
atomic vapor cell, showed a frequency stability of 8 × 10–11
τ-1/2. The first version of a low-power integrated RF
electronics has been characterized and integrated in a
breadboard CPT atomic clock. With an overall chip
consumption of 26.35 mW at an output power of 0 dBm, the
clock showed a measured frequency stability of 4 × 10–10 τ–1/2.
The second version of the RF chip, integrating the RF
frequency locked loop as well as the laser biasing and the
frequency locked loop, could also be successfully integrated in
the clock. The measured preliminary frequency stability
reaches a promising 1.5 × 10–10 τ–1/2. The next steps are to
fully characterize the second version of the RF electronic unit,
to miniaturize the MEMS-type atomic vapor cells adding new
functionalities and to update the physics package towards
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more integration and better thermal management. The project
is ongoing and we expect to report new results soon.

[3]
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Abstract— We report on the measurement of the dependence
on temperature of the Cs clock frequency in microfabricated
vapor cells filled with a mixture of Ne and Ar through the
detection of Coherent Population Trapping (CPT) resonances.
The temperature-dependence reduction of the Cs clock frequency
is demonstrated in various cells. The inversion temperature at
which the Cs clock frequency sensitivity is greatly reduced is
found to be only dependent on the partial pressure of buffer
gases and is measured to be lower than 80◦ C as expected with
simple theoretical calculations.

temperature range by [3]:
∆νbg = P[(β + δ(T − T0 ) + γ(T − T0 )2 ]

The frequency ν of the Cs hyperfine transition |F = 3, mF =
0i → |F = 4, mF = 0i can be described by:
ν = ν0 + αB2 + ηI(ω) + ∆νbg

(1)

where ν0 is the unperturbed Cs atom frequency (9.192 631 770
GHz), α is the second-order magnetic field coefficient (42.7
kHz/(mT)2 ), B is the static magnetic field, η is the light shift
coefficient and I(ω) is the intensity of the pumping light. ∆νbg
is often commonly called the buffer gas pressure shift and is
the major concern of this study.
In a single buffer gas configuration, the pressure shift of the
clock frequency ∆νbg = ν − ν0 is generally described in a wide

978-1-61284-110-6/11/$26.00 ©2011 IEEE

230

(2)

where P is the total buffer gas pressure at the reference
temperature T0 = 273K, T is the cell temperature, β is the
pressure coefficient, δ is the linear temperature coefficient and
γ is the quadratic temperature coefficient.
In the case of a buffer gas mixture, we define the ratio a
between the pressure of buffer gas 2 and buffer gas 1 such as:

I. I NTRODUCTION AND BASICS
The heart of vapor cell standards is an alkali vapor cell.
A buffer gas or buffer gas mixture is generally added in the
cell to slow the diffusion of the atoms and increase the time
for the atoms to collide against the cell inner walls. Narrow
linewidths can then be obtained through the Dicke effect
[1]. At the same time, collisions between alkali atoms and
the buffer gas perturbate hyperfine energy levels of alkali
atoms, producing a clock frequency shift. In general, a buffer
gas mixture is used. Each of them causes a clock frequency
shift in opposite signs. A cancellation of the atomic clock
frequency-temperature dependence can then be obtained
by adjusting properly the buffer gas mixture composition.
This technique is well-known for the development of highperformance compact Rb frequency standards [2]. We study
here the Cs collisional frequency shift in vapor microcells
filled with a mixture of Ne and Ar.

Politechnika Wroclawska
Wroclaw, Poland.

a = P2 /P1

(3)

Thus, the expression of the inversion temperature Ti for a
given pressure ratio a is obtained by:
Ti = −

δ1 + aγ2
2(γ1 + aγ2 )

(4)

Also, the pressure ratio a required to obtain an inversion
temperature at T = Ti is given by:
a=−

δ1 + 2γ1 (Ti − T0 )
δ2 + 2γ2 (Ti − T0 )

(5)

Fig. 1 shows the estimated frequency shift of the Cs
frequency versus the cell temperature for two different NeAr pressure ratio and a total pressure of 6.6 kPa. Coefficients
published in [4] are used.
For a = 0 (pure Ne cell), the temperature-dependence of
the Cs frequency is expected to be cancelled at about 80◦ C as
recently observed experimentally in chip-scale cells [5] and
cm-scale glass blown cells [4]. Compared to pure Ne cells,
the addition of Ar always shifts the inversion temperature to
lower temperatures. The pressure ratio between Ar and Ne
determines the inversion temperature.
II. E XPERIMENTAL SET- UP
Figure 2 shows a compact laboratory-prototype of the Cs
CPT clock. It is fully described in [6].
The optical source is a 1.5 MHz-linewidth distributed feedback (DFB) laser diode. An optical isolator is used to prevent optical feedback. Two phase-coherent optical sidebands
needed to perform the dark state spectroscopy are generated
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Fig. 1. Theoretical estimations of the Cs frequency shift versus the cell
temperature for cells filled with a Ne-Ar mixture. The total pressure is fixed
to be 6.6 kPa. The ratio are Ne-Ar (90%-10%) and (95%-15%) respectively.

Fig. 3.

Photograph of a Cs-Ne-Ar microcell.

lockin amplifier 1 while the second loop is used to lock the
local oscillator frequency to the clock transition.
III. E XPERIMENTAL RESULTS
Several microcells have been realized. All the cells are
expected to be filled with 85 % of Ne and 15 % of Ar. Fig. 4
shows a typical CPT resonance observed in a microcell filled
with a buffer gas mixture of Ne and Ar.
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Schematic of the Cs CPT clock used to test Ne-Ar microcells.
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using a pigtailed electro-optic phase modulator. The EOM is
driven by a low phase noise 9.192 GHz frequency synthesizer.
The laser power is stabilized at the output of the EOM with
an acousto-optic modulator (AOM)-based power servo loop.
The laser beam is attenuated with a neutral-density filter and
circularly polarized before to be sent in a 1.4-mm-long and
2-mm diameter Cs-Ne-Ar microcell shown in Fig. 3.
The cell temperature is stabilized at the mK level using
a commercial temperature controller. The cell is surrounded
by a solenoid to apply a static magnetic field of 10 µT and
raise the Zeeman degeneracy. The ensemble is isolated from
spurious magnetic fields using two concentric cylindrical mumetal magnetic shields. The optical power transmitted through
the cell is detected by a low noise Si photodiode PD1. A first
servo loop is realized to lock the laser frequency using the
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Fig. 4. CPT resonance in a Cs-Ne/Ar microcell. The solid line is experimental
data while the dashed line is a lorentzian fit. The laser power is 20 µW. The
cell temperature is 75◦ C. The total buffer gas pressure is measured to be 8.5
kPa.

The linewidth of the dark resonance is 3.9 kHz. Fig. 5 and 6
show the frequency shift of the Cs 0-0 hyperfine resonance as
a function of the temperature for two different microcells. The
buffer gas pressure shift measurement procedure is similar to
the one described in [5].
The circles, stars, squares and triangles are the experimental
data while solid lines are a second-order polynomial fit to the
data. For both cells, the temperature-dependence of the Cs
clock frequency is canceled for inversion temperatures lower
than 80◦ C. Data fits are respectively 36170 + 15.39T − 0.14T 2

frequency can be obtained with such microcells for inversion
temperatures lower than 80◦ C. The inversion temperature only
depends on the Ne-Ar pressure ratio and is shifted to higher
temperatures for cells with increasing partial pressure of Ne.
The total frequency shift depends on both the total and partial
pressures. These results can be useful for the development of
vapor cell frequency standards.
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Frequency shift of the Cs clock versus the cell temperature in
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Frequency shift of the Cs clock versus the cell temperature in
microcells filled with a Ne-Ar mixture. Cell 4.

and 51823+29.10T −0.47T 2 for the cells 3 and 4 respectively.
The inversion temperature is measured to be 53.0 and 31.7◦ C
for the cell 3 and 4 respectively. From these frequency
measurements, we can estimate that the total pressure in the
cell is 8.1 kPa and 12.5 kPa for cells 3 and 4 respectively. The
Ne proportion is found to be 92.7 % and 87.7 % in cells 3
and 4 respectively. The uncertainty on the Ne proportion and
the measured total pressure is typically ± 3.4 % and ± 0.9
kPa respectively for each cell.
The linewidth of the CPT resonance tends to be lower for
increased buffer gas total pressure. The measured total pressure
is found to be about 2-3 times smaller than the expected
one. We note also that the measured pressure ratio is not in
correct agreement with the expected one. Further tests are in
progress to control accurately the actual filling total and partial
pressures.
IV. C ONCLUSIONS
The frequency-temperature dependence of the Cs clock
frequency in microcells filled with a mixture of Ne and Ar
was studied. A quadratic temperature dependence of the Cs
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Abstract—This paper presents a new fabrication method to
manufacture alkali reference cells having dimensions larger
than standard micromachined cells and smaller than glassblown ones. This technology fills a gap in cell sizes and already
available technologies.

I.

INTRODUCTION

Many efforts are made to miniaturize the overall size of
atomic clocks. This miniaturization has many advantages (i.e.
reducing the power consumption, the cost and the mass of the
physics package of the clock, …) but one drawback is that it
degrades the Allan deviation proportionally to the cavity size
reduction as shown by Kitching et al. [1]. These chip scale
devices are usually manufactured using MEMS (Micro Electro
Mechanical Systems) technologies and anodic bonding [2].
For higher precision clocks, glass blown cells are generally
used but this technique is limited to cell volumes bigger than
few tens of cubic millimeters [3, 4].
Here we present a technology that fills the gap in
achievable cell size between the chip-scale MEMS cells and
the macroscopic glass-blown cavities. For applications where
a cavity size with a critical dimension of few millimeters is
required, the glass-blown technique does not allow good
control of cell geometry or flat window surfaces, and standard
MEMS technology based on DRIE (Deep Reactive Ion
Etching) or KOH etching of silicon is not applicable due to the
required etching depth.
II.

gathering molten glass on the end of a hollow blowing pipe
and inflating it like a bubble. It can be blown into a hollow
mold to form it with good precision or freely shaped with
simple tools.
Modern variants of this technique are used as state-of-theart technology for the fabrication of macroscopic alkali cells
used in the commercially available products. It is possible to
obtain cells exempt of impurities and their long lifetime were
already proven. The inconvenience of this technology appears
when reducing drastically the size of the cell down to a couple
of millimeters. The blowing induces rounded edges and does
not allow obtaining a flat window surface quality. If the
surface is not perfectly flat, light losses are observed. The
minimal achievable reasonable cell size is of around 6-10 mm
total length or diameter.
B.

Microfabrication technology
MEMS technology development started a couple of
decades ago, at first mainly for the microelectronics industry
processes. Inventions like DRIE allowed creating structures in
bulk substrates, mainly on silicon. The advances in bonding
techniques allowed creating more and more complex and ever
smaller structures in three dimensions.

TECHNOLOGY COMPARISON

This chapter will show the advantages and disadvantages
of the possible cell fabrication techniques, depending on the
application or the requirements. Some arguments are
summarized in Table I.
A.

Glass blowing technique
The glass blowing technique, discovered about 50
B.C. [5], is still used today. It consists of creating an object by
This work was supported by the Swiss National Science Foundation
(Sinergia grant CRSI20-122693/1).
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TABLE I.

COMPARISON BETWEEN THE TWO PRESENTED
TECHNOLOGIES

Technology
Standard
blowing

glass-

Advantages

Issues

Well-know and clean
technology

Relatively poor window
quality for small cavity
size
Minimum achievable size
of around 10 millimeters

Long
cell
proven
Microfabrication
technology

lifetime

Perfectly flat window

Expensive technology

Wafer-level fabrication

Alkali dispensing method
difficult to implement
Long term aging not yet
fully studied

Freedom concerning the
shape of the cell

One of the major advantages of this technology is the
possibility to process several samples in parallel at wafer level
and the freedom in the shapes that can be given to structures
as it is defined by a photolithographic mask. Furthermore, for
fabrication of alkali cells by bonding several of these wafers
together to form a cavity, the obtained sidewalls have a very
low roughness and it is possible to obtain perfectly polished
window surfaces. On the other hand, this technology requires
heavy and expensive equipment. Several alkali filling methods
were already reported [6, 7] but the precise amount of alkali is
difficult to control. Working microfabricated cells were
presented during the last years and accelerated thermal aging
tests were already performed [8] but yet the long term
behavior is not fully studied.
III.

VAPOR CELL DESIGN

The designed chip is represented in Fig. 1. Its dimensions
are the followings:
•

Internal diameter: 4 mm

•

Internal height: 4.05 mm

•

Outer footprint: 6x6 mm

•

Outer height: 5.05 mm.

Figure 2. Fabrication process flow.

It is composed of a 3 mm thick drilled core made out of
glass and bonded to two rims of silicon on each side, creating
a 4.05 mm long cylindrical cavity. This cavity is closed with
glass lids on both sides.
IV.

FABRICATION PROCESS

A schematic view of the process is shown in Fig. 2. After
cleaning the required substrates (Fig. 2 A), our approach is to
start with a thick glass wafer in which through holes are
drilled. This glass wafer is anodically bonded to a first silicon
wafer patterned by DRIE (Fig. 2 C). The result obtained is
bonded to a glass wafer to create the bottom windows of the
cavities. This stack of three wafers is again bonded to a silicon
wafer patterned by DRIE on the other side of the thick glass
substrate (Fig. 2 E). These bonding steps are performed in a
Süss bonding machine at 400°C and up to 1000 V.

The obtained stack is then diced using a double-sided
dicing process. The dicing is performed on both sides due to
the large thickness of the structures (4550 µm). The alignment
of the blade is performed on dicing marks patterned on both
silicon wafers.
The diced pre-forms are then filled with a droplet of alkali
and a glass lid is anodically bonded on top. The dispensing
technology was previously presented by Pétremand et al [9].
The method is based on the condensation of alkali vapor
produced by a commercially available dispenser from SAES
Getters.
V.

FABRICATION AND SPECTROSCOPY RESULTS

The cell fabricated according to the described process is
depicted in Fig. 3. The left picture shows a top view of the
cell. A small metallic spot of alkali is visible in the center of
the cavity. The right picture shows an isometric view of the
device. It can be seen that the outer dimensions are almost

5 mm

a)

1 cm

b)

1 cm

Figure 3. Pictures of the obtained cell. a) Top view. A small spot of alkali
metal can be seen in the cavity. b) Isometric view.

Figure 1. CAD image of the vapor cell.
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obtained without optimization of the parameters and will be
improved in a near future.
VI.

CONCLUSION

A new type of middle-sized cells fabricated using
microfabrication technology is shown. Spectroscopy
measurements were performed and double resonance signal
was measured. Initial measurements show a clock signal
compatible with a clock stability of at least 7x10-11 τ -1/2.
The presented technology opens the perspective for
massively parallel production of Rb vapor cells of few
millimeters dimensions by using MEMS / microfabrication
technologies. These cells are of interest for use in compact
conventional Rb atomic clocks using small vapor cells.
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Abstract — In this article we present our development of a high
performance laser-pumped Rubidium gas-cell atomic frequency
standard based on the continuous microwave-optical double
resonance interrogation. A larger resonance cell is employed
and no laser noise cancellation is required to reach a short-term
frequency stability below 4x10-13/ for 40 <  <1000 s.

I.
INTRODUCTION
Since last few decades the development of laser-pumped
rubidium standards has become the subject of interest in view
of improving the stability, mainly by replacing the lamp with a
laser for optical pumping [1]. The initial experiments using
lasers already proved to be improving the signal-to-noise and
shot-noise limits attainable in contrast to that of lamps [2].
Since then, the constantly improving technology of compact
laser sources and their availability has made the subject more
reliable. For instance, the recently available DistributedFeedback (DFB) laser sources are compact and robust. A
compact, laser-pumped clock using an Extended Cavity Diode
Laser (ECDL) had been already demonstrated with a shortterm stability of 3x10-12 τ-1/2 [3]. And we note our recent work
with improved performance of <4x10-13/ and reaching
1x10-14 at 10 4 s [4].
Our motivation is to achieve the stability of <1x10-12/
between 1 to 1000 s (short- and medium-term) and <1x10 -14
(drift removed) up to one day. To achieve such a goal, the
design requirements of our clock include; (i) the physics
package (PP), that is able to give a DR linewidth of <1 kHz,
and a discriminator slope of the clock signal > 1 nA/Hz. The
detection noise due to the laser after passing through PP
should be <5 pA/√Hz. The optimized buffer-gas mixture on
the clock cell should give a temperature coefficient of
<1x10-11 /°C, this parameter is essential in reaching medium
and long-term stabilities of < 10-14 level. Magnetic shields
are required around the Rb cell to have <10-13/G sensitivity.
(ii) A stabilized laser source, with 780 nm wavelength and
power output of few tens of microwatts in order to optically
pump the atoms in D2 transition of 87Rb to one of the
hyperfine ground states. The linewidth of the laser should be
of few MHz range to resolve all the sub-Doppler transitions,

which is useful for laser locking and stabilization to an
auxiliary, evacuated Rb cell. The Relative Intensity Noise
(RIN) and FM noise should be <10-11 Hz-1 and <10 kHz/√Hz,
respectively. The power stability of the laser needs to be <0.1
%/day, at fixed environmental conditions. And (iii)
microwave Local Oscillator (LO) synthesizer that can
generate a stable 6.835 GHz and a power output of few dBm
is required. A tuning range of 2 MHz with steps of <1 Hz
resolution is essential. Most importantly, the phase noise in
the clock frequency modulation, fm range, when referred to a
10 MHz source should be ≤ -137 dBrad2/Hz.
The flow of this paper highlights the important steps, tests
and results in building the clock to achieve the goal envisaged
by our motivation.
II. EXPERIMENTAL SETUP
In Fig. 1 we show the block diagram of the laser-pumped
Rb atomic frequency standard. We briefly describe below its
three main components: the physics package, the laser head
and the electronic control system.

Fig.1. Schematic of the Double-Resonance clock setup.

A. Physics Package (PP)
As presented in [5], the atomic resonator is made of a
25mm-diameter glass-cell filled with rubidium and a mixture
of Argon and Nitrogen as buffer gases. This clock cell is
placed in a newly developed magnetron-type microwave
cavity resonant around 6.8 GHz and surrounded by a C-field
coil and two magnetic shields. The overall volume of the
Physics Package (PP) is below one liter.

This work was supported by the Swiss National Science Foundation, the
European Space Agency, and the Swiss State Secretariat for Education and
Research – Space Affairs Division.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

236

Laser head
Following our previous realization of a compact extendedcavity laser head, which includes a saturated-absorption
reference cell [6], we have developed an improved version
based on a DFB laser source [7] and its variant that comprises
also an Acousto-Optical Modulator (AOM) that allows a fine
tuning of the laser frequency towards a “magic” zero intensity
light-shift point [5]. For the study presented here, we have
used the version without AOM and operating around 780 nm.
The overall volume of the laser head is below one liter. Fig. 2
shows the Allan deviation of the beat frequency of two
identical compact non-AOM laser heads. The stability after
100 s is degraded by the external thermal fluctuations in the
room, though during the clock operation we had better control
over the thermal isolation of the laser head.

B. Light-shift
One of the main limits for the medium-term and long-term
frequency stability of laser-pumped Rb clocks results from the
AC Stark effect, through the laser intensity (-coefficient) and
frequency (-coefficient) light-shift phenomena. Fig. 4 and 5
depict these two effects in our experiment when locking the
laser source to the different possible sub-Doppler
spectroscopy lines and at different optical pumping intensities.
The influence of light-shift proves negligible in the short-term
(below 1x10-14 for 1s <  < 100s) while limiting the stability to
around 2x10-14 for  = 10’000 s.
-9
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Fig. 2. Stability of two identical 780nm compact laser head units.

C. Electronics control system
For this work we used home-made laboratory electronics
modules consisting digital temperature controllers for the PP,
the Laser Head and a low-noise current source with the lock-in
for the DFB laser source. The microwave source (or Local
Oscillator, LO) and the computer-controlled lock-in were
realized in INRIM and are described in [5, 8, 9, 14].
III.

clock/laser
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SPECTROSCOPIC STUDIES AND CLOCK STABILITY

A. Double resonance signal and signal-to-noise limit
Fig. 3 shows a typical double resonance signal, which
corresponds to a shot-noise limited frequency stability of
1.4x10-13/. Presently, the laser AM and FM noise and a
residual contribution of the LO phase noise prevent us from
reaching this performance and set a signal-to-noise limit of
2.9x10-13/.
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Fig. 3. Double-Resonance signal and the clock signal discriminator slope in
the inset is also shown.
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Fig. 5. Frequency light-shift coefficient (β) as a function of interrogating laser
power.

C. Temperature coefficient and other effects
The relatively large total frequency shift in gas cell
frequency standards is due to collisions with the buffer gas.
Using an in-house cell filling system, we have filled the clock
cell with a mixture of Argon and Nitrogen that prevents the
Rubidium atoms from colliding with the cell’s inner walls
(buffer gas effect) and strongly suppresses their fluorescence
(by quenching) that would otherwise reduce the optical
pumping efficiency. The pressure of the mixture gives rise to a
constant shift, which we have used in reducing the intensity
light-shift for Fg = 1 to Fe = 01CO transition, whereas the
ratio of this mixture allows fine tuning of the temperature
coefficient inversion point, as shown on Fig. 6. When the cell
is operated at a temperature close to 59°C, an overall
temperature stability of the resonant cell within a few mK is
sufficient to reduce the resulting fractional clock instabilities
to below 10-14.
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In comparison to the previous realization of the continuous
wave (CW) operation using laser [3], we have shown an
improved standard. Our clock has a smaller volume in
comparison to vapor-cell clocks in pulsed operation [9],
passive hydrogen maser (PHM) [10], HORACE [11], space
optical clock [12] and Cs-beam clock [13], and gives the
stability that is still sufficient for the next generation clocks
for navigation systems, such as GALILEO and future
telecommunication applications.
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Fig. 6. Temperature coefficient of the clock cell. Ratio of the buffer gases
determines the inversion point.

The other sources of clock instability, such as the
unavoidable thermal gradients, the spin-exchange effect and
the microwave power coefficient are presently under study.
D. Clock stability
Fig. 7 displays our present clock frequency stability results
of 4x10 -13/ for 40 s <  < 10000 s. The inset of the graph
shows the raw frequency data measured. The signal-to-noise
limit (red-line) 2.9x10-13/, the shot-noise limit (green-line)
1.4x10-13/ and the measured stability (black-line) 4x10-13/
are shown. Our measurement system has a limit with 1/
dependence, which is shown in the blue-dotted-line. We
suspect that the bump around 20 s is due to noise in the
measurement system loop.
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Abstract—The abstract presents a fully functional Ramsey-CPT
atomic clock, which has the characteristics of compact structure,
small volume, low cost, strong adaptability, high stability,
convenient for adjustment, unique design, and easy-tocommercialization. The Ramsey-CPT atomic clock combines the
method of separated oscillatory fields and the phenomenon of
coherent population trapping, so as to obtain narrower line
width and better signal-to-noise ratio of the resonance signal for
improving the frequency stability. It not only keeps the
advantages of miniaturization and low power of the CPT atomic
clock, but also can obtain higher frequency stability than CPT
atomic clock about one order of magnitude.
I.

INTRODUCTION

Coherent population trapping (CPT) phenomenon is a
quantum interference generated by atoms interacting with
coherent light [1]. A new chip-scale passive atomic clock
implement is currently a frontier technology in the field of
atomic clocks. However, the CPT atomic clock is, at present,
theoretically the only one that can be realized as a chip-scale
atomic clock, by making use of good coherent properties of
laser to prepare atomic “CPT state”.

comprehensive servo system, forming a fully functional
Ramsey-CPT atomic clock for the purpose of developing
high-performance and commercialization of Ramsey-CPT
atomic clock.
II.

THEORETICAL ANALYSIS

A.

Operating Principle
Fig. 1 shows the schematic illustration of the practical
realization system of the Ramsey-CPT atomic clock. The
frequency conversion circuit and the digital step attenuator are
controlled by the microcontroller to generate the required
microwave signal. With the digital step attenuator generating
any form of microwave pulse signal, we can achieve more
superior discriminator curve. Through the Bias-Tee, the signal
couples with the drive current of the VCSEL to achieve two
coherent lights, which phase difference is constant and the
frequency difference is equal to the frequency of the
microwave signal.

The scope of application of subminiature, even chip-scale
atomic clock can be greatly expanded, especially used in
measuring instruments, the portable communication and the
navigation equipments.
In this system to be described, two coherent optical
radiation fields are applied to a low-cost natural Rubidium (Rb)
atoms ensemble. The fields are in resonance with the D 1
transitions [2] between the two hyperfine levels of the ground
state and one of the hyperfine levels of the excited state,
forming a so-called Λ system.
This paper aims to do some further research on RamseyCPT phenomenon and to promote the study of device level
and producibility of Ramsey-CPT atomic clock. The RamseyCPT atomic clock combines the method of separated
oscillatory fields [3] and the phenomenon of coherent
population trapping, so as to obtain narrower line width and
better signal-to-noise ratio of the resonance signal for
improving the frequency stability. Using vertical-cavity
surface-emitting laser (VCSEL) [4] as optical source, we
propose an appropriate physics package and design a

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Figure 1. Schematic illustration of the practical Ramsey-CPT atomic clock.
The bias-tee is used to couple the VCSEL injection current and the
microwave modulation frequency. The λ/4 plate provides circular
polarization required in the excitation process by transition selection rules.
B o is the applied small magnetic induction providing an axis of quantization
for the atomic ensemble.
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The form of the CPT system consists of two parts: the
physics package and the servo circuit system. The physics
package forms the optical path of laser beam from the
VCSEL emitter to the photo receiver, and it consists of the
laser used to generate the coherent light, the alkali metal
atoms cell, the photodetector used to receive the radiation,
and so on. The servo circuit system includes two locking loop:
(1) laser frequency locking loop; and (2) microwave
frequency locking loop. The first loop is to lock the laser
wavelength to the atomic D1 transition line for ensuring the
stability of CPT incentive. The second loop is to lock the
modulated microwave frequency to the CPT hyperfine
resonance frequency for providing a high-performance
frequency signal.
B. Comprehensive Analysis
Based on the related data and previous studies [2], we can
obtain the relationship between characteristics of RamseyCPT system and influencing factors as shown in Fig. 2, which
can be used as an important theoretical guide for future design
and optimization of the system.

III.

IMPLEMENTATION METHOD

A. Physics Package
Depending on the size and volume limited and considering
the organic combination with servo circuit system, we realize
a physics package required by the system in which the laser
beam can be collimated and adjustable, both temperature and
magnetic field can be digital quantization, and the light
intensity can be stepping adjustments.
Fig. 3 shows the photograph of the physics package which
consists of three parts. The first part includes VCSEL, lens,
and λ/4 plate. We can control the diameter of the light spot by
adjusting the distance from lens to VCSEL. The second part
consists of two polarizers which can quantitatively change the
light intensity by rolling the bearing with 32-divided scale on
it. The third part includes magnetic shield, Rb vapor cell,
solenoid, magnetic sensor, and photodetector. The magnetic
sensor is used to monitor the weak magnetic field. The
magnetic shield, which is produced to a cavity using
permalloy, can reduce the effects brought by stray magnetic
field and earth’s magnetic field.

(a)

(b)

(c)

(d)

Figure 3. Photograph of the physics package. (a) The first part; (b) The
second part; (c) The third part; and (d) the whole physics package.

Figure 2. Block scheme of comprehensive analysis of the system.

As is clearly seen in this block scheme, the influencing
factors are complex with each other. The shift of CPT
resonance line consists of light shift, buffer-gas shift, and
magnetic field shift. The line width and the amplitude of CPT
resonance signal are the main object of comprehensive
analysis of the Ramsey-CPT system.
The factors to be considered are mainly in: (1) the
operating temperature of VCSEL and Rb vapor cell, (2) the
modulating frequency of microwave, (3) the transmitted light
intensity, (4) the weak magnetic field, and (5) the driving
current of VCSEL.
Therefore, in practice, we need overall consideration to
develop a high-performance Ramsey-CPT atomic clock.

The beam divergence of VCSEL is about 10 ˚ – 25 ˚, so
we need to collimate the beam via a collimating lens. A planoconvex lens with 10mm focal length is used here. The beam,
after passing through the lens, becomes approximate parallel
beam. Then, the laser beam is circularly polarized and
attenuated. Finally, the photodetector is required to detect the
laser beam which has interacted with Rb atoms.
In short, the physics package designing is the key for
obtaining a subminiature, adjustable and measurable system. It
can be further development.
B. Comprehensive Servo System
Using comprehensive design method of microwave and
high precision circuit and the technology of high density
printed circuit board (PCB) designing, we design and
implement comprehensive servo system of Ramsey-CPT
atomic clock as shown in Fig. 4.
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5cm

7cm

Figure 4. Photograph of the comprehensive servo system.

Figure 5. Photograph of the integral system.

The servo circuit system consists of five printed circuit
boards, which are VCSEL driving circuit, temperature control
circuit for VCAEL, temperature control circuit for Rb cell,
photo detector and magnetic field monitor circuit, and
motherboard circuit. They are connected by the four
connectors on the top of the motherboard.

In additional, based on the integral system, the chip-scale
atomic clock can be developed through simplifying the
structure of the physics package and the digital servo circuit,
especially the physics package, because they have enough
space for improvement.

The small and digital servo system has been designed for
realizing automatic scan and locking control, monitoring the
temperature and magnetic field, and so on.
The detection signal outputted from the physics package is
amplified to an appropriate range, sampled by ADC, and then
sent to the microprocessor to make the phase sensitive
demodulation. At this point, we can obtain the differential
curve of the absorption spectrum which is regarded as
correction curve for locking the laser frequency. Finally, the
feedback loop can be closed and locked. Based on the same
approach, the microwave laser modulation frequency can be
identified and then locked to the maximum of the CPT
resonance transmission line.

IV.

In conclusion, we describe the operating principle and the
comprehensive analysis of the Ramsey-CPT system. Based on
these theories, we have outlined the practical realization and
well characteristics of the fully functional system. The whole
system has the characteristics of compact structure, small
volume, low cost, strong adaptability, high stability,
convenient for adjustment, unique design, and easy-tocommercialization. It is believed that these characteristics of
the Ramsey-CPT system can be improved in future
developments.
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Abstract

the side laser into direct-current magnetic field H0
vertically

The transverse relaxation time of the laser
pumping of

133

is

done

and

the

transverse

Cs atomic vaporing. Even if the

magnetization is detected. In this paper, the

temperature rises, the extension of the energy

optical pumping magnetometer researches the

distribution of the electron is suppressed the effect

practical use of the diagnosis of the bodily function

of a thermal extension by the quantization and can

of the brain magnetism.

lower the oscillation threshold to the quantum-dot

2.

structure of the VCSEL without causing the

133

Cs brain magnetometer

Figure 3 shows the magnetometer of

decrease in the gain to the utmost limit. The

133

Cs

133

design of the system that measures the brain

developed brain.

magnetism at 100fT level. The cause brain

is the sensor of this brain magnetometer is put

-13

-14

Cs gas absorption cell that

in a permanent magnet.

magnetic field from 10 T to 10 T or more can
be detected.

There is a transverse pumping to make the
pumping light a circularly polarized light as a

1. INTRODUCTION

method of greatly improving the sensitivity of the

The first step of Table1 shows various magnetic

optical pumping magnetometer and to enter into

fields in the natural world, and an artificial

the direct-current magnetic field vertically. As for

magnetic field and the third step show the range of

the magnetometer of the brain, the one that

motion of the magnetic field weighing device in the

operates at the same temperature as the

second step. If the effect of Hanle of happening

temperature of the living body is desirable. 10ms

when the pumping magnetometer on electron

or more is necessary to monitor the neuron activity

does the diffusion conduction while shining and

the transverse relaxation time of the laser

doing the precession movement is used, the

pumping of

-16

133

Cs atomic vaporing. The design of

sensitivity of 10 T can be obtained. Figure 1 and

the system that measures the brain magnetism at

Figure 2 show the principle of transverse optical

100fT level is as follows.

pumping. [1] Only slight element H0 (Permanent

Figure 4 heats the operating temperature of the

magnet) of the direction of z remains about 0

gas absorption cell of which the easing gas is

when sweeping it so that the magnetic field

neon to the Cs atom to 28℃-46℃, passes the gas

element of the direction of x may pass 0 when a

absorption cell the VCSEL (Vertical Cavity

horizontal pumping to enter the circularly polarized

Surface Emitting Laser) light of 852.1 nm in

light from the semiconductor of luminescence on

luminescence wave length modulated in the gas

978-1-61284-110-6/11/$26.00 ©2011 IEEE

242

absorption cell by the Raman transition frequency,
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Figure 5 is a luminescence spectrum of VCSEL.
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big exchange magnetic field more than to some

243

degree on the magnetic substance because it

series.

always keeps the magnetic wall of the magnetic

prescribed

substance showing in Figure 11 in vibrating state

calculations are automatically executed only by

of the movement. It explains the mechanism of

changing the value of the parameter that

this magnetic shaking by using the relation

calculates.

When

the

time

work-sheet

completes

group

once,

until

all

the

between a distance and magnetic energy of the

Conclusions

magnetic wall. As for energy e of the magnetic
wall, the resilience that the magnetic wall receives

In a magnetic shaking container where the

by the function of distance s of the magnetic wall

vibration magnetic field where a part of the brain

is shown with de/ds. Does the magnetic wall move

magnetic field measurement part by an optical

very greatly and the size of the most important

pumping had been liberated was impressed, this

permeability in the magnetic shielding is decided

developed

to pressure for each unit magnetic field that joins

measures the magnetic field distribution of a

the magnetic wall. For instance, the magnetic wall

primary change according to the nervous activity

turns regularly in the abcd loop in the state that

of brain neurons. The cause brain magnetic field

only the shaking magnetic field hangs when the

from 10-13T to 10-14T or more can be detected.

bodily

function

diagnosis

device

resilience of the magnetic wall is shown typical by
the harmony of the sine function and the linear
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Fig.5 Luminescence spectrum of quantum dot VCSEL

Fig.6 Photoelectron statistics for laser

Fig.7 Squeezing of photon-number in feedback loop laser

Fig.9 Two step type A-D-converter

Fig.8 Analog low pass filter that passes DC-40Hz

246

Fig.11 Magnetic shaking mechanism

Fig.10 The measured brain waves
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Abstract— Mass sensitivity of thin aluminum nitride (AlN) film
S0 plate wave resonators is theoretically and experimentally
studied. Here, two-port 888MHz synchronous thin film plate
acoustic resonators (FPAR) are micromachined and
subsequently
coated
with
plasma-polymerized
hexamethyldisiloxane (pp-HMDSO) thin films of various
thicknesses. Systematic data on frequency shift and insertion
loss versus film thickness are presented in a comparative
manner. Measurements in gas phase environment are further
presented in a comparative manner.

I.

INTRODUCTION

During the past 20 years, micro-acoustic gas sensors
utilizing various types of surface acoustic waves (SAW) have
demonstrated improved performance [1]. As the wave field of
SAW is confined to the vicinity of the substrate surface, their
propagation characteristics become sensitive to any kind of
surface perturbation and more specifically to mass loading.
The detection is performed in either delay-line or resonatorstabilized oscillation, the latter being preferred in gas sensing
due to the higher Q and lower device loss resulting in
substantial noise reduction and resolution improvement. At
present, these sensors are well known and have already
entered the stage of commercial interest [2]. Quartz-based
SAW gas sensors exploiting Rayleigh SAW (RSAW) and SHSAW (Love, STW) have been extensively studied [3]. The
results indicate sensor resolutions in the ppb range due to high
sensitivity and very low noise levels [4,5].
Contemporary thin film electroacoustic technology
brought a new dimension to the acoustic wave sensors
development. Thin film bulk acoustic resonators (FBAR)
operating in the lower GHz range, employed in siliconintegrated miniaturized gas sensors, have demonstrated high
mass sensitivity [6, 7].

In this paper we study the mass sensitivity and the
applicability of thin film plate acoustic resonators (FPAR) in
gas sensing applications.
FPARs represent a class of thin film acoustic devices
utilizing the lowest order symmetric Lamb wave (S0)
propagating in thin aluminum nitride (AlN) membranes [8,9].
The S0 mode is known for its low dispersion, high velocity
(10000 m/s) and moderate electromechanical coupling [10]
which makes it a high velocity alternative to the conventional
SAW. Further, the FPARs topology, while similar to that of
the SAW-based devices (see Fig. 1), is micro machined on
AlN membranes on a silicon (Si) substrate [9] thus making it
compatible with integrated circuits.

Figure 1. 2 Port FPAR Schematic

Two-port FPARs have demonstrated insertion losses of
around 5dB and an unloaded Q of 3000 at a frequency of
0.9GHz [10]. Also, 0.9GHz FPAR-based oscillators have
exhibited low phase noise [11]. These results, along with the
expected high mass sensitivity of the S0 Lamb mode in
acoustically thin plates, motivated us for the present study.
Here the mass sensitivity of the FPAR is theoretically and
experimentally studied in view of combining high sensitivity

This work is supported by the Swedish Research Council (VR) and the
National Scientific Fund of Bulgaria under contract VU-F-203/2006.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

248

with low losses. The results are further supported by
measurements in gas phase environment.
II.

THEORETICAL CONSIDERATIONS

The mass sensitivity of the S0-Lamb wave in an
acoustically thin plate loaded by a sensitive layer is described
by using the equations of motion complemented by a full set
of boundary conditions for a waveguided solution with
polarization in the XZ-plane. Details are omitted here for
brevity, since they have been thoroughly discussed elsewhere
[12]. Mass sensitivity is assessed through the fractional
change of the acoustic velocity as a function of the sensitive
layer thickness. It is revealing to calculate and compare
theoretically the mass sensitivity of the S0 Lamb wave to
those of the RSAW and Love wave propagating on layer
coated AT-cut quartz. The RSAW calculation can readily be
done using the algorithm described in [13], while the Love
wave calculation employs the layer boundary conditions
derived in [14].
In this specific case an AlN acoustic plate with thicknessto-wavelength ratio d/λ=0.167 as well as an AT-cut quartz
substrate, both loaded with the glassy polymer pp-HMDSO
are theoretically considered [15]. We found that that the S0
mode demonstrates a considerably higher mass sensitivity as
compared to the RSAW and Love waves. However, increased
sensitivity must not necessarily be the best choice for a
practical system. Generally, improved mass sensitivity should
correlate with improved damping especially at thicker layers
[16]. This aspect is further theoretically studied for the S0
Lamb mode in comparison to RSAW and Love waves on ATcut quartz. The S0 mode attenuation is found comparable to
that of the RSAW and Love waves for relatively thin layers
h/λ < 1%. At larger layer thicknesses the S0 attenuation is
significantly higher than the attenuation of the RSAW mode.
The latter determines the frame where the use of S0 Lamb
wave can be beneficial. The use of relatively thin sensing
films seems to be preferable, similarly to the case of surface
transverse waves (STW) [16].

Further, the layer viscosity itself influences the S0 mass
sensitivity especially for pp-HMDSO layers with relative
thicknesses h/λ > 1% (see Fig. 2). In this range the sensitivity
deteriorates significantly compared to the case of a lossless
layer. This effect is explained by the field distribution of the
dominant longitudinal component within the composite plate
as calculated by the algorithm proposed in this work. It shows
that the viscosity tends to decrease the energy trapping to the
low impedance layer, which in turn reduces significantly the
sensitivity at thicker layers. Quite a similar effect has been
discussed for polymer coated SH-SAWs [13] although its
nature has not been discussed so far.
III.

FPAR EXPERIMENTAL LOADING BY PP-HMDSO

In this section we compare the theoretical relative
frequency shifts of the S0-mode with experimental values.
The experiments were performed with a 2-port FPAR with
acoustic wavelength λ=12μm (grating pitch 6μm). The FPAR
device was micromachined on a freestanding AlN membrane
with a thickness d=2μm resulting in a d/λ value of 0.1667.
Then the FPAR has been coated with pp-HMDSO thin films
of various thicknesses. The actual thickness of the sensing
films has been measured during the deposition. After each
deposition step the frequency shift as well as the insertion loss
were recorded with a Vector Network Analyzer. In Fig. 3 the
experimental frequency shift is compared to the theoretically
determined one presuming a lossless pp-HMDSO film. For
layer thicknesses h/λ < 1% the agreement between the lossless
theory and experiment is excellent, while for thicker layers a
progressive discrepancy is observed. This point comes to
support the loss of sensitivity mechanism discussed in the
previous section. The experimental data is seen to be in
excellent agreement with the lossy theoretical predictions for
C" / C' ≈ 1 (ratio between imaginary and real part of elasticity).

Figure 3. Theoretical lossless vs experimental mass sensitivity

Figure 2. Theoretical mass sensitivity as function of layer viscosity.

In Fig. 4 the recorded changes in FPAR insertion loss as a
function of the pp-HMDSO thickness are shown. Relative
losses of up to 2dB are observed for layer thicknesses h/λ<1%.
In Fig. 5 the close-to-resonance frequency response of a 2-port
synchronous FPAR is shown prior the deposition of an
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acoustically thin pp-HMDSO layer with h/λ=0.6%. The FPAR
demonstrates around 4 MHz (4600ppm) frequency downshift
at the expense of only 0.6 dB loss increase due to the HMDSO
loading. The coated FPAR demonstrates an insertion loss of
around 7dB and a loaded Q of 700. Note that an FPAR with
such a performance was readily employed in a low noise
frequency generator, which is a prerequisite for achieving high
measurement resolution.

and 280 nm (h/λ=3.9%) for SAW. The resulting sensitivities
for xylene have been 6.4 Hz/ppm and 3.1 Hz/ppm,
respectively. The conclusion drawn has been that STWresonators have higher gas sensitivities at the same
wavelength – a result that is in direct agreement with the
theoretical comparison here, although Love waves are chosen
as a representative of the SH-SAW family. To check this
comparison experimentally, an FPAR device with an HMDSO
layer as thick as 380 nm (h/λ=3%) was tested. The frequency
downshift due to the layer deposition was 27 MHz (30 000
ppm). The HMDSO layer has not been optimized with respect
to gas sensitivity and represents a relative thickness (h/λ)
somewhere in between optimum values for STW and SAW,
respectively. The device was gas probed with xylene vapors.
The non-flow experimental method of applying the gas that
we used for xylene probing has been described in detail in
[17]. The changes of the resonant frequency and insertion loss
have been recorded by a scalar network analyzer. The
experimental sensitivity of the 380 nm HMDSO coated FPAR
device to xylene concentration is shown in Fig. 6.

Figure 4. Change in insertion loss of a pp-HMDSO coated FPAR

Figure 6. Sensitivity versus xylene for the FPAR with 380 nm HDMSO

The sensitivity curve is nearly linear with a 33 Hz/ppm
slope, which is about 5 times higher than the sensitivity of the
STW resonator from [4], operating at about the same
frequency. At the same time the FPAR loss varied within 1 dB
over the whole concentration range, which has a negligible
effect on the sensor oscillator performance.

Figure 5. Narrowband frequency (upper curves) and phase (lower curves)
characteristics of a 2-port FPAR

IV.

GAS SENSITIVITY EXPERIMENTS

Here we further considered a comparison of the FPAR gas
sensitivity to that reported for other HMDSO-coated resonant
devices using different types of acoustic modes. In [4]
HMDSO-coated STW resonators at 700 MHz and SAW
resonators at 430 MHz have been tested for their reaction
against a number of gases including xylene. That study was
aimed at achieving optimum HMDSO-layer thickness
promoting maximum sensitivity. At the optimum thickness the
wave energy is concentrated at the surface area of the film and
strongly interacts with the sorbed gas [4]. Optimum values of
HMDSO thickness were 100 nm (h/λ=1.4%) for the STW case

Further, the relative sensitivity to xylene defined as the
ratio of the absolute sensitivity [in Hz/ppm] to the unloaded
resonance frequency was calculated for FPAR, STW and
SAW. These sensitivities were found to be in relation
5.0/1.3/1.0 for FPAR vs. STW vs. SAW, respectively, which
is in a good agreement with the theoretical expectations.
It is further to note that HMDSO selectivity has also been
assessed within this study. HMDSO coated FPARs have
shown sensitivities towards ethanol, acetone and formalin in
the range of about 1Hz/ppm which is more than one order of
magnitude lower than the sensitivity to xylene. The latter
results seem reasonable if one bears in mind that HMDSO has
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been known as highly hydrophobic. Xylene molecules, also
hydrophobic, should be adsorbed on the polymer surface at
much larger quantities than the polar molecules of ethanol,
acetone and formalin. Similar results have independently been
observed in [18], where pp-HMDSO has demonstrated much
higher sensitivity to the hydrophobic (non polar) toluene and
diethyl ether as compared to the sensitivity to the polar
acetone and ammonia. The above explanation is further
supported through gas probing experiments with acetic acid
vapors (see Fig. 7).

Note that the weak dispersion of the S0 Lamb mode allows
to improve the sensitivity of the FPAR without any change of
the resonant frequency, i.e. decreasing the membrane
thickness.

Figure 8. Sensitivity versus xylene before and after acetic acid

Figure 7. Sensitivity versus acetic acid vapors

The HMSDO-coated FPAR has shown very high
sensitivity of 135 Hz/ppm exhibited at low concentrations, up
to 2500 ppm, followed by a linear part with slope of 20
Hz/ppm that extends to about 20000 ppm gas concentration,
where frequency reached the saturated downshift of – 550
kHz. These features are also noticeable in the behavior of the
loss whose increase again does not exceed the 1 dB range. A
high reaction of HMDSO towards the acetic acid has been
already established by QCM assisted experiments [18] but the
effect has not been clarified. To look for a possible
explanation, we repeated the check of the FPAR against
xylene. The reference equilibrium frequency has been shifted
downward by approximately 200 kHz and the gas sensitivity
has decreased for higher gas concentrations (see figure 8). The
most plausible reason for this kind of behavior is that the
covalent surface bonding produced by the acetic acid
chemisorption possibly leads to the formation of polar
functional groups of silanol and acetic ester types that
irreversibly add extra material to the surface. These groups
seem also to contribute to adsorption of additional quantities
of acetic acid by physisorption saturation mechanism. The
covalent bonding ultimately results in a decreased specific
adsorption area for xylene molecules in the repeated
experiment. This may not be significantly manifested during
the first stage of the adsorption (small gas concentrations) but
definitely limits the adsorption capacity as observed at higher
concentrations.
Further research is needed to explore in details the effects
of membrane scaling on the sensor performance.

This unique opportunity has also been discussed in
contour-mode resonant configurations employing the same
mode [19]. More generally, the improvement in sensitivity is
expected to be combined with reduced affinity to the viscous
losses in the sensitive layer, which in turn imposes stronger
limitations on the gas sensitive coating thickness. The latter
applies also to frequency scaling where the used membranes
are thinner and the layer losses larger. In other words, the
optimum FPAR sensor design is application specific, i.e.
requires a trade off between FPAR mass sensitivity and layer
losses in order to achieve maximum resolution.
V.

CONCLUSIONS

These initial results from the gas sensing experiments
clearly support the theoretical predictions for high masssensitivity of the studied resonator type. The considerable
sensitivity improvement over one of the most efficient
acoustic wave mode gas sensors– the STW, for the same types
of polymer film and probing gas, and at comparable
frequencies and losses, reveals the great potential of the S0
mode for sensor applications. Another issue of practical
importance is the fact that this high sensitivity is accompanied
by a weak effect on the resonator loss even at high
concentrations of aggressive gas phase compounds interacting
with the polymer-coated surface. The authors believe that
these features may be attractive for integrated circuit
compatible FPAR sensor systems in the near future.
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Abstract—A new calibration method has been proposed for
passive wireless torque sensors based on SAW resonators. It
requires individual calibration of the sensors at the production
stage only at room temperature and individual measurement of
the difference frequency drift at zero torque over the operating
temperature range. This approach greatly simplifies calibration
and reduces its cost in the case of high volume manufacturing.
Analysis of calibration statistics for the torque transducers has
shown that the total measurement errors achieved in this case
are very close to those obtained in the case of the individual
sensor calibration in several temperature points over the entire
operating temperature range.

I. INTRODUCTION
Passive wireless or contactless sensors based on SAW
resonators have been developed and found industrial
application for temperature [1, 2], pressure [3] and torque
measurement [4, 5, 6]. Recently, contactless resonant SAW
torque sensors have been developed for various automotive
applications such as electrical power assisted steering [7] and
powertrain [8, 9]. Due to technological tolerances of the SAW
die manufacturing and packaging processes, the SAW sensors
usually require individual calibration of each unit in order to
achieve a good accuracy around 1% full scale (FS). It is
especially applicable to torque sensors due to additional
contribution to the spread of sensor characteristics made by a
glue interface between the SAW die and the part where shire
strain is measured.

calibrated simultaneously (see Fig. 1 showing torque
calibration rig just for one flexplate transducer used to
measure the output engine torque [8]). Large thermal mass of
the rig including mechanical components required for torque
application can increase time needed to reach a steady state
temperature at each calibration point up to 2-3 hours so that
the whole calibration process can take from 15 to 30 hours. As
a result the calibration significantly increases the sensor
manufacturing cost making it unacceptable for high volume
automotive applications.
One of the solutions of the calibration problem has been
recently proposed in [10]. The idea of the method is to reduce
the number of the temperature calibration points from fivenine to just two. This approach gives extra calibration errors
below ±1% FS for the flexplate transducers if the two-point
individual calibration data are combined with the generic
characteristics of the SAW sensors. It reduces calibration
time at least by a factor of five. Nevertheless it still requires
application of torque to a transducer at one elevated
temperature, e.g. +80°C. This significantly complicates
design of a calibration rig and increases the calibration time
in comparison with calibration only at room temperature.

Automotive torque sensors are very demanding from the
point of view of calibration since they need to produce a
temperature compensated torque reading within a wide range
from -40°C to +125°C and sometimes even at higher
temperatures. This means that calibration of each torque
transducer (application of a known torque) has to be
performed at a number of temperature points more or less
uniformly distributed within the operating temperature range.
In the case of SAW temperature and pressure sensors, a large
number of them can be placed into an oven and calibrated
simultaneously because of their small size. The size of the
SAW torque transducers can on the contrary be quite large so
that only very few of them can be placed into the oven and
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Figure 1. Calibration rig for the SAW flexplate torque transducer

The aim of this paper is to propose an alternative method
of calibration when torque is applied to each individual SAW
sensor only at room temperature. This method also relies on
previously measured generic temperature characteristics of a
particular type of the senor. It has been developed for torque
sensors used in kinetic energy recovery system (KERS) of
Formula 1 vehicles.

The second sensing element, LFSAW, contains only two
SAW resonators with frequencies f4 ≈ 431 MHz and f5 ≈ 429
MHz positioned at ±45° to the shaft axis so that Fm2 = f4 – f5
also linearly depends on M. Orientation of LFSAW relative to
the HFSAW is such that Fm = (Fm1 + Fm2)/2 is sensitive to
torque and insensitive to the bending force applied in both
planes.

The structure of the paper is as follows. Design of the
SAW KERS torque sensor and its generic characteristics are
described in Section II. The next section presents a gradual
development of the calibration method from a trivial approach
to a more refined one. The method in its fully developed form
is discussed in Section IV where it is applied to a number of
the KERS SAW torque sensors. Section V presents some
conclusions.

Each resonant frequency is measured by the interrogation
unit wirelessly by means of launching 2 μs RF interrogation
pulse through the RF rotary coupler and picking up free
oscillations of the resonator after the pulse is over [7, 8]. The
resonator excitation, the response sampling and the spectral
analysis take 155 μs. The torque values are updated every
310 μs. The standard deviation of the measured difference
frequency Fm is approximately 300 Hz.

II. SAW KERS TORQUE SENSOR
The sensor has been developed for F1 vehicles to
monitor the amount of torque transmitted trough a short shaft
from an electric motor to an engine [9]. The main features of
this application are: (a) a very high rotation speed up to
18000 rpm, (b) very strong and fast torsional vibrations, (c)
the temperature range from +20°C to +160°C, and (d) a
limited space available for the sensor installation. These
features dictated the sensor design based on two diametrically
opposite SAW sensing elements, the 4x6 mm2 SAW die
being directly bonded to the KERS shaft as shown in Fig 2,
and the cylindrical co-axial RF rotary coupler.
One of the sensing elements, HFSAW, contains three
one-port resonators on Y+34° cut quartz. Two of them, with
resonant frequencies f1 ≈ 437 MHz and f2 ≈ 435 MHz, are at
±45° to the X axis of the substrate and the shaft axis so that
Fm1 = f1 – f2 linearly depends on the applied torque M. The
third resonator, with the frequency f3 ≈ 433 MHz, is used for
temperature compensation since Ft = f2 – f3 depends on
temperature T differently compared to Fm1 allowing an
independent measurement of T [5].

Typical calibration characteristics of the KERS sensor
measured at five temperature points within the torque range
±50 Nm (FS = 100 Nm) are shown in Figs. 3 and 4. The
mathematical model of the sensor is as follows:
⎧⎪C (T )(Fm − Fm0 (T ) ) /(103 × 218 ), Fm ≥ Fm 0 (T )
M =⎨ p
⎪⎩Cn (T )(Fm − Fm 0 (T ) ) /(103 × 218 ), Fm < Fm 0 (T )

(1)

Ft = 100a1 – a2T − 10a3M/64 + a4T2/1600 + a5T3/102400

(2)

where Cp,n, the reciprocal sensitivities of Fm to positive and
negative torque respectively, the offset Fm0 = Fm at M = 0 and
the coefficients a1-5 are found from the measured data by
means of LMS method. The numerical coefficients in (1) and
(2) are selected in such a way that all the calibration
parameters can be represented by two-byte integers in the
interrogator’s DSP memory. Cp,n and F0 as functions of
temperature are stored in the form of lookup tables. Torque
and temperature are found from the measured values of Fm,t
by means of an iterative solution of (1), (2).
The parameters of the model (1), (2) vary from one unit
to another one. The degree of variation was investigated in

Figure 2. SAW sensing elements, HFSAW (left) and LFSAW (right), bonded to the two opposite sides of the KERS shaft
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Figire 3. Variation of Fm with torque at different temperatures

Figure 4. Variation of Ft with temperature at different torque values

III. VARIOUS APPROACHES TO CALIBRATION
Let us consider several possible approaches to calibration
in the order of increasing complexity and investigate torque
measurement errors associated with them.
A. Full Individual Calibration
In this case each unit is calibrated at five temperature
points. After calibration, one can find the total measurement
errors ΔM characterizing deviation of the sensor model (1),
(2) from the real characteristics (calibration errors),
hysteresis, non-repeatability, noise (it is greatly suppressed by
averaging 400 measurement results) and errors in setting M
and T. Fig. 5 shows the total torque errors measured for the
sensor No. 46 that does not belong to the group of units used
TABLE I.
a’1
15400.56

for finding the generic calibration parameters. Different
curves in Fig. 5 correspond to different torque values from –
Mmax = –50 Nm to Mmax = 50 Nm.
At T < 100°C the errors are dominated by non-linearity,
non-repeatability and noise. At T > 100°C the errors start
increasing mainly due to increased visco-elastic hysteresis in
the glue bond. As a result, the maximum torque error is
around 1% FS at the highest temperature and 0.1% FS at the
lowest temperature.
B. Calibration Only at Room Temperature
In this case the sensor is only calibrated at T0 = 20°C so
only Fm,t(M, T0) are known. The complete set of calibration
parameters is obtained in the following way. It is assumed
that the offset Fm0(T) = Fm0(T0) = const and Cp,n(T) = Cp,n(T0)
= const and a2,4,5 equal generic values from Table 1, a’2,4,5.

GENERIC COEFFICIENTS FOR Ft

a’2
2843.84

a’3
5900.64

a’4
-4023.09

a’5
3027.67

TABLE II. GENERIC RECIPROCAL SENSITIVITIES

Case1
1

0.5

Torque errors, Nm

[10] for the flexplate transducer and a similar variation has
been observed for the KERS sensor. By averaging the values
of a1-5 and Cp,n(T) for a certain number of units one can find
generic calibration parameters for a particular type of a
sensor. Tables 1 and 2 show generic calibration parameters
for the KERS sensor a’1-5 and C’p,n(T) obtained by averaging
the characteristics of 45 units. One can notice that the torque
sensitivity of Fm decreases with temperature due to reduction
of the stiffness of the glue bond between the SAW die and the
shaft.
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Figure 5. Torque measurement errors in the case A.
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160

doing this, a large batch of transducers can be simultaneously
heated and cooled thus reducing the calibration time and cost.

The rest of the coefficients are found as follows:
a3 = −3.2[Ft(Mmax, T0) − Ft(−Mmax, T0)]/ Mmax,
a1 = [ Ft (T0 ,0) + a'2 T0 −

a'4 T02
1600

−

a'5 T03

] /100 .
102400

(3)

The complete set of calibration parameters is found in
this case in the following way. First, it is still assumed that
Cp,n(T) = Cp,n(T0) = const. Second, the complete matrices of
raw calibration data

(4)

In other words, the thermal variation of Fm is totally ignored
and the thermal variation of Ft is assumed to be the same as
the generic one. One should bear in mind that there is no
point in using a generic variation of the offset Fm0 with
temperature. The spread of the characteristics Fm0(T) is so
large due to unpredictable modification of the SAW
temperature characteristics by the glue bond [10] that this will
not improve the accuracy of the calibration model.

are calculated at a number of torque and temperature points,
while a3 is defined by (3). After that, all the calibration
parameters are found in a usual way by LMS method.

The torque measurement errors obtained for the sensor
No. 46 in this case are presented in Fig. 6. Clearly, they
acquire a large systematic component that increases almost
linearly from 20°C to 125°C up to -1.8 Nm. This happens
mainly due uncompensated variation of the offset Fm0 with
temperature. Variation of the torque errors with torque at
160° is ±3.8 Nm – both due to the hysteresis and due to the
fact that the torque sensitivity variation with temperature is
not taken into account and temperature compensation is
inaccurate because of using generic coefficients a’2,4,5. The
total errors are up to 6.5% FS at the highest temperature that
is unacceptable for the application under consideration.

The torque measurement errors for the sensor No. 46 in
this case are shown in Fig. 7. There is no a systematic
component of the error varying with temperature any more.
This is because variation of the offset Fm0 with temperature is
correctly taken into account and the temperature
compensation of torque readings is performed correctly due
to using the correct coefficients a1-5 found from Ft(0, T).
However, the torque errors grow faster from ±0.1% FS at
room temperature to ±1% FS at 125°C compared to the Case
A because variation of the torque sensitivity with temperature
is ignored. The errors increase up to ±4% FS at 160°C that is
still unacceptable for the KERS application.

C.

D.

Accounting for the Thermal variation of the Offset Fm0
The next step in refining of the calibration method is to
take into account the actual characteristic Fm0(T) as well as
more accurately find the coefficients a1-5. It can only be
achieved if the measurement of Fm and Ft is performed for
each individual sensor at zero torque in a number of
temperature points in addition to calibration at T0. When

Fm(M, T) = Fm(0, T) + 103×64×4096M/Cp,n,

(5)

Ft(M, T) = Ft(0, T) − 10a3M/64

(6)

Accounting for the Thermal Variation of the Sensitivity
We do not have data for determining the torque
sensitivity variation with temperature for each individual unit
but we can use the generic thermal characteristic of the
sensitivity instead. The question is whether the spread of the
thermal variation of the torque sensitivity is small enough to
achieve significant error reduction.
Case3
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Figure 7. Torque measurement errors in the case C.
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At the final stage of refinement of the calibration method
it is proposed to calculate the reciprocal sensitivities
according to the following rule:
C p , n (T ) = C p , n (T0 )

C ′p , n (T )

(7)

C ′p , n (T0 )

where Cp,n(T0) are found from the room temperature
calibration and C’p,n(T) are taken from Table 2. In other
words, the scaled generic thermal characteristics of the
reciprocal sensitivities are used for each individual sensor.
The rest of the calibration parameters are found the same way
as in the Case C.
Fig. 8 shows the torque measurement errors obtained for
the sensor No. 46 in this case. One can see that the errors are
considerably smaller at higher temperatures than they were in
the Case C. In fact they are almost the same as in the case of
the full individual sensor calibration (compare with Fig. 5).
Thus, at least for the given unit, the method described in the
sub-section D gives an acceptable result in terms of accuracy.
ΙV. DISCUSSION OF THE PROPOSED CALIBRATION
METHOD
To summarize the results presented in the previous
section, the proposed method of calibration of the
temperature compensated SAW torque sensors in the case of
high volume production is as follows.
(1) At the development stage, a sufficiently representative
number of the units (20 to 40) are fully calibrated in a
number of temperature points (five to nine). Generic
calibration parameters C’p,n(T) are found by averaging of
the reciprocal sensitivities of the individual sensors.
(2) At the production stage, each individual sensor

is

Case4
1

calibrated only at room temperature and Cp,n(T0) are
determined.
(3) Then the values of Fm(0, T) and Ft(0, T) are measured for
a batch of sensors.
(4) The complete set of the raw calibration data is generated
for each sensor using (5) and (6) where a3 is found from
(3) and Cp,n(T) are found from (7). Then all the
calibration parameters are found by the LMS method.
(5) Occasionally, a limited number of the calibrated units are
tested over the entire temperature range in order to check
stability of the manufacturing process.
It has been shown in Section III that the above method
gives small additional calibration errors in the case of one
unit, sensor No. 46. It needs to be checked for other units of
the same type. Fig. 9 shows the maximum torque
measurement errors obtained for 17 units not included in the
batch of 45 units used to find the generic calibration
parameters. The errors are presented for two temperatures,
125°C and 160°C, and four different calibration methods
corresponding to the Cases A-D. One can see that the
proposed calibration method (Case D) gives very consistent
results for all sensors in the group and the errors, especially at
T ≤ 125°C, are very close to those achieved in the case of full
calibration (Case A). If the variation of the offset Fm0 and the
sensitivity with temperature is ignored (Case B) then the
errors can be as high as 7.5% FS at 160°C.
Similarly, one can plot the maximum temperature
measurement errors (see Fig. 10). Again, the proposed
calibration method gives consistent results for all sensors with
maximum errors not exceeding 2.5°C at T ≤ 125°C which is
sufficient for an accurate temperature compensation of the
torque readings.
The method under consideration can be applied not just
to the KERS torque sensors but also to other types of SAW
torque sensors such as flexplate transducers for measuring the
engine output torque, driveshaft torque sensors and sensors

Torque errors, Nm
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Figure 9. Torque measurement errors for 17 units at different temperatures and
for different calibration methods.

Figure 8. Torque measurement errors in the case D, the final version of the
calibration method.
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then the torque measurement errors can be reduced to 4% FS
at 160°C and 1.7% FS at 125°C. The best results are achieved
if the thermal variation of the torque sensitivity is also taken
into account on the basis of the generic calibration data
obtained for a limited number of units at the development
stage. In this case, the torque measurement errors can be as
low as 1.2% FS at 160°C and 0.4% FS at 125°C. This is very
close to the errors that can be achieved in the case of full
calibration of each unit in a number of temperature points.
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Abstract ⎯ The present work describes a high sensitivity
multi-anti-resonance CMOS process compatible MEMS
liquid dielectric capacitive tilt sensor. The dual frequency
excitation of four electrode structure enables antiresonance at equally spaced multiple frequencies and
capability of measuring the tilt with enhanced sensitivity
along with the direction of tilt.
I.

INTRODUCTION

In the past twenty years MEMS technology has matured to
provide 3-dimensional structures with multifunctional
capabilities obtained through the interface with
microelectronic circuits [1, 2]. A noticeable turning point
from sensor research toward MEMS research was
demonstrated in 1988 though the development of micromachined movable parts [3], gears and turbines [4] on silicon
chip. Since then, the micro-machined devices and system are
being identified as the area of thrust for their capabilities of
providing miniaturization, multiplicity, and micro-system
integration [5, 6]. In the initial stage, MEMS research was
directed towards the development of silicon based
accelerometers where the change in capacitance caused by
the deflection of proof mass is used to measure the angle of
inclination by measuring the acceleration due to force of
gravity [7]. A novel structure without using the solid proof
mass for acceleration and tilt sensing was proposed by Dao et
al. [8]. These devices operate on the principle of effect of
acceleration on the natural heat convection from heated
resistive wires in a gas surrounding the device. A convection
based inclinometer with 0.05 degree resolution, an angle
range of ±30 degree, and 45 mW of power consumption has
been demonstrated by Billat et al. [9]. Leung et al. [10]
proposed the first micro-machined accelerometer based on
free convection heat transfer of a tiny air bubble in a closed
chamber. This was followed by the development of
electrolytic tilt sensors [11-13], which are based on the
principle of measuring the unbalance voltage in Wheatstone
bridge due to the tilt of the sensor. However, these sensors

978-1-61284-110-6/11/$26.00 ©2011 IEEE

suffer from the draw-back of low sensitivity, and need
compensation for hydrophilic nature of oxide layer to reduce
the surface tension and optimizing the frequency of operation
to avoid the electrolysis process. Identically the sensors based
on the concept of convection of heat transfer [7-9] have poor
sensitivity and consume more power. In 2006 a MEMS
capacitive bending sensor was proposed by Aebersold et al.
[14] for monitoring the physiological function (intravascular
pressure, intraocular pressure).
The applications of sensors as a medical device, which
could be implantable or attached to a body worn instrument,
require that the sensor be light weight having smaller power
budgets in the form of a single chip. The interrogation and
sensing of real time accurate data can be used for therapy for
correcting the vestibular balance disorder. An ultra-lowpower MEMS tilt sensor using hybrid two chips (MEMS
microstructure/CMOS vision chip) solution has been
implemented by Constandinou et al [15] for use in health
care. The objective of the present study is a step towards
developing a new liquid dielectric capacitive tilt sensor which
is small, rugged, has low power requirement, and provides
very high sensitivity and does not have any moving part. The
development of such a device is being aimed for health care
for monitoring the movement of a patient in post-operative
state and incorporating the sense system for implantable
prosthetics and body worn instrument.
II PRINCIPLE OF OPERATION AND TECHNOLOGY
The challenge in the design and development of MEMS
based sensor technology is driven by the medical science,
where monitoring of physiological functions plays a vital role
in the recovery process. An important application is vitroretinal surgery, where the eye is temporally filled by SF6 and
its absorption requires that the head and eye are kept in a
position which allows proper recovery [16]. Other very
important application is monitoring strain of the instrument in
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the spinal fusion process by an orthopedic surgeon [14, 17].
Therefore, the need arises for the devellopment of light
weight, low power, highly sensitive tilt senssors, which could
work in a noisy environment to provide safe and secure
health care aid to patients in the recovery proocess. This can be
accomplished using the non-power dissippative capacitive
elements in the senor and using an innovativve dual frequency
sensing scheme for reducing the noise. Inn this process the
temperature dependence of angle of tilt, viiscosity effects of
the liquid used and problems caused by electtrolysis process in
the electrolytic tilt sensor are eliminated. This makes the
meter / tilt sensor,
obvious choice for a capacitive accelerom
where the technology and sensing scheme is to be carefully
designed.
A.

Dual Frequency Operation of Tilt Sensoors

It is know that noise in slurry or low cconductivity fluid
measurement is a function of 1/f noise, theerefore lower the
frequency greater is the noise. In tthe conventional
Wheatstone bridge measurement technique of convection or
electrolytic tilt sensors, the unbalanced voltaage caused by the
tilt is sensed across the detector. The obviious limitation of
such a technique is its inability to provide thhe information on
the axis of tilt. Therefore, the need arises to ddevelop a sensing
system which can provide additional inform
mation on axis of
tilt while using the advantages of dual freqquency excitation.
This approach is based on using four elecctrodes which are
simultaneously excited by two frequencies w
which are twice of
the other. The four electrodes a, b, c, and d are arranged in
such a way that two orthogonal axis are aloong the diagonals
of a→c, and b→d as shown in Fig 1.

Φ
a4

Φ1

Φ2

Φ3

Φ4

Φ1

c

d
b
(B)
Fig. 1(A) Top view of the capacitive tilt sensor ((B) Phase sequenced
waveform applied to four electrodes a, b, c, and d (C)) Direction of electric
field between two electrodes

The frequency of excitation is selected on the basis to
nd reducing the 1/f noise.
prohibit the electrolysis process an
The top view of the four electrodee capacitive tilt sensor is
shown in Fig 1(A) and the waaveforms applied to the
electrodes for dual axis measurem
ment scheme is shown in
Fig.1 (B), and the potential differencce between four electrode
structure used for measuring the tilt is show in Fig 1(C). The
potential difference between two electrodes
e
on account of
phase sequencing, and choosing onee of the frequencies to be
twice of other frequency shows that dual axis information can
be obtained by such a scheme. Thiss information is contained
in the direction of current flow bettween two posts defining
the individual capacitive elements submerged in the liquid
dielectric. The potential differencee between the electrodes
a→b (Vab) and d→c (Vdc) or the current flowing between
these two set of terminals (Iab or Idcc) can be arbitrary chosen
to represent –Y axis. Similarly, the voltage difference /
current flowing between capacitivee sensing electrodes d→a
and c→b can be chosen to represen
nt the – X axis. Since, the
direction of current flow is in refference with the physical
location of the electrodes, therefo
ore these currents starts
identifying the direction of tilt. These axes are defined
he basis of mount / fixing
arbitrarily and can be selected on th
of the sensor and the electrode structure. In the stable and untilted condition the differential curreent / signal can be sensed
using a differential amplifier and the initial adjustment /
t along the ±X axis and
calibration can be performed. Any tilt
± Y axis, synchronized with the clock
c
generated from the
exciting signal can be used to identiffy the axis and measure of
tilt along the respective axis.
B. Fabrication Process
The starting wafer is both sidee polished, <100> n-type,
silicon – on – insulator (SOI) waffer. Initially, 1 µm thick
oxide layer is grown using wet oxidation process, thereafter
300nm thick silicon nitride layer usiing low pressure chemical
vapor deposition (PCVD) is depo
osited. Thereafter, photoresist is coated on the front side of the wafer and mask #1 is
used to define the window in nitridee and oxide layers. This is
followed by etching silicon from th
he front side of the wafer
for a depth of 25µm using Deep Reaactive Ion Etching System
(DRIE). This is required to have the hermetic sealing on the
front side. Remove oxide and nitridee layer from both sides of
the wafer. Deposit both the sides of the wafer with fresh
oxide layer (approx.1 µm thick by wet oxidation), and 300
nm silicon nitride layer by LPCVD technique. Use mask # 2
for opening the windows on the baack side of the wafer for
etching silicon and the buried oxidee layer for taking contact
from the back side of the wafer. Etch
h silicon and buried oxide
layer from the back side of the waferr using Deep Reactive ion
Etching. Deposit oxide layer on both
h the sides of the wafer by
decomposing tetra ethyoxy silane (TEOS) in oxygen. This
oxide on the front side gets deposited on top of oxide and
his process the entire front
nitride layers deposited earlier. In th
side of the wafer will get covered by additional oxide layer
and groves etched earlier on the back side will also get
covered by silicon dioxide layer.
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Fig.2. Die of a capacitive tilt sensing structure showiing excitation of four
electrodes for one of the phase sequenced state

Now use ion milling technique for removinng the oxide layer
from the front side of the wafer and the botttom of the groove
formed by reactive ion etching. After tthis perform n+
diffusion for making the contact from the back side of the
wafer. At this stage the front side of the waffer has 1µm thick
oxide layer and 300 nm thick silicon nitride llayers, and on top
of this we have oxide layer deposited ussing the LPCVD
technique by decomposing TEOS. Coat phhoto-resist on the
front side of the wafer and define pattern in silicon nitride
layer for etching deep well for defining thhe four electrode
capacitive structure. This is followed by deppositing Cr/Au by
sputtering or ALD process. This deposition process is carried
out on both sides of the wafer. In this deposition process the
entire area of front side along with thee electrodes gets
covered by Cr/Au layer. This completes the process for
taking the contact from the back side of thee wafer from four
electrodes. On the front side of the waferr nitride layer is
removed, while retaining nitride layer on thhe back side. This
is used to open four windows to take coontact from four
electrodes, which have been defined on the front side. This is
OH using oxide as
followed by etching of 50 µm silicon in KO
the mask. This is followed by using second m
mask on the front
side to define the inner and outer rings of tthe four electrode
capacitive sensor structure. A uniform etchinng of about 50µm
of silicon in KOH is carried out. In this proccess the front side
will get etched 50µm whereas the back sidde will get etched
by 100 µm from the side to define the inner and outer rings of
the capacitive sensor. This is followed by ioon milling of frnt
side using nitride as the mask for remooving the Cr/Au
deposited earlier, which was also existingg on the bottom
surface. In this process all the four electroodes gets isolated
and the device is ready for bonding and pacckaging. A typical
unit cell of the capacitive tilt sensor is shownn in Fig. 3.
OF STRUCTURE
III MATHEMATICAL MODELLING O
An accurate analysis of the unit cell inn Fig.3 has been
carried out using the finite element toool of COMSOL
Multiphysics Ver 4.1, which is elaborated in section IV.
However, an insight on the functional behavior of the

structure is obtained by considering a rectangular well which
houses four stud like structure (electtrodes). The inner wall of
the well is at ground potential (electrical wall) and it is the
partitioning wall between the electrrodes that could be either
an electrical wall or magnetic wall depending on the charge
on the adjacent electrode, which is determined by the phase
n Fig. 3 will always have
of excitation. The unit cell shown in
the electrical wall at x = 0 and y = L/2,
L whereas y = 0 and x =
W/2 can have the combination off either an electrical and
magnetic wall or magnetic wall and electrical wall depending
ular instant of time of the
upon the phase sequence at a particu
dual frequency excitation scheme ad
dopted. The assumption of
considering the rectangular wall is valid, because does not
require any fabrication process chan
nge. The structure shown
in Fig.3 is analyzed using clockw
wise rotation of standard
Cartesian coordinate system. The sttructure is analyzed using
Green’s potential function for co
onverting the differential
equation to an integral equation forr an unknown quantity of
charge density. The analysis is carrried out for a unit charge
located x = x0 and y = y0, and
d one of three possible
combinations of boundary condition
ns of electrical wall at y =
0 and magnetic wall at x = W/2 are chosen.
c
For a unit charge
located at (x0, y0) the Green’s funcction, for a media having
the dielectric constant ε satisfies thee Poisson’s equation in (x,
y) plane.
∇2 Gn ( x , y | ( x0 , y0 ) = - ( 1 / ε ) δ ( x – x0) δ ( y – y0)

(1)

The Green’s function can be exprressed as the sum of the
products of elementary function with
h separated variable [18]:
∞

G

x, y

G

x G

2

y

Before solving (1) for potenttial function, we need to
obtain the expression for Gn(x) frrom the Dirichlet and/or
Neumann boundary conditions whiich defines the unit cell.
The Neumann type boundary con
ndition at width x=W/2
forces the derivative of the potentiall function to be zero (∂G /
∂n =0), whereas the Dirichlet bou
undary condition at x=0
forces the potential function to be zero
z
(G=0). The potential
function
for electrical wall at x=0 and magnetic all at x
= W/2 is expressed as:
sin
sin

1,
1 2….∞

Where β n = (2n +1) π / W
Since the electrode diameter is assumed to be much
smaller than the electrode length, therefore
t
the variation of
field quantities along Z-axis can bee neglected and potential
function expressed as sum of the products of elementary
functions with separated variables
and
using
(2) can be expressed as:
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Fig.3. Unit cell of the capacitive sensor showing the fformation of electrical
and magnetic wall for a specific phase sequence.
Fig.4. Dependence of the capacitance on the normalized
n
electrode width

3

sin

The differential equation (3) is solved for the boundary
conditions for the “ith” layer for the continnuity of tangential
component of potential function and continuuity of the normal
component of displacement density.
G(x, yi-o) = G (x, yi+o)
,

,

After applying these boundary conditions thhe solution for the
Green’s potential functions
, | ,
is:
, |

∑

,

4

|

This describes the Green’s potential funcction in the (x, y)
plane for a unit charge located at (xo, yo)). The admittance
|
= 2 εo coth (βn L/4) is obtained by using the analogy of
permittivity with characteristic admittance of a transmission
Siddharth [19] for
line. The variational approach adopted by S
computing the capacitance of unit cell preedicts dependence
on the electrode width “d”, for X-axis separaation of “W”, and
Y-axis separation of “L”. An easier expressiion for computing
the capacitance per unit cell has been derived [19] for
normalized electrode width “d”, and length “L” w. r. t. width
“W” of the sensor. The complete exppression for the
capacitance of a unit cell obtained by this tecchnique is:

c

⁄

∑

Where

2n

⁄

β

1 πY|

he maximum sensitivity is
The results in Fig. 4 show that th
observed for d/W of 0.2. It is appaarently the dimension for
which the structure is likely to show
w resonant behavior. This
implies that the capacitance has to increase, which will
minimize the impedance for the duaal frequency measurement
scheme thereby maximizing the current. The resonant
behavior can be fully exploited for getting very high
sensitivity and the differential sensiing to reject the common
mode signal.
HE STRUCTURE
IV. FEM ANALYSIS OF TH
n in Fig. 1(A) consists of a
A capacitive tilt sensor as shown
hollow metallic cylinder terminaated at both ends with
insulating material. Four electrodes are placed symmetrically
inside the cylinder such that they form four vertices of a
square. The electrodes ‘a’ and ‘c’ are excited with same
frequency ‘f1’ but with a phase diifference of 180 degrees.
Similarly, the electrodes ‘b’ an
nd‘d’ are excited with
frequency ‘f2’ and with a phase diifference of 180 degrees.
The frequencies f1 and f2 are chosen such that f2=2f1.

F/meter

π
W

|
is input admittance of short circuiited transmission
defined by electrical walls located at L//4 from the unit
charge, which is is expressed as: |
2
coth β L/4 .
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Fig.5. Energy stored in the cavity during different phases for w≠L

Fig.6. Cylindrical resonant wave guide resonant behavior of the tilt sensor

Fig.7. Dependence of resonant cavity capacitance on the electrode separation

The selection of f2=2f1 forms electric/magnetic walls
between the electrodes which keeps changing according the
phase sequencing at a particular instant of time. Fig. 1(B)
shows the phase sequenced signal applied to four electrode
structure and the direction of resultant electric field
corresponding to each phase directing towards +X-axis,-Xaxis, +Y-axis and –Y-axis is shown in Fig. 1(C). The analysis
of the structure is carried out using the FEM Tools COMSOL
Ver. 4.1 for analyzing the dependence of the total energy
stored in the cavity for W=L and W ≠ L. Fig.5 shows the
energy stored in the cavity for the case W≠ L. Since, the
phase Ф1 and Ф4 have same amplitude of electric field
strength therefore the total energy stored in the cavity will be
equal for these two phases. A similar behavior is observed for
phase Ф2 and Ф3, which have the same electric field strength.
However the energy stored in phase Ф1, Ф4, is higher as
compared to Ф2 and Ф3. Therefore the structure for maximum
capacitance and resonance behavior is considered only for the
case of W=L.

The maximum value of capacitance is approximated to
be 600 μF for the optimized parameters of the geometry of
W=L = 2cm, for an electrode diameter of 2mm and internal
diameter of the resonant cavity of 6 cm. This is the macromodel of the actual device to be implemented in silicon for
which the simulation has been carried out. This macro model
device will be tested for validating the concept before
implementing the structure on silicon. The dependence of the
capacitance on the separation between the electrodes is
shown in Fig. 7 for the cavity height of 5cm. However, the
behavior of the capacitance of the cavity will be independent
of height of the cavity. The macro-model used in the
evaluating the performance and the basic concept will be
scaled down using the process steps outlined in section II for
realizing the structure on the silicon wafer.

The formation of electric wall and magnetic wall by the
phase sequencing scheme adopted and the cylindrical cross
section of the structure establishes it resemblance with the
cylindrical waveguide cavity. Therefore, it was expected to
exhibit multi-resonance due the formation of electric and
magnetic walls and equally spaced resonant frequencies on
account of cylindrical cross-section. The simulation results
shown in Fig.6 supplements the anticipated behavior of the
structure, which predicts the presence of harmonics of 9 KHz,
with a typical 3 dB bandwidth of 100Hz. As a consequence
high Q of approx. 30 is obtained at the fundamental
frequency, which will increase depending on the harmonic
frequency selected for operating the device. Since, the
excitation signals are 180 degrees out of phase, there will be
anti-resonance, which will reduce the energy stored in the
cavity at the resonant frequencies. This phenomenon will lead
to almost zero energy stored in the capacitor at the resonance
frequency, which corresponds to open circuit behavior of the
cavity and a maximum value of |S11| = 0 dB, is expected at
the anti-resonant frequencies. Since the energy stored in the
cavity for each phase will be equal for the case of W=L.

V. DEVICE CHARACTERIZATION RESULTS AND
DISCUSSIONS
The theoretical analysis and FEM simulations are carried
out for the clocking phase sequence ϕ1, where electrodes “a”,
“d” assumes the positive charge and electrodes “b”, “c”
assumes negative charge. This defines an electrical wall
between the electrodes “a” and “b” and electrodes “d” and
“c” and magnetic wall between electrodes “a” and “d” and
electrodes “b” and “c”. In this phase sequencing we will get
the information on the tilt angle along the – y-axis. The
measurements were performed on the macro device (scaled
version of the device to be implemented on the silicon wafer)
designed for the optimum performance for the electrode
diameter of 2mm, inner diameter of the cylindrical wall of 6
cm, width and length defining the separation between two
electrodes of 2cm. The analytical results in Fig. 4, showing
the dependence of capacitance on normalized diameter of the
electrode (d/W), predicts maximum sensitivity for d/W of 0.2.
These results are supplemented by the FEM analysis carried
out using the COMSOL Ver. 4.1, MEMS design tools, which
show the maximum value of capacitance of 580 μF for d/W
ratio of 0.2. This supplements the theoretical formulation to
be consistent with FEM analysis.
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Abstract— Quartz sensor is promising as a gravity sensor.
This paper describes an improved technique of gravity
sensor, based on the VCXO and crystal properties from
the principle of the quartz motion sensor. The size of
prototype sensor is around 27.0x12.0x1.0 mm. The sensor
is used in the experiment, which give the gravity change.
The experimental results show the relationship between
gravity change and load resonant frequency. Then, from
these results, we show that the load resonant frequency
changes in direct proportion to gravity change.

crystal technology is applied. Sensitivity of this specification
is the gravity change of 0.5mgal, and this sensitivity is while
moving the sensor.
Gravity is sensitive user specification that value is 0.5mgal,
so to achieve such crystal sensor specifications; user
requirement is at least 0.1mgal. To satisfy this requirement,
there are four proposals as follow.

On the other hand, for AT-cut quartz resonator, Mr.
Mitoshi Umeki reported that the first application of MEMS
technology. We believe in it [2].

(1) Double-Ended Tuning Fork type sensor is one of the
choices to achieve such high sensitivity sensors. Then we
confirmed that this sensor was not sensitivity of 0.1mgal
by simulation.
(2) By the structure of Double-Ended Tuning Fork type, it is
difficult to realize purpose sensitivity of sensor alone.
Therefore it comes true by the combination with a
mechanical device. Some of these sensor configurations,
the crystals may be realized. We do not expect the
appearance of this crystal, which name is a twin. When
presented with the temperature difference between the
sensor and the pressure difference, this behavior occurs.
Then, this sensor has uneasiness in reliability.
(3) Gravity changes the shape of the crystal blank is slightly
deformed. The stress change accompanying this
modification is measured as change of resonance
frequency. This method has a too small change of
resonance frequency. And this method has the influence
of electronic noise. For this reason, predetermined
sensitivity is not obtained.
(4) The capacitance is changed by motion of a crystal blank
into crystal sensor. And, as the crystal sensor, the load
resonance frequency change is measured. This method
uses the principle of VCXO. And this sensor is a structure,
which has a variable capacitor with a crystal oscillator.
Furthermore, the crystal blank is changed easily, and is
important to realize such a structure. This uses the
principle of the motion sensor. This proposal is studied.

Based on this background, the mineral exploration field,
MEMS demanding the realization of the gravity sensor

In this paper, the above proposals are shown in (4) is
applied. MEMS (Micro Electro Mechanical Systems)

I. INTRODUCTION
The Quartz crystal device is one of gravity sensors, which
has high sensitivity. The crystal sensor, which is already
realized, is pressure, power, gyros, chemistry, biochemistry,
environment and etc.
When comparing with other sensors and such a crystal
sensors, the crystal sensors are often responsible for the most
sensitive range. Then, when assorting functions of the crystal
sensors, It works as not only the physical sensors but also
chemical ones.
Generally, the crystal blank for physical sensors is Z-cut. As
for form, a Tuning-Fork type or a Double-Ended Tuning Fork
type is used. The chemical sensor is the AT-cut, which
surface is flat.
The AT-cut sensors are used for chemistry, biochemistry,
biology and etc. For example, it is QCM (Quartz Crystal
Micro-balance). The crystal blank for QCM has two pair of
electrodes. Mr. Takeru Mutoh and Dr. Mitsuaki Koyama
were authors who proposed the twin sensor. This sensor is
one crystal blank and it has two pairs of electrodes [1].
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technology applied to the proposed AT-cut crystal structure
of the gravity sensor, and the experimental results are shown.

II. TECHNICAL DESCRIPTION
A. Drawing of a crystal sensor
Figure 1 shows the concept drawing of the crystal sensor.
This is cantilever of the single-sided support structure of ATcut crystal blank with electrodes. This cantilever has a drive
electrode and sensing electrode. Driving electrodes is
interposed between the cantilevers. Sensing electrodes
comprise a variable capacitor. Electrode A and B, it used as
the sensing part, realize the variable capacitor. Electrode A
for sensing is prepared in the end of this cantilever. Electrode
B for sensing is formed also in the inside of the enclosure by
the side of the contrary of the electrode. After this, Sensor
name is Capacitive-type Quartz Sensor (CQS)

Drive Electrode

Figure 2 shows the symbol and symbols related to ; R1,
C1,L1 , and C0: equivalent circuit constant of a crystal unit,
CV: capacitance ingredient of a gravity sensing part, COSC:
capacitance ingredient of an activity circuit, Fr: the electric
resonance frequency of a crystal unit, d: distance used as the
standard which determines the capacitance of cantilever, δd :
distance sensor is displaced by gravity change, S: effective
electrode area of a sensor part, ε: dielectric constant. Then,
CL: capacitance of sensor area by the side of a crystal unit,
and this combined capacity is the capacitance of the active
circuit component COSC and the sensor capacitance
component CV.
Next, when FL is oscillation frequency,



C1
FL = Fr × 1 +

 2 × (C 0 + C L ) 

（1）

where,

Cantilever
Sensing Electrode A

CL =

1
1
1
+
C V C OSC

（2）

and
Enclosure

Sensing Electrode B

CV =

S× ε
d

(3)

Using from equation (1) through equation (3), the
cantilever is changed from d to d +δd, the difference between
the load resonant frequencies is

Figure 1. The basic structure drawing of a crystal sensor
(cross section)

B. Equivalent circuit
Figure 2 shows the equivalent circuit, and is based on IEC
60122-1 [3].

∆f = Fr ×

C1
× ( A − B)
2

(4)

where,

A=

S × ε + C OSC × (d + δd)
C 0 × C OSC × (d + δd) + S × ε × (C 0 + C OSC )

(5)

B=

S × ε + C OSC × d
C 0 × C OSC × d + S × ε × (C 0 + C OSC )

(6)

CV
L1
R1

C0

COSC

C1

Figure 2. Equivalent Circuit

That is, the cantilever "d" from "d +δd" when a change to
the difference between the load resonant frequency is larger.
This is that sensitivity is high.
Then, figure3 shows in that the AT-cut crystal blank, as a
motion sensor is not broken easily. The spring constant of
AT- cut crystal blank is about 1800Ns/m. Therefore, no crack
or/and no chipping AT-cut crystal blank is not easily broken
by bend. This situation photograph shows figure 3, and, this
crystal has realized by MEMS technology.
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D. Measurement system
Measurement system is constructed with sensor module,
, Digital control equipment, and frequency counter. The
sensor module is integrated with Crystal Sensor, Oven, and
Oscillator Circuit. Figure 5 is the frequency temperature
characteristics of the crystal sensor measured by IEC 60444-1
[4].
Temperature range is from +25 degrees C to +60 degrees C,
which is a quadratic curve. Then, oven temperature is decided
at +54 degrees C with the small amount of frequency change.

500

⊿F (Hz)

300
100
-100
-300
Figure 3. Bent test of AT-cut crystal blank
Crystal blank size : 20mm (L) , 1.6mm (W) , 0.02mm (H)

-500
25

30

C. Specification and Trial
Specification of the crystal sensor is as follows.

35 40 45 50
temperature (℃)

55

60

Figure 5. temperature characteristic result of the gravity
sensor made as an experiment

Frequency
: 73 MHz
Mode
: Fundamental vibration mode
Culture quartz : IEC60758 grade Aa
Surface
: Polishing
Crystal blank dimensions : 20.0×1.6 mm
Electrode
: Cr, Au
Enclosure dimensions
: 27.0 × 12.0 × 1.0 mm

Generally in measurement equipment, a cooling fan is used.
Vibration of the cooling fan is from 0.05Hz to 5Hz, which is
frequency noise of background vibration. Therefore, this
cooling fan does not use it.

Based on such design specification, the crystal sensor is
made as an experiment. Prototype sensor is shown in figure 4.
Package materials for the prototype sensor are crystal. Crystal
blank, package, and other wet-etching are applied, which
technology is one of the MEMS.

E. Relation of an inclination angle and gravity change
The structure of the gravity sensor has directivity in
sensitivity. Therefore the sensitivity evaluation by the
inclination angle is possible. The relation of an inclination
angle and gravity change is shown in figure 6.

The gravity of the earth is 980gal. In the case of inclination
angle θ=0 degrees, acceleration “a” applied to a sensitivity
axis is

a = 980(gal) × cos θ = 980(gal)

(7)

On the other hand, in the case of inclination angle θ=∆θ
degrees, acceleration “b” applied to a sensitivity axis is
b = 980 × cos ∆θ (gal)

Figure 4. Prototype Sensor
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(8)

B. Relation of inclination angle and frequency
This is a definition, which load resonant frequency is
equivalent to the oscillation frequency. The sensor is tilted at
an angle from 0 degrees (980gal) to 30 degrees (849gal) to a
change. This step change is 10 degrees. The oscillation
frequency is measured continuously. Figure 8 is the result.
In Figure 8, the oscillation frequency changes over a
maximum of 500Hz. Furthermore, it is reproducible.

Movable Electrode
Fix Electrode

a=980 (gal)

0.00

⊿F (Hz)

-50.00

∆θ

-100.00
-150.00
-200.00
-250.00
0

50

100

150

200

250

Gravity change (gal)

b=980×cos∆θ (gal)

Figure 8.Oscillatory frequency deviation vs. Inclination angle

Figure 6. Gravity change by the inclination angle

Gravity changes are given 20mgal sensors. Figure 9 is a
waveform measurement. In figure 9, the measurement time
00:52-01:18 and 00:09-00:26 the frequency difference is the
same -0.06Hz.

III. EXPERIMENTAL RESULTS
and DISCUSSIONS
A. Relation between gravity and frequency
Gravity change of 20mgal to 230gal is given to the sensor.
The relation of gravity and load resonance frequency is
shown in figure 7. Then, when gravity change becomes large,
load resonant frequency is reduced. That is, load resonance
frequency and gravity changes are involved.

On the other hand, the change in measurement time is
00:52 and 00:09; the frequency drift is 0.02Hz. One of the
factors of frequency drift is the temperature. This is not
examined.
0.06
0.04
0.02

0

0.00
⊿F (Hz)

100

-200

-0.02
-0.04

-300

-0.06

-400

-0.08

-500

-0.06Hz

The image of gravity
change

-0.10

-600

measurement time (min：sec)

Figure 7. Gravity change and the relation of an amount of
frequency variation
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Figure 9. Frequency deviation vs. Time
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IV. CONCLUSION
In this paper, AT-cut crystal blank is cantilever. The drive
electrode and the sensing electrode are prepared on this
cantilever. And the crystal gravity sensor, which changes
capacitance, is proposed. Gravity sensitivity 20mgal is
detected in the result of the experiment.
In the future, 0.1mgal is a realization of gravity sensitivity.
Therefore, the crystal sensor structure and frequency drift is
a challenge to improve. And we will study sensor structure
and the effective Q value of the oscillation system.
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Abstract—The thin-film acoustoelectric effect in surface acoustic
wave (SAW) devices describes the interaction of electrical energy between a SAW in a piezoelectric medium and a thin-film
placed in the wave’s propagation path. The real-time observation of the thin-film acoustoelectric interaction is useful in the
design and characterization of SAW-based thin-film chemical
and physical sensors (i.e. temperature, humidity, viscosity, voltage, current, hall effects, etc.). An in-situ test fixture was designed to be mechanically, thermally and electrically stable.
Data has been taken for many SAW devices and over a wide
range of frequencies. The results show that the use of the in-situ
procedure yielded: good agreement between theoretical predictions and the measured data, characterization a SAW-H2 gas
sensor in real-time and various methods to calibrate the film
deposition system and procedure. This paper presents the approach taken in configuring an electron beam evaporation system for ultra-thin-film characterization and the design of test
fixtures, data acquisition configuration, and experimental procedures to extract and analyze SAW parameters in real time,
and to extract the thin-film properties under test.

I.
INTRODUCTION
The interaction between a surface acoustic wave (SAW)
traveling in piezoelectric and a thin-film in the acoustic path
may cause a measureable change in the SAW’s amplitude
and velocity. In the acoustoelectric regime, the magnitude of
the change is dependent upon the electrical properties of the
film. In-turn, the film’s electrical properties may be dependent on a variety of physical parameters such as thickness,
temperature, pressure, gas/chemical presence, etc. Hence, if
properly implemented the SAW-thin-film acoustoelectric
interaction is useful in the analysis of the properties of thinfilms as well as thin-film physical sensors [1, 2]. Particularly, this work is a portion of a continuing effort to develop a
passive wireless orthogonal frequency coded (OFC) SAW
RFID-tag hydrogen (H2) gas sensor [3-5], a schematic of
which is presented in Fig. 1.
Real-time, in-situ observation of the acoustoelectric effect has been reported by previous authors [2]. However,
they recommended that measurement of the entire frequency
response of the SAW device should be avoided, because the
time required for the sweep would be in the order of one to
several minutes. Consequently, these authors [2] used SAW
delay line sensors in an oscillator configuration. This type of
system prevents the simultaneous measurement of multiple
harmonics of the SAW device which is advantageous when
attempting to characterize the dispersion characteristics of
thin-films. Furthermore, the authors [2] omitted the experimental detail for duplicating or enhancing a similar system.
The purpose of this paper is to present the approach taken

using an electron-beam (e-beam) film evaporation system,
test fixture and software, and the experimental procedure
used to observe and measure the SAW-thin-film acoustoelectric interaction in real-time during the deposition (in-situ) of
a thin palladium (Pd) film. The test thin-film, palladium
(Pd), was chosen for the design and characterization of
SAW-based hydrogen (H2) gas sensors. The SAW-Pd-H2 gas
interaction was also observed via with the use of the test fixture and data acquisition system.
The paper to be presented is structured as follows: section 2 discusses the acoustoelectric-effect theory, section 3
details the test fixture, software design, and experimental
considerations, section 4 details the experimental procedure,
section 5 is a discussion of results and finally section 6 concludes the report and comments on prospective research applications.

Reflector

Transducer

Reflector

Piezoelectric Substrate
Figure 1 shows a schematic of a passive wireless SAW RFID-tag sensor.
If properly designed the SAW propagation parameters are modulated
by the presence and the properties of the thin-film.

II.
THEORY
The piezoelectric substrate which was used in this work
is Y-cut, Z-propagating lithium niobate (YZ-LiNbO3), which
was chosen because of its high electromechanical coupling
coefficient, and self collimating properties. The acoustoelectric interaction occurs because a SAW traveling in a piezoelectric is accompanied by a traveling electric field (Fig. 2).
The moving electric field creates only displacement currents
in the piezoelectric (assuming that it is a lossless dielectric)
and both conduction and displacement currents in the film
(assuming that it is a semiconductor) (Fig. 2). The magnitude of the ratio of the conduction to displacement current is
called the loss tangent of the interface. The acoustoelectric
equations for SAW propagation in a piezoelectric medium
and beneath a thin-film, predicts the wave propagation loss
and velocity as a function of the loss tangent of the filmsubstrate interface.
If the thin-film is a metal, the conductivity is purely real
consequently only conduction currents are generated in the

This work was partially supported through NASA-KSC STTR contract
NNK04OA28C, in collaboration with Mnemonics Inc., the McKnight
Doctoral Fellowship Program and the FHTIC Corridor Matching Research Program.
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Piezoelectric Substrate
Figure 2 Schematic of SAW propagation in a piezoelectric crystal, beneath a thin-film. This is a cross-section of the film-substrate interface
of the SAW device shown in Fig. 1. The subscripts, ‘F’ and ‘P’
represent the thin-film and the piezoelectric substrate respectively. σ is
the DC electrical conductivity, ε electrical permittivity, ω is the angular
frequency of the SAW, and J is the current density.

200

The acoustoelectric propagation loss, α, is given by (1) and
phase velocity, vp, is given by (2) as
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netic field, electrostatic potential etc. Thus, the properties of
thin-films and their response to various stimuli may be studied through real-time observation of the acoustoelectric effect.
For this study the acoustoelectric interaction was observed by measuring the film’s thickness and conductivity,
and the SAW’s propagation loss and velocity simultaneously.
The open to short-circuit transition of the acoustoelectric
effect may be observed by depositing a thin-film in the
SAW’s propagation path and measuring the aforementioned
parameters during the film’s growth. In metal films, the conductivity transitions from zero to high conductivity (i.e. open
to short-circuit) as the film is deposited and the thickness, t,
increases. In this experiment, Pd films were deposited in the
propagation path on a z-propagating SAW in YZ-LiNbO3
while the propagation loss and velocity were measured at the
SAW’s 1st and 2nd harmonics (54.5 and 109MHz) simultaneously. The design of the fixture is discussed in the next
section.
SAW Prop. Loss (dB/cm)

film and is given by JF = σFE, where σF is the DC conductivity and E is the magnitude of the electric field. Assuming that
the substrate is a lossless dielectric then current is a displacement current given by JS = jωεpE, where ω=2πf is the
angular frequency and εp is dielectric permittivity of the piezoelectric substrate. Hence, the loss tangent of the filmsubstrate interface is given by ||JF/JS||=σF/ωεp and ωεp=σS
may be considered substrate’s reactive conductivity.

3

Loss Tangent of Film-Substrate Interface (|σF/σ S|)

(2)

where, vsc and k2 is the short circuit velocity and electromechanical coupling coefficient of the piezoelectric substrate;
for YZ-LiNbO3, k2=4.6%, vsc=3408m/s, and εP=51ε0. A full
derivation of the acoustoelectric equations is provided by [2,
5-9], and will not be revisited here.
A strong interaction between the film and SAW occurs
when the magnitude of the conduction to displacement currents at the film-substrate interface are equal (i.e. loss tangent
= 1) (Fig. 3). This results in a large propagation loss in the
SAW and a shift the velocity to half-way between the open
and short-circuit velocities of the substrate. The open-circuit
case occurs when the film’s conductivity is very small in
comparison to the substrate’s conductivity hence open circuited and the short-circuit case occurs when the film conductivity is very high in comparison to the substrate’s conductivity, consequently short-circuiting the electric field, E,
and eliminating the piezoelectric effect at the surface of the
piezoelectric.
The DC conductivity, σF of most films is dependent on
the film’s thickness, t, absolute temperature, T, and other
physical parameters such as, gases, humidity, pressure, mag-

Figure 3 shows a plot of the SAW propagation loss (solid lines) and
velocity (dashed lines) as a function of the loss tangent of the filmsubstrate interface.

III.
SYSTEM DESIGN AND CONSIDERATIONS
A. Test Fixture
An in-situ fixture was designed to mask the SAW device
so that the film is only deposited in the desired area (Fig. 4).
The fixture was placed inside an electron-beam thin film deposition chamber, where RF cables where connected to fixture in order to interrogate the SAW, and measure film resistance (Fig. 5). The RF cables were connected to the measurement equipment via a high vacuum feedthrough which
was constructed from an aluminum (Al) nut and bolt, semirigid coaxial transmission lines, and high-vacuum epoxy.
The test fixture was designed to be mechanically, thermally and electrically stable by using a (2cm x 7.5 cm x 4cm)
brass base (Fig. 6). Sub-miniature version A (SMA) connectors were used to make connection between the RF cables
and the probes. The RF probes were designed for stable electrical and mechanical contacts, which eliminates the need for
bond wires and packaging. The probes were constructed
using small hinges (for vertical motion), PCB, copper prongs
(for the probes), and solder (connects PCB and probes) (Fig.
6). Threaded screws were used to apply a vertical force on
the probes and hold SAW device die in place in order to
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create good electrical and mechanical contact to the SAW
device.
A picture of the YZ-LiNbO3 SAW die which was used in
these experiments is shown attached to the base in Fig. 6, a
detailed schematic of the die is provided in Fig. 7. The
schematic of the die shows a one-port differential delay device with large Al probes pads to facilitate easy contact and
low electrical contact-resistance. The thin-film in the SAW
propagation path makes contact with a set of Al bus-bars
which are used to measure the film’s sheet resistance, from
which, the conductivity may be calculated using the thickness and area of the film. In a similar fashion two-port delay
lines were also constructed. There are two RF probes on the
fixture which allowed the measurement of a one-port device
and film resistivity simultaneously or a two-port device. A
secondary fixture was created which allowed both two-port
measurement and film resistivity simultaneously.
The shadow mask for the fixture is shown in Fig. 8, and
was also constructed from brass. For stability, the shadow
mask was attached to the base with threaded screws. The
length of the film in the propagation path was controlled using the width of the via-hole, which was controlled using a
56 thread-per-inch screw (i.e. 0.454mm lateral movement per
revolution). An electrically controlled shutter (constructed
using a DC motor and Al sheet metal) was positioned on the
shadow mask to expose or block the evaporating material
from the device. This function is important as it allows precise stop and start times for the film deposition on the substrate, and the possibility of deposition automation through
computer controls.

Port1: RF Input

In-Situ Fixture’s Base
Port2:
Ohm-Meter or
RF Output

DC/RF Probes

YZ-LiNbO3 SAW Device Die
Heavy brass base for physical and thermal stability
Figure 6 is a picture of the base of the test fixture. The fixture is designed to be mechanically, thermally and electrically stable by using a
(2cm x 7.5 cm x 4cm) brass base. SMA connectors were used to make
connection between the RF cables and the probes. The RF probes were
designed and constructed for stable electrical and mechanical contacts,
which eliminates the need for bond wires and packaging. The probes
were constructed using small hinges (for vertical motion), PCB, copper
prongs (for the probes), and solder (connects PCB and probes).

Transducer

Reflector

Reflector

Thin-Film
LFilm
Al Probe
Pads

7mm

SAW Device Die for In-Situ Fixture
12mm

SAW Device

Shadow Mask

via

Evaporation of
Vaporized Film
Molecules

Figure 7 shows a schematic of the SAW die which was design for the insitu fixture. It is a one-port differential delay device which large Al
probes pads to facilitate easy contact and low electrical contactresistance. The thin-film in the SAW propagation path makes contact
with a set of Al bus-bars which are used to measure the film’s sheet
resistance, from which the conductivity may be calculated using the
thickness and area. In a similar fashion two-port delay lines were also
constructed.

In-Situ Fixture’s Shadow Mask

Figure 4 shows a schematic of the shadow masking of a SAW device,
which allows deposition of the film precisely on the SAW propagation
path.

Sample
Holder

In-Situ Fixture
w/ Masked
SAW Device

SAW Device

via

Shadow Mask
Evaporation of
Vaporized Film
Molecules

Crystal
Monitors
Electron
Beam

Deposition shutter
DC Motor

Metal Vapor

RF Cables

Via hole for film deposition
Source
Metal
Feedthroughs

Figure 5 shows a schematic of the shadow mask inside the e-beam film
deposition system, with dual quartz crystal monitors, and high-vacuum
RF feedthroughs.

Shutter control
Figure 8 is a picture of the shadow mask for the test fixture. The length
of the film in the propagation path was controlled using the width of the
via hole, which was controlled using a 56 thread-per-inch screw (i.e.
0.454mm lateral movement per revolution). An electrically controlled
shutter (constructed using a DC motor) was positioned on the shadow
mask to expose or block the evaporating material from the device.
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B. Software Design
The equipment used to acquire data are as follows: a vector
network analyzer (VNA) to measure S-parameters, multimeter (MM) measures film resistance, power supply (PS)
which outputs constant voltages for IV sweeps and a quartz
crystal monitor (QCM) to measure film thickness. The measurement equipment was controlled with a program created
in Visual Basic and MATLAB. Microsoft’s Visual Basic
was used to control equipment and grab data because, Agilent, the manufacturer of the VNA, MM and PS supplied free
sample code for each machine, which was combined and
modified to make one central control program. Since Visual
Basic is limited in its data analysis capability it was necessary to export the data to MATLAB where it was analyzed in
real-time. In the MATLAB toolbox there is a program called
“exlink”, which allows MATLAB to be controlled via Visual
Basic. This functionality was essential in order to achieve
the real-time analysis capability.
C. Experiment Considerations
The goal is to measure SAW propagation loss and velocity,
thus, it is important to maintain a signal to noise ratio (S/N)
which is greater than 0dB. Since the maximum propagation
loss of the SAW is controlled by the length of the film in the
propagation path, it is necessary to design for a film length
that will not bury the SAW response in noise. From (2), the
maximum attenuation occurs when the magnitude of the displacement and conduction currents are equal, thus reducing
(2) to

α max = −

π ⋅ f ⋅k2
2v

(3)

sc

The VNA was used to sweep a wide frequency range and
capture data at multiple SAW harmonic operation points
(54.4 and 109MHz). This function is useful when evaluating
the dispersion characteristic of the thin film. The SAW
propagation loss was extracted by measuring the ratio of reflected wave amplitude with the film to the reflected wave
amplitude without film. The group delay was extracted by
gating the time domain response and performing a FFT of the
time gated response to obtain the frequency response. From
which, the group delay is the derivative of the phase with
respect to frequency (-dθ/dω), from which, the velocity beneath the film was extracted since Lfilm is known.
A screen shot of the data output from the MATLAB
software is shown in Fig. 11. The upper left plot is the time
domain response of the SAW, which and transformed to the
frequency domain in the upper right plot. This plot is then
truncated to the 1dB bandwidth of the SAW response (middle left) from which the SAW propagation loss (middle
right), center frequency (lower left) and group delay change
(lower right) are extracted. The data was sampled at a rate of
3sec/sample, and at a growth rate of 0.1 Å/sec, resulted in a
sample every 0.3 Å. A post processed plot of the SAW propagation loss and velocity as a function of Pd film thickness at
54.5 and 109MHz is given in Fig. 13.
A secondary experiment was performed in order to characterize the response of the SAW-Pd-H2 gas interaction as a
function of time. In this experiment the Pd film deposition
was stopped near maximum SAW attenuation, removed from
the high vacuum environment, and exposed to 2% H2 gas
(balance N2) in multiple on/off cycles. The result of the
SAW-Pd-H2 gas interaction is presented in Fig. 14.

The maximum attainable propagation loss in dB is given by
(4)
PLmax_dB = −20 log10 exp(αmax ⋅ Lfilm)

(

1×10

)

IV.
EXPERIMENTATION
Prior to film growth, the lithium niobate (YZ-LiNbO3)
substrate was cleaned with an ultra-sonic bath in acetone,
rinsed in methanol, then de-ionized water, and finally plasma
irradiated with O2 gas at 150W for a minute. Experimental
observation has shown that it is important to keep a consistent cleaning and preparation procedure in order to decrease
variability between experiments.
Films were deposited using electron beam evaporation,
at a growth rate of 0.1Å/sec, in a bell jar which was evacuated to 10-6Torr. The film thickness was monitored using
dual quartz crystal monitors, and the film resistance was monitored during growth (in-situ). A picture of the equipment
set-up is shown in Fig. 10; the VNA, MM, PS and control
computer are all positioned beside the e-beam chamber.

Max Prop. Loss (dB)

where Lfilm is the length of the film in the propagation path.
Fig. 9 shows a plot of the maximum theoretically attainable
propagation loss as a function of the length the film in the
SAW propagation path at 50, 100 and 1000MHz. For the
experiments performed in this paper Lfilm = 1mm.

3

100

10

50 MHz
100 MHz
1 GHz
1
0.1

1

10

Film Length (mm)
Figure 9 is a plot of the maximum attainable acoustoelectric propagation loss of a z-propagation SAW on YZ-LiNbO3 as a function of the
length of the film in the propagation path.
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Ebeam Chamber

Multi-Meter &
Power Supply
Data-Acquisition
Computer

tic interactions between the film and substrate, whereas, the
predictions only account for the acoustoelectric mechanisms.
Thus, the decrease of the measured SAW velocity below the
theoretical limit is most likely due to acoustoelastic (i.e. in
this case mass loading) effect. There may be also be acoustoelastic effects on the SAW propagation loss and other
second order effects such as bulk or other generated modes
which interfere constructively and de-constructively with the
SAW amplitude and velocity at 1st and 2nd harmonic.
Normalized Adsoprtion of Light (arb)

Vector Network
Analyzer (VNA)

Figure 10 is a picture of the e-beam system, text fixture and data acquisition set-up in class 100 cleanroom.
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Figure 12 shows the thickness distribution of a 60Ang Pd film deposited
through a 1mm aperture. The thickness distribution was extracted
from light reflection measurements across the film.

Figure 11 shows the real-time output of data acquisition software;
measured S-parameters which are processed to extract propagation loss
and delay shift during growth of a Pd film in the SAW propagation
path. The plots are updated in real time as film thickness changes.

V.
DISCUSSION
A comparison of the predictions (Fig. 3) and the measured data (Fig. 13) shows satisfactory agreement with some
differences. One notable difference is the disparity between
the predicted and measured maximum attenuation at 54.5 and
109MHz. From (4) the predicted maximum attenuation at
54.5 and 109MHz is approximately 100 and 200dB/cm respectively, whereas, the maximum measured propagation
loss is approximately 85 and 165dB/cm respectively. This
discrepancy is most likely due to the non-uniform distribution of the film. A light meter was used to infer the film’s
thickness distribution by measuring the fraction of light
which was absorbed by the film as a function of position on
the film. Ideally as the film gets thicker a greater percentage
of light is absorbed. The film’s thickness distribution was
found to follow a Gaussian distribution (Fig 12). Another
notable difference is between the predicted and measured
short-circuit velocity. The short-circuit velocity is predicted
to have limit of 3408m/s on YZ-LiNbO3 however the measure velocity gradually decreases to 3320 m/s (Fig 13). The
measured data includes both acoustoelectric and acoustoelas-

The fixture and software was also used to characterize
the SAW-Pd-H2 gas interaction (Fig. 14). When exposed to
2% H2 gas, there was a sharp decrease in film resistivity
which caused an increase in the SAW propagation loss. The
resistivity increased with each exposure to H2 gas and was
accompanied by a gradual increase in resistivity over time. If
the increase in resistivity associated with H2 gas exposure is
excluded, there remains a gradual increase in resistance,
caused by the aging of the ultra-thin Pd film in ambient atmosphere [10]. Thus, the SAW-Pd-H2 gas sensor operation
appears to be governed by the acoustoelectric effect. Thorough experiments into this interaction may lead to better
understanding of the Pd-H2 gas adsorption and desorption,
and conduction mechanisms. Furthermore, this method may
be used to evaluate the parameters of delicate ultra-thin films
without need for contact from probes (which may damage
samples and/or add experimental error).
These results suggest that this software and fixture is
suitable tool for SAW sensor research where the knowledge
of the real time response is necessary. Furthermore, this system has been used for other purposes such as determining the
optimal settings for the VNA (i.e. adjust frequency span, IF
BW, averaging, sweep time and/or output power until scatter
is minimized). This is necessary when attempting to minimize measurement error. The system was also useful as high
vacuum gauge since there is a measureable decrease in SAW
propagation loss at high vacuum (10-6Torr) as compared to
1atm [11, 12]. Lastly, the system was used to calibrate the ebeam film deposition procedure that is to develop a procedure to obtain reproducible results.
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VI.
CONCLUSIONS
The design of a test fixture and data acquisition software
for the real-time measurement and analysis of the SAW-thinfilm acoustoelectric interaction was demonstrated. The fixture allows measurement of SAW propagation loss, velocity
and film resistivity simultaneously. The fixture uses RF and
DC probes which eliminate the needs for bonds wires and
packaging. Measured results show good agreement with the
theoretical predictions. Research applications for the system
include: SAW substrate parameter extractions, thin film material characterization, thin film physical and gas sensors, and
deposition procedure developement.

Film Thickness (Ang)
Figure 13 shows a plot of the SAW propagation loss (solid lines) and velocity (dashed lines) at 54.5 and 109MHz as a function of the Pd film thickness. Pd film’s conductivity changes due to the film’s thickness. Consequently, the SAW propagation loss and velocity is modulated via the acoustoelectric effect.
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Figure 14 shows the real-time observation and measurement of the modulation of Pd film’s conductivity in the presence of H2 gas. Consequently, the
SAW propagation loss is also modulated via the acoustoelectric effect. A: The blue shaded area shows the response of the SAW when the Pd film is
exposed to 2% H2 gas. B: Green shaded area shows the response when the film is not exposed to 2% H2 gas.
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Abstract—To meet the needs of the IEEE Standard 1139-1999
in part of the estimations of clock state, we propose using a
fast recursive p-shift unbiased estimation algorithm employing
measurement of the time interval error. A special feature of this
algorithm is that it has the Kalman-like form, although ignores
both the clock and measurement noise sources and allows for
any initial clock state. The algorithm can straightforwardly be
applied to provide unbiased filtering (p = 0) and smoothing
(p < 0) of clock state, also to predict (p > 0) its future behavior.
An application is given for a master clock.

I. I NTRODUCTION
The IEEE Standard 1139-1999 [1] suggests that the clock
has three states, namely the time interval error (TIE), fractional
frequency offset, and linear frequency drift rate. Accurate
clock estimation faces two main factors. Firstly, noise in
free-run clocks has slow and very slow flicker (colored) and
random walk components making TIE nonstationary on a finite
interval even with zeroth second and third states. Secondly,
ignoring the higher order states may cause uncertainties. We
notice that the latter effect is still not well studied. The
problem is complicated with both the measurement noise and
uncertainties when the reference source of time is removed,
as in the Global Navigation Satellite Systems (GNSS).
Under such conditions, the Kalman algorithm derived for
white noise and adapted for clocks in [2] may demonstrate
divergence [3], become unstable [4], [5], and even noisy [6].
There is one more important obstacle preventing using such
an algorithm for accurate estimation in clocks. For the Kalman
algorithm to be optimal, the noise covariances must be known
exactly. It is known, however, that the phase noise power law is
hard to measure close to the carrier and the covariance function
is also hard to specify. The clock model thus does not suites the
Kalman estimator exactly and the latter typically never gives
us estimates better than weighted averaging widely employed
in time scales, although not in state space. This fact was neatly
demonstrated experimentally in [7], meaning that some more
robust solutions are desirable.
Examining the trade-off between the infinite impulse response (IIR) recursive Kalman algorithm and finite impulse
response (FIR) ones, Jazwinski summarized in [4] that the
limited memory filter, having FIR, appears to be the only
device for preventing divergence in the presence of unbounded
perturbation in the system. That means that the optimal FIR
filter, having an imbedded bounded input/bounded output
(BIBO) stability, is more robust against the Kalman one [8].

978-1-61284-110-6/11/$26.00 ©2011 IEEE

On the other hand, the Standard [1] states that “an efficient
and unbiased estimator is preferred.” Referring to and aimed
at overcoming the problems with the Kalman filter, transversal
FIR filtering has been employed in [5] to design an unbiased
estimator for clocks and then investigated in detail in [6], [9]–
[11]. As a result, an optimal FIR estimator was proposed
for clocks in [12]. It has also been shown in [5] that an
unbiased FIR filter allowing noise to have any distribution
and covariance becomes virtually optimal in the mean square
error (MSE) sense if averaging is provided on a large interval
of N  1 points [11], as it is in GNSS-based timekeeping.
Below we shall show that the unbiased FIR estimator discussed
in [12] in a batch form has an efficient Kalman-like algorithm
that, in applications to clocks, outperforms the Kalman filter.
II. U NBIASED E STIMATOR
In discrete time n, the clock TIE xn is commonly measured
by a precise time interval counter as sn with a sampling
(averaging) time τ for some reference time scale [7]. The
measurement noise vn is typically negligible with direct measurement and must be accounted for if the reference source is
removed, as in GNSS.
Following [1], we characterize the clock with three states
and model in state space with the time-invariant state and
observation equations, respectively, as
xn
sn

= Axn−1 + wn ,
= Cxn + vn ,

(1)
(2)

in which the 3 × 1 state vector is given by
xn = [xn yn zn ]T ,

(3)

where xn is the first state (TIE), yn is the second state
(fractional frequency offset), and zn is the third state (linear
frequency drift rate). The 3 × 3 matrix A projects the nearest
past state xn−1 to the present state xn employing the finitedegree Taylor series expansions,


1 τ τ 2 /2
τ ,
A= 0 1
(4)
0 0
1
and the 1 × 3 observation matrix is C = [ 1 0 0 ], for
measurement sn of xn . The 3 × 1 vector of the clock zeromean noise,
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wn = [wxn wyn wzn ]T ,

(5)

Fn = AFn−1 AT −AFn−1 (I + ΞFn−1 )−1 ΞFn−1 AT ,
(13)

has the covariance Ψ = E{wi wjT } with supposedly arbitrary
components formed by different clock noise sources (white
and flicker) and high-order states. The measurement noise
vn is commonly zero-mean, E{vn } = 0, with the variance
E{vn2 } = σv2 . Most generally, vn can also have arbitrary
distribution and covariance.
Because the clock model is time-invariant and noise has
flicker and random walk noise components, estimation gives
particularly accurate results if provided over all data available,
from zero to the current point n, thus on a full averaging
horizon. It follows from [5], [10], [11] that the relevant fullhorizon p-shift unbiased FIR estimate1 x̄n+p|n of xn at the
point n + p employing measurement sn has the batch discrete
convolution form of

Instantly one indicates that (14) is the Kalman-like estimate,
in which Ap Fn CT plays the role of the Kalman gain. A
remarkable engineering property of this algorithm is that it
needs only two parameters, K and p, and does not depend on
noise and initial error. For filtering the current clock state with
p = 0, the algorithm (9)–(14) can be applied straightforwardly.
For prediction with a step p > 0 or smoothing with a lag
p < 0, p must be considered as a new variable as related to
each fixed n. Below, we give an application for this algorithm
to a Master Clock.

x̄n+p|n = An+p (CTn Cn )−1 CTn Sn ,

IV. C URRENT S TATE E STIMATION OF THE NIST MC

Cn

=


T
(CAn )T (CAn−1 )T . . . (CA)T CT
, (7)

Sn

=

[sn sn−1 . . . s0 ] .

(8)

As can be seen, the unbiased estimator (6) ignores noise
and initial conditions, unlike the Kalman one requiring both
of them to be white and known. Although (6) can universally
be used for unbiased filtering (p = 0), prediction (p > 0), and
smoothing (p < 0) of clock state employing all the data available, the computational problem arises when measurement is
provided on a large horizon of N  1 points.

The NIST has published on the WEB site the UTC –
UTC(NIST MC) time differences (285 points) measured each
10 days in 2002–2009, as issued monthly by BIPM [units are
in Modified Julian Dates (MJDs) and nanoseconds]. For this
measurement, we form the time scale starting with n = 0
(52279 MJD) and finishing at n = 284 (55129 MJD). The
measurement is shown in Fig. 1a (circles).
Supposing that the NIST MC has two states, K = 2, the
algorithm (9)–(14) was developed for n > K with τ = 8.64 ×
105 s to
Ξ = AT CT CA ,
F1 = A(CT1 C1 )−1 AT ,
x̄1+p|1 = A(CT1 C1 )−1 CT1 S1 ,

III. K ALMAN - LIKE U NBIASED E STIMATOR
To reduce the computational complexity and make possible
for the estimate x̄n+p|n to exist in real time associated with
the one pulse per second (1PPS) measurement, the batch
algorithm (6) can be substituted with the recursive one justified
in Appendix A to have the blocks listed below.
Given the number K of clock states and a time shift p:
1) Set auxiliary matrices :
Ξ = AT CT CA ,

(9)

PK−1 = (CTK−1 CK−1 )−1 ,

(10)

FK−1 = AK−1 PK−1 (AK−1 )T .

(11)

2) Compute the initial clock state at K − 1 + p :
x̄K−1+p|K−1 = AK−1+p PK−1 CTK−1 SK−1 .

(12)

3) Update:
1 Here and in the following, x̄
n+p|n means the unbiased estimate at n + p
via measurement from the past to n.

= Ax̄n−1+p|n−1 + Ap Fn CT
×(sn − CA1−p x̄n−1+p|n−1 ) . (14)

(6)

where An+p is the power of A specified with (4). Here Cn
and the measurement vector Sn are given by, respectively,

T

x̄n+p|n

(15)
(16)
(17)

Fn = AFn−1 AT − AFn−1 (I + ΞFn−1 )−1 ΞFn−1 AT ,
(18)
x̄n+p|n = Ax̄n−1+p|n−1 + Fn CT (sn − CAx̄n−1+p|n−1 ) ,
(19)
where, by (7), we have


1 τ
C1 =
.
1 0
Figure 1 sketches the filtering estimates x̄n|n and ȳn|n of
xn and yn , respectively, provided by (15)–(19), and we notice
that this algorithm produces estimates appreciably faster than
the batch one (6) or (11b) discussed in [16].
For a comparison, we also give estimates obtained with the
standard 2-state Kalman filter described in [5] (see Appendix
B). Because the NIST MC exhibits excellent etalon properties,
we set for the Kalman filter zeroth initial conditions, x0 = 0
and y0 = 0. For the resolution of 0.1 ns in the published data,
the digitization noise was supposed to be distributed uniformly
and its variance calculated as σv2 = 0.052 /3 ns2 = 8.33×10−4
ns2 .
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filter does not provide a real picture with a small number
of measurements. In the intermediate region (about the point
of 1 × 103 days), both filters produce consistent estimates.
Finally, the Kalman-like filter (15)–(19) keeps smoothing
the data above the intermediate region, whereas the Kalman
one exhibits qualitatively the same error picture, being timeinvariant.

20
20

UTC – UTC (NIST MC)

Unbiased
110

10

140

40

Time Error, ns

240
170
200

90

0

284

2

1
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We proposed and examined a Kalman-like p-shift recursive
unbiased FIR estimation algorithm intended for filtering (p =
0), prediction (p > 0), and smoothing (p < 0) of the clock state
space model via all measurement data available. The algorithm
provides the best unbiased fit for the measurement data and
is fast, unlike its batch origin. Its remarkable engineering
property resides in the independence on noise and initial
conditions. As an application, we estimated the current state
of the NIST MC employing the UTC – UTC(NIST MC) time
differences (285 points) measured each 10 days in 2002–2009,
as issued monthly by BIPM. A comparison with the 2-state
Kalman filter is also provided and we state that the latter is
lesser suitable for clocks than the proposed Kalman-like one.
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Kalman
Linear
Prediction

20
?
5
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(a)

Fractional Frequency Offset, × 10-16

20
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Kalman
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F ULL H ORIZON R ECURSIVE U NBIASED FIR E STIMATION
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?
40
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10-16

Consider the batch unbiased estimate (6). Following the
derivation developed for recursive least squares [14], assign
T
P−1
n = Cn Cn and expend this matrix to

1

Unbiased

P−1
n
0

=

n
X

CAn−i

T

CAn−i

CAn−i

T

CAn−i + (CAn ) CAn

i=0

1

2

=

Kalman

n
X

T

i=1
T

n
n
= P−1
n−1 + (CA ) CA .

?
1
Time, × 103 days
(c)

(A.1)

Using the matrix inversion lemma [15]

Fig. 1. Estimates of the NIST MC current state via the UTC – UTC(NIST
MC) time differences (285 points) measured in 2002–2009 each 10 days: (a)
first state xn , (b) second state yn , and (c) second state yn (scaled).

(A + C)−1 = A−1 − A−1 (I + CA−1 )−1 CA−1 ,
represent the inverse of (A.1) as

Current estimates of the first state are shown in Fig. 1a along
with the linear prediction of time errors depicted with arrows.
Since the unbiased estimator gives us the best linear unbiased
fit, the first arrow coincides in the direction with several initial
measurement points. Increased n, prediction depicts possible
behaviors of future errors. Although, the process shown in
Fig. 1a looks like rather stationary, prediction reveals some
positive average angle resulting in a positive frequency offset
diminishing with time (Fig. 1b and Fig. 1c).
Observing these figures, one can arrive at a conclusion
that the Kalman filter is lesser suitable for the clock current
state estimation. In fact, owing to transients, the Kalman
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Pn

= Pn−1 − Pn−1 (I + An T CT CAn Pn−1 )−1
×An T CT CAn Pn−1 .
(A.2)

Expend the product CTn Sn in (6) as follows:
CTn Sn

=
=

n
X
i=0
n
X

CAn−i

T

Sn−i

CAn−i

T

Sn−i + (CAn ) sn

T

i=1
T

= CTn−1 Sn−1 + (CAn ) sn .

(A.3)

Now rewrite the estimate (6) at n − 1 + p as

R EFERENCES

x̄n−1+p|n−1 = An−1+p (CTn−1 Cn−1 )−1 CTn−1 Sn−1 ,
use the identities produced by P−1
= CTn Cn and (A.1),
n
respectively,
P−1
n−1

= CTn−1 Cn−1 ,

P−1
n−1

nT T
= P−1
C CAn ,
n −A

and express CTn−1 Sn−1 as
CTn−1 Sn−1

= CTn−1 Cn−1 A−n+1−p x̄n−1+p|n−1
−n+1−p
= P−1
x̄n−1+p|n−1
n−1 A

=

nT T
(P−1
C CAn )
n −A
−n+1−p
×A
x̄n−1+p|n−1 .

(A.4)

T
By P−1
n = Cn Cn and (A.3), the estimate (6) can now be
rewritten as

x̄n+p|n

= An+p Pn CTn Sn
T

= An+p Pn [CTn−1 Sn−1 + (CAn ) sn ] .(A.5)
Taking CTn−1 Sn−1 from (A.4) and then providing the transformations lead to
x̄n+p|n

= Ax̄n−1+p|n−1 + An+p Pn An T CT

× sn − CA1−p x̄n−1+p|n−1 .
(A.6)

Further assign
Fn = An Pn An T ,
multiply (A.2) with An−1 and (An−1 )T from the left-hand
and right-hand sides, respectively, provide the transformations,
and finally arrive at the fast recursive Kalman-like algorithm:
Ξ = AT CT CA ,

(A.7)

FK−1 = AK−1 (CTK−1 CK−1 )−1 (AK−1 )T ,
T

−1

Fn = AFn−1 A − AFn−1 (I + ΞFn−1 )
x̄n+p|n

(A.8)

ΞFn−1 AT ,
(A.9)

= Ax̄n−1+p|n−1 + Ap Fn CT
×(sn − CA1−p x̄n−1+p|n−1 ) , (A.10)

in which K is the number of clock states. Update (A.9) and
(A.10) for n > K − 1, because the inverse in (A.8) does not
exists otherwise.
The initial state estimate x̄K−1+p|n−1 for (A.10) can be
found using (6) as
x̄K−1+p|n−1 = AK−1+p PK−1 CTK−1 SK−1 .

(A.11)

Note that the batch computation (A.11) does not take much
time, because the number of the clock states is limited in [1]
with K = 3.
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use one TR that records GPS measurement data in succession on
both sites. This link calibration method is described below.
Firstly we do the common clock difference (CCD) experiment
with TR and the GPS receiver R1 that is used for time transfer
on this link at timing lab 1, and C1 is obtained, as illustrated in
Figure 1. Then we do the same CCD experiment at timing lab 2
with TR and the GPS receiver R2 that is used for time transfer
on this link at timing lab 2 and C2 is obtained. At the same time,
we should take the reference delay difference RDD of TR at the
different labs into account: At timing lab 1 the reference delay
of TR is RD1, and at timing lab 2 the reference delay of TR is
RD2, and the reference delay designates the time difference
between the on-time reference point of the local time scale and
the input signal provided to the receiver. If TR is operated when
its time scale is locked to the external reference frequency input,
the difference XO1 minus XO2, each representing the
differences between the internal reference and 1PPS input of TR
at the respective timing labs, designated XOD, should also be
taken care of. Immediately after the operation at lab 1 and lab 2
the same CCD experiment at timing lab 1, called closure
experiment, should be repeated to check for any change of the
internal receiver delay of TR. Any observed change of C1 that is
the difference between C1 and C3 would have to be accounted
for in the uncertainty evaluation. By calculating the single
difference of two CCD experiments, the time transfer result of
the GPS link except the difference of two time references
connected to two receivers can be acquired, and this is the
calibration value C that can be calculated from (1) ~ (4) and
we need indeed. Figure 1 illustrates the whole concept.

Abstract—The time transfer link between NIM and PTB was for
the first time calibrated using a travelling GPS receiver developed
by NIM The calibration uncertainty was estimated to about 2 ns.
The result obtained could be compared to the result derived from
differential calibrations made by BIPM in previous years. Both
results agree well within 1 ns.

I.

Foreword

In order to contribute to the realization of TAI, a calibration of
the time transfer link between National Institute of Metrology
(NIM), P. R. China, and Physikalisch-Technische Bundesanstalt
(PTB), Braunschweig, Germany, is needed. A self-developed
traveling GPS (Global Positioning System) receiver of NIM,
NIM acronym IMEU, which is based on a JAVAD E_GGD
receiver has been assembled and operated as traveling GPS
receiver (TR) at PTB and NIM in succession for that purpose.
After the suitability for the purpose of the IMEU receiver had
been verified [1], the method using it for link calibrations has
been developed [2]. The operation mode of IMEU differs from
that of the GTR50 receiver which was used in previous
successful calibration campaigns [3,4]. There are, however,
several similarities.
II.

Description of the link calibration method

When a GPS time transfer link between two timing labs,
designated as timing lab 1 and timing lab 2 has been established,
usually neither the antenna delays nor the internal receiver
delays of the GPS receivers involved in the link are known.
Both quantities are difficult to measure absolutely even though
some groups have investigated absolute internal receiver delay
calibration successfully [5~7]. Therefore the time transfer
results including the difference of internal receiver delays and
the difference of the antenna delays do not represent the true
time difference between the two time scales or clocks involved.
The GPS link thus needs to be calibrated. For this aim, we can
Sponsored by AQSIQ plan project 2010QK387
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RDD = RD1 − RD 2

(1)

XOD = XO1 − XO2

(2)

CorD = RDD + XOD

(3)

C = C1 − C 2 + CorD

(4)

Figure 1. Schematics of a link calibration by a travelling GPS receiver TR

Once C has been determined, the time transfer results of the link
should be corrected by this value C and we speak of a calibrated
link. Furthermore, the calibrated GPS link can be used to
calibrate a TWSTFT (Two-Way Satellite Time and Frequency
Transfer) link or any other existing GPS link using different
equipment. This option is particularly attractive because a
mobile TWSTFT station is hard to get for making a calibration
and some TWSTFT links cannot be calibrated by a mobile
TWSTFT station. The latter situation had prevailed for the
TWSTFT link between Asian and European institutes
established through the IS-4 satellite until spring 2010 [8].

code CGGTTS files of TTS3 which are generated and recorded
automatically by the receiver and the P3 code CGGTTS files of
PTBB and PTBG which are available on the BIPM Time
Department FTP server were used in the calibration. In addition
we used R2cggtts V4.3 [9,10] to convert the RINEX files of
IMEU and IMPR to P3 code CGGTTS files that were used in
the calibration.

III. Experimental setup of the Link calibration between NIM
and PTB
IMEU has been installed and operated as TR at NIM and PTB
for time transfer link calibration between NIM and PTB as
illustrated in Figure 2. The receivers used in the CCD
experiments at NIM and PTB are listed in Table 1.
(a) CCD at NIM

TABLE I. STATIONARY RECEIVERS USED FOR THE NIM-PTB LINK
CALIBRATION
Timing lab

Receiver name

Receiver model

NIM

IMPR

Septentrio PolaRx2eTR

PTB

PTBB, PTBG

Ashtech Z12-T

PTB

TTS3

AOS TTS-3

The first CCD was made at PTB from MJD 55265 to MJD
55275. After TR had come back to NIM, we did the CCD
experiments at NIM from MJD 55289 to MJD 55302. The
schemes of the CCD experiments at NIM and PTB are shown in
Figure 2. Due to some reasons, there is not any closure
experiment to be reported here. During the link calibration, the
30-s RINEX files were recorded by all the receivers. The P3

(b) CCD at PTB
Figure 2. Hardware set-up during the link calibration experiments

281

The reference delays RD1 and RD2 of TR were measured by
SR620 Time Interval Counters (TIC), the difference RDD of
RD1 and RD2 that were calculated according to (1) and the
corresponding standard deviations of the measurements are
given in TABLE II.

to the TAI computation, is the more significant one. The main
links between NIM and PTB in official operation are listed in
TABLE V.
TABLE V. OFFICIALLY OPERATIONAL MAIN LINKS BETWEEN NIM
AND PTB

TABLE II. REFERENCE DELAYS (RD) OF TR
Timing lab

Reference delay

Measurement
(ns)

Standard deviation
(ns)

NIM
PTB

RD1

40.294

0.010

RD2

100.637

0.007

NIM-PTB

RDD

-60.343

0.013

Measurement
(ns)

NIM

XO1

-4.015

0.017

PTB

XO2

-4.604

0.012

NIM-PTB

XOD

0.589

0.021

TABLE IV. CORRECTION (CorD) OF TR

NIM-PTB

Correction
CorD

Measurement
(ns)
-59.754

TTS3

P3 CV

P3 CV

TABLE VI. CCD RESULTS AT NIM AND PTB

Standard deviation
(ns)

So CorD according to (3) and the corresponding standard
deviation of the measurements are described as Table 4.

Timing lab

PTBG

P3 CV and PPP

The results with P3 code and PPP of the CCD experiments using
TR and IMPR at NIM are shown in Figures 3 and 4. The results
with P3 code and PPP of the CCD experiments using TR and
PTBB, PTBG and TTS3 at PTB are shown in Figures 5 and 6.
All results of the calibration values are listed in TABLE VI. The
calibration values can be computed via (4), and the uncertainty
is evaluated as described in Section 4 and tabulated in TABLE
VII.

TABLE III. INTERNAL REFERENCE DELAYS (XO) OF TR
Internal
reference delay

PTBB

IMPR

IV. Link calibration value

The internal reference delays XO1 and XO2 that were measured
by SR620 TIC and the difference XOD of XO1 and XO2 that
was calculated according to (2) and the corresponding standard
deviations of the measurements are listed in TABLE III.

Timing lab

Station

Standard deviation
(ns)
0.025

It is always considered as an option to use Common-View (CV)
instead of All-in View (AV) data analysis to calculate the
calibration value for the link as one can expect that most errors
cancel in CV. We process measurement data of two kinds, codebased ionosphere-free P3 CV data and code-plus-phase
combined RINEX data processed with Precise Point Positioning
(PPP) software. GPS P3 CV means that we choose CGGTTS P3
measurement data of the common satellites for two stations at
the same epoch to compare and then average the comparisons of
all these satellites. PPP results are obtained from NRCan-PPP
software [11]. By two methods of data processing, two kinds of
link calibration values for the same pair of GPS receivers in
operation are obtained. The calibration of the officially
operational GPS time transfer link, however, which contributes

Timing
lab

Receiver
pair

Processing
type

CCD results
(ns)

Standard
deviation (ns)

NIM

IMPR and
TR

P3

C1CV(IMPR)=35.731

0.767

NIM

IMPR and
TR

PPP

C1PPP(IMPR)=32.214

0.347

PTB

PTBB
and TR

P3

C2CV(PTBB)=
111.903

1.092

PTB

PTBG
and TR

P3

C2CV(PTBG)=
-398.090

1.201

PTB

TTS3 and
TR

P3

C2CV(TTS3)=
126.440

1.396

PTB

PTBB
and TR

PPP

C2PPP(PTBB)=
-409.828

0.291

Figure 3. Results of P3 code at NIM
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CCD results have not been understood yet.
TABLE VII. CALIBRATION VALUES
Processing type

Calibration values (ns)

Uncertainty (ns)

P3

CCV(IMPR-PTBB) = -135.9

1.8

P3

CCV(IMPR-PTBG) = 374.1

1.9

P3

CCV(IMPR-TTS3) = -150.5

2.0

PPP

CPPP(IMPR-PTBB) = 382.3

1.4

For verification of the IMPR-PTBB P3 link calibration result,
we can compare it to the previously obtained link calibration
value of 135.8 ns, which is the difference between the total
delays for the two stations as derived from the BIPM differential
calibration results of IMPR and PTBB. The campaigns were
made during MJD 55188~55194 in December 2009 at NIM [12]
and during MJD 54566~54576 in April 2008 at PTB [13]
covering IMPR and PTBB, respectively. For a meaningful
comparison, the link calibration value from the BIPM results
has to be corrected by the CGGTTS delay parameters (including
the reference delay, the antenna cable delay, and the internal
delay and antenna delay of the receiver) of PTBB because of the
use of the original CGGTTS data of PTBB from the BIPM Time
Department FTP server in our link calibration campaign. The
two link calibration values from BIPM results and
CCV(IMPR-PTBB) apparently agree well within 1 ns after more
than one year elapsed between the campaigns.
We used subsequently the calibration values to calibrate all time
transfer links shown in TABLE V during MJD 55260 to 55310
and give a direct impression of the calibrated links depicted in
Figure 7. The results show that all the links after calibration can
agree well with one another.

Figure 4. Results of PPP at NIM

Figure 5. Results of P3 code at PTB

Figure 6. Results of PPP at PTB

The jumps of PPP CCD results might come from the data
processing of the PPP software and be related to bad
observations (mainly caused by tracking problems) of TR at
NIM and PTBB at PTB. And the small drifts seen in the PPP

Figure 7.Calibrated time transfer links between NIM and PTB
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V.

Uncertainty Evaluation

2

u=

For the GPS link calibration we can evaluate the uncertainty uC
as

uC = uA2 + uB2

( 0.20 × temperature _ stability )
2
+ ( 0.24 × temperature _ stability )

(8)

The uncertainties of type B in this calibration campaign have
been evaluated as listed in TABLE VIII.

(5)

TABLE VIII. UNCERTAINTY CONTRIBUTIONS OF TYPE B.

uA is the evaluated uncertainty of type A, and uB is the evaluated
uncertainty of type B. They should be evaluated as

Uncertainty

Value (ns)

Description

uB,1

0.10

Instability of the connection to UTC(NIM)

uB,2

0.10

Instability of the connection to UTC(PTB)

uB,3*

0.50

(7)

uB,4*

0.50

uA,1 and uA,2 are the statistical uncertainties of the determination
of the CCD results at NIM and PTB separately. uB,1 and uB,2 are
the uncertainties due to the instability of the connections of the
TR to UTC(NIM) and UTC(PTB), respectively. uB,3 ~ uB,10 are
the uncertainties from the measurements of the reference delay
difference RDD of TR. uB,11 ~ uB,16 are the uncertainties from the
measurements of the internal reference delay difference XOD of
TR (there is no contribution from systematic error of TIC
because each XO would be acquired by the difference between
two types of time interval measurements X1 and X2, i.e.
XO=X2-X1, using the same TIC, by which the systematic error
of the TIC cancels out). uB,17 is the uncertainty due to the
difference between the determinations of the reference points of
UTC(NIM) and UTC(PTB). uB,18 is the uncertainty due to the
propagation (multipath). Atmospherical effects cancel out in a
quasi zero baseline setup. uB,19 is the uncertainty related to the
instability of the antenna and its cable of TR. uB,20 is the
uncertainty due to the ambiguity estimation (only for PPP) for
each receiver [14]. uB,21 is the uncertainty due to the variation of
the internal delay of TR that could be evaluated by the
difference between the first CCD results and the closure CCD
results. No closure measurement could be performed this time.
Here we estimate instead as default value 0.80 ns which is more
than the maximum corresponding value noted during the
PTB-METAS link calibration [4]. uB,22 and uB,23 are the
uncertainties due to the temperature effects (0.20 ns/degree and
0.24 ns/degree) on 1PPS output and GPS measurements
separately of TR [1] at NIM and PTB, respectively. While the
experiment was performed at NIM and PTB, the temperature
variations at NIM and PTB were 0.8 degrees and 0.2 degrees,
respectively. From that uB,22 and uB,23 was obtained by using (8).

uB,5

0.06

uB,6

0.06

uB,7

0.01

uB,8

0.01

uB,9

0.10

uB,10

0.10

uB,11*

0.06

uB,12*

0.06

uB,13*

0.02

uB,14*

0.01

uB,15*

0.10

uB,16*

0.10

uA = uA,12 + uA,22

uB =
and

(6)

23

∑uB,k 2
k =1

.
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Systematic error of the local TIC for RD1
measurement at NIM
Systematic error of the local TIC for RD2
measurement at PTB
TIC trigger level timing error for RD1
measurement at NIM
TIC trigger level timing error for RD2
measurement at PTB
Jitter of the TIC after 100 RD1 measurements
at NIM
Jitter of the TIC after 100 RD2 measurements
at PTB
TIC nonlinearities for RD1 measurement at
NIM
TIC nonlinearities for RD2 measurement at
PTB
TIC trigger level timing error for XO1
measurement at NIM
TIC trigger level timing error for XO2
measurement at PTB
Jitter of the TIC after 100 XO1 measurements
at NIM
Jitter of the TIC after 100 XO2 measurements
at PTB
TIC nonlinearities for XO1 measurement at
NIM
TIC nonlinearities for XO1 measurement at
PTB

41-46.
[7] A. Proia, G. Cibiel, L. Yaigre, “Time stability and electrical delay
comparison of dual frequency GPS receivers”, Proc. 41st Annual Precise
Time and Time Interval (PTTI) Systems and Applications Meeting, Santa
Ana Pueblo, USA, November 2009, pp. 293-301.
[8] M. Fujieda et al., “Impact of the transponder configuration on the
Asia-Europe TWSTFT network”, to be published in these proceedings
[9] P. Defraigne, G. Petit, C. Bruyninx, “Use of geodetic receivers for TAI,”
Proceedings of the 40th Annual Precise Time and Time Interval (PTTI)
Systems and Applications Meeting, Long Beach, California, December
2001.
[10] L. Tisserand, “R2CGGTTS Documentation Version 2.4.3,” 2009.
[11] J. Kouba and P. Héroux, “Precise Point Positioning Using IGS Orbit and
Clock Products,” GPS Solutions, vol. 5 n. 2, 2001, pp. 12-28.
[12] BIPM. CalibGeo_NIM-2009.
ftp://tai.bipm.org/TFG/CALIB_GEO/NIM/CalibGeo_NIM-2009.pdf [EB].
2010.
[13] BIPM. CalibGeo_PTB-2008.
ftp://tai.bipm.org/TFG/CALIB_GEO/PTB/CalibGeo_PTB-2008.pdf [EB].
2008.
[14] T. Feldmann, A. Bauch, D. Piester, Michael Rost1,Elizabeth Goldberg,
Stephen Mitchell, and Blair Fonville, “Advanced GPS based Time Link
Calibration with PTB´s New GPS Calibration Set-up,” Proceedings of the
39th Annual Precise Time and Time Interval (PTTI) Systems and
Applications Meeting, Reston, VA, Octomber 2010.

Determination of the UTC reference point at

uB,17

0.02

uB,18

0.30

Multipath

uB,19

0.18

Antenna cable and antenna

uB,20

0.30

uB,21*

0.80

uB,22#

0.26

Temperature effects of TR at NIM

uB,23#

0.07

Temperature effects of TR at PTB

PTB

Uncertainty of the ambiguity estimation(only
for the PPP link)
Instability of the internal receiver delay due to
the loss of the closure experiment

Most evaluated uncertainties have a similarity with those
described in [14]. The items with an asterisk do not exist in [14]
due to the use of the local TICs at NIM and PTB and the TR in a
different operation mode. The items with a pound have different
values using the different evaluation methods from the ones in
[14] because of the use of a different type of TR.

.

VI. Summary
The calibration of the GPS links between NIM and PTB with
self-developed TR was successfully performed. The calibration
uncertainty was estimated as about 2 ns. After that the result for
the IMPR-PTBB P3 link in this campaign and the result for the
same link by the differential calibration provided by BIPM have
been compared. Both results agree well within 1 ns. The
construction of the new clock room in the new campus of NIM
will be finished soon, and the realization of UTC(NIM) will be
transferred to the new campus. Then the TWSTFT links with
NIM will be put into routine operation and calibrated based on
the results presented in this contribution.
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Abstract— Heretofore, all precision clocks and oscillators have
required one or more ovens to control the temperature of
frequency dependent components.
Ovens always add
significantly to the power budget and limit the upper operating
temperature. In the 1970s, Jack Kusters, et al. developed the
dual-mode oscillator, which allows one mode to be used to
measure temperature [1]. Then the other mode is made as
frequency independent with temperature as can reasonably be
done. The modes used are the B- and C-modes. With
knowledge of the temperature behavior for these two modes, the
B-mode measurements can be used to compensate the much
smaller frequency dependent changes in the C-mode so that the
output is temperature independent [2].
In 1968, David W. Allan developed the time-scale algorithm for
the atomic-clock ensemble providing time for the USA at the
National Bureau of Standards in Boulder, Colorado. German
and Allan have modified that algorithm to operate with a
quartz-crystal oscillator ensemble. In addition, they have
developed an algorithm that uses the ensemble to determine the
temperature coefficients for each of the oscillators (clocks) in the
ensemble – called automatic temperature compensation (ATC).
The output of the ATC feeds the time-scale ensemble algorithm,
which has the property of providing an output better than the
best clock, and even the worst clock enhances the performance.
With this configuration, flicker-floors of parts in 1012 have been
obtained with only a gradual deterioration in stability in the
long-term. The ensemble output also compensates for long-term
frequency drift. To date, the EQUATE timing stability has
demonstrated timing errors of less than 100 microseconds for
prediction intervals out to 10 days. The ensemble operates
without an oven, with micro-degree temperature measurement
precision, has been tested over a temperature range of -40 to
+85o C and can reasonably operate at even higher temperatures.
This R&D system is now in its bread-board phase, and efforts
are in progress to turn it into a small, low-powered, timing
product [3].
This quartz-crystal oscillator timing ensemble is an essential
part of the EQUATE technology package, which provides both
precise timing as well as six-axis inertial sensing. We have
demonstrated excellent frequency stability during large dynamic
motion and during large temperature excursions. The whole
timing and navigation package should be small and require very
little power – well suited for a GPS denied environment.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

I.

OVERVIEW

There is a broad strategic need for high-accuracy INS
(Inertial Navigation System) and for a high-accuracy clock
system for GPS-Denied Navigation.
The EQUATE
technology (Ensemble of Quartz-clocks Adapting To the
Environment) is a fully integrated ensemble of multiple
(typically 6 or 7) precision, small, low-power quartz-crystal
velocity-sensing and timing oscillators. The associated
algorithms and measurement system compensate for
temperature, shock/acceleration effects, and long-term drift.
A lab proof-of-concept demonstration has been achieved for
the EQUATE technology.
The highly stable timing portion of the technology is the
main message of this paper. Since the other aspects of the
EQUATE technology are relevant to successful timing, they
will be discussed as they tie to the timing portion. One of the
significant features of EQUATE timing is that excellent
quality timing can be obtained in a dynamic environment both
as to movement as well as to temperature.
The salient features of the EQUATE technology are: (1)
atomic-clock like timing performance without a temperature
controlling oven. The piezoelectric property of quartz makes
it a good candidate for an (inertial measurement unit) IMU
sensor as the oscillation frequency shifts with acceleration.
One can configure the most sensitive directions for an
ensemble of oscillators and achieve six-axes inertial sensitivity
– thus providing (2) IMU capability. (3) In a shock or
vibration scenario the clocks are configured to minimize these
effects. Since gravity is an acceleration vector, a properly
configured ensemble (4) can determine the local vertical.
Because time is the integral of frequency and velocity is the
integral of acceleration, (5) time or phase variations
correspond to velocity variations in the EQUATE package;
thus eliminating one level of integration errors as is common
in all other inertial navigation system (INS) packages. These
relative-velocity measurements can be made in all six-axes
with high precision – (6) including the sensing of zero velocity
in some scenarios.
Because the local vertical can be
determined and with an azimuthal reference (7) EQUATE has
no coordinate drift within the small angles of measurement
uncertainty. (8) EQUATE is being designed to operate over
the full range of military environmental conditions. And (9)
EQUATE has very high reliability using ensemble technology,
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which includes a self-calibration capability to remove
frequency drift errors and mal-performing clocks, – giving it a
significant level of robustness.
The EQUATE technology brings together many proven
technologies in a unique way – giving it several unique
dimensions; i.e. ovenless operation, determining the local
vertical, adaptively improving its performance as it learns
from environmental changes, and combining precise timing
and inertial sensing into one package.
II.

TECHNICAL RATIONALE AND APPROACH

The time of the clocks are measured synchronously every
second with sub-picosecond resolution – thus reducing the
measurement noise to a negligible level [4]. This allows the
measurement of systematic effects quickly and accurately.
Each crystal’s in situ temperature is transduced by measuring
the frequency of the B-mode with typical sensitivity of ~ 26
ppm/°C. This technique greatly reduces any hysteresis effects.
These measurements are then used to remove the temperature
effects on the C-mode frequency. An algorithm has been
developed that provides an automatic and adaptive estimates
of the temperature coefficients for each of the clocks. The net
of this is a temperature independent output from each of the
clocks -- providing the input for the clock ensemble algorithm,
which produces EQUATE’s timing output. The crystal
gamma (acceleration-sensitivity) vectors can be accurately
determined for each EQUATE ensemble member and these
are used for the IMU calculations and for the removal of
motional effects in order to maintain good timing
performance. The oscillators 1–6 are arrayed, as an example,
with sensitivity directions +X, −X, +Y, −Y, +Z, and –Z on
each face of a cube. This configuration also has the
advantage, that for shock and vibration, opposite oscillators
have first order cancelation benefits.
Clock-ensemble algorithms have been around for decades.
One of the authors wrote the algorithm that generated time for
the National Bureau of Standards in 1968 (NBS was renamed
NIST). This algorithm (denoted AT1) with improvements is
still used to generate time for the civil-sector of the nation’s
community. This algorithm is particularly adaptable to be
used with clocks which have flicker noise, which is commonly
observed as a good model in quartz-crystal oscillators. There
are several papers that discuss the NBS/NIST AT1 algorithm.
[5]– [9].
The EQUATE ensemble uses the virtues of the AT1
algorithm, with additional unique features added for quartzcrystal oscillators. The virtues of the EQUATE algorithm
include: (1) the software computed time is more stable than
the best clock in the ensemble; (2) even the worst clock
enhances the computed time; (3) the time or phase of every
clock is continually known with respect to the ensemble time
and to every other clock; (4) ensemble robustness and
reliability are inherent since if any one of the clocks malperforms, it is rejected and its time and/or frequency is
recalibrated; (5) the ensemble is adaptive as each of the clocks
may improve or degrade with time (adapts to the
environmental situation); (6) is optimized for both short-term
and long-term performance; (7) is designed to work with
environmental changes without an oven and at low power; (8)
it is designed to ameliorate the effects of shock and vibration

Figure 1. 6 Member Dual-Mode Oscillator Ensemble in Thermal Chamber
with Aluminum Plate for Thermal Substrate and RF Shielding for Isolation.

while measuring acceleration; (9) because the phase or time
residuals are known for each of the ensemble members, both
translational and rotational velocities are transduced; (10)
having the ability to sense zero acceleration and zero velocity
in some scenarios, it can use this information to recalibrate
bias drift – resulting in a t1/2 position error dispersion rate; and
(11) both the random and the systematic parameters for each
of the clocks are known and adaptively updated with time so
that the EQUATE algorithms can minimize perturbing effects
and maximize its performance in providing accurate position,
orientation -- avoiding coordinate drift -- and providing
precise short and long-term timing.
III.

EQUATE TIMING EXPERIMENTS

EQUATE’s ovenless timing has been tested over the
military specification range of -40o to +85o C with rubidium
clock like performance. In this experiment, the clocks were
all placed on the same thermal substrate (see Figures 1 and 2).
The temperature was held at each of the extremes for two
hours, and then it was ramped up/down at a 2o C/minute rate.
Figures 3 and 4 show the B-mode and C-mode fractional
frequencies, respectively, over an interval of 3 days. The
temperature is effectively measured for each clock in the
ensemble to a precision of about a microdegree. The
frequencies are measured every second with a precision of

Figure 2. Detail showing oscillator packages, aluminum foil used to provide
shielding and plastic used to improve thermal uniformity & reduce transients.
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Figure 3. B-mode frequencies of the six clocks in the EQUATE ensemble.

Figure 4. C-mode frequencies of the six clocks in the EQUATE ensemble.

about 1 x 10-12. Figure 5 shows a plot of the fractional
frequency output of the EQUATE timing algorithm. Figure 6
shows the EQUATE timing instabilities along with other well
known frequency standards.

So, Figure 6 demonstrates the excellent performance of the
EQUATE timing package under very adverse temperature
conditions, and EQUATE has the extremely valuable asset of
needing no oven – in contrast to the rubidium and OCXO
which both shield the temperature sensitive components in
controlled ovens that limit their upper operating temperatures.

The Allan deviation instabilities (ADEV) shown in Figure
6 extend out for averaging times, τ, of the order of a day. The
lower the value on the chart, the more stable the clock is. For
example, if a clock has σy(τ) = 1 X 10-11, then it has a time
predictability of about 1 microsecond over a day. The stability
comparisons in Figure 6 are like comparing apples, to oranges,
to bananas because the EQUATE timing package is
temperature modulated every six hours from -40o to +85o C,
and the rubidium clock is in an ambient temperature
environment and is phase-locked to GPS; the OCXO is free
running and is in an ambient temperature environment.

y ensemble versus reference

3

x 10

For these data, the EQUATE timing package was using an
external reference to determine the temperature coefficients of
the ensemble member clocks. The frequency drift has been
subtracted from the EQUATE’s timing package performance,
as would happen in an application scenario in anticipation of
moving into a self-calibration mode, when the reference is no
longer available. The reference for all of the clocks in these
stability plots is an HP 58503 GPS receiver – a highly stable
ovenized quartz-crystal oscillator locked to the GPS atomic
clock constellation.
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Figure 6. Frequency Stability plot for Ovenless EQUATE ensemble undergoing peak-to-peak temperature variations of 125o C (235o F) while the other
clocks being compared are at ambient temperatures and the rubidium clock is phase locked to GPS.

OCXO Room Temp – The rise in the instabilities of the
ovenized OCXO for larger averaging times is primarily due to
diurnal temperature variations, which can be as large as 10
degrees C peak-to-peak; in comparison, the EQUATE timing
package is going through a 125 degree C peak-to-peak oven
cycle four times per day.
Rb locked to GPS (Room Temp) – The rise in the
instabilities of the rubidium atomic clock – peaking at about
1,000 seconds averaging time – are the effects of the servo
locking the rubidium to the GPS satellites’ signals; then the
fall off for larger averaging times is as its stabilities approach
the GPS signal to which it is locking. The dotted line sloping
up to the right is the typical instabilities introduced by a
rubidium clock’s frequency drift, when not locked to GPS.
EQUATE – The blue curves show the stabilities obtained
for the EQUATE timing package. The flicker-floor dashed
line which we believe from the theory will continue at this
level of a few parts in 1012 for longer averaging times. Hence,
we see that the EQUATE timing package can be as good or
better than high quality commercial atomic clocks while
consuming less than 1/1000th of the power and while going
through a temperature range that is more than 10 times as
large. The solid blue line instabilities are from EQUATE
timing package data where some frequency drift was present
along with frequency pops and jumps. The dotted blue line
shows the effects of removing the frequency drift from these
data in anticipation of self-calibrated drift.
EQUATE requires initial calibration. Once calibrated
properly it can fly-wheel forward from its last known position,
orientation and time. After calibration and when no external
timing referencing is available, then EQUATE becomes its
own source of precise and accurate time. Its atomic-clock

timing stability is then available for the IMU portion of the
EQUATE package. The blue curve in Figure 7 is an example
of the long-term stability of the EQUATE timing package
when it is self referenced while being modulated in
temperature every six hours over 125 degrees C range. The
black curve shows the EQUATE frequency stability when an
external reference is available and the temperature is being
modulated in the same way. In an application scenario, the
black curve is the frequency stability obtained during the time
when the EQUATE package is being calibrated. The blue
curve is the long-term frequency stability when the external
reference is removed and EQUATE becomes the primary
reference. It is apparent that the self-referencing capability of
the EQUATE timing package is a very important dimension of
the EQUATE technology. These are the first results for self
referencing. Theoretical indications are that the future holds
improvements even over these excellent results.
Also, in Figure 7, for comparison in a similar temperature
environment, the stability is plotted of an OCXO and of a
commercial rubidium frequency standard, but over a reduced
temperature range of -20o C to +65o C to conform with the
specifications of the manufacturer of the rubidium clock. In
this case, the OCXO and the rubidium clocks were subject to
40 C degrees less temperature variations than the EQUATE
ensemble. In all three cases the temperature was held at the
extremes for two hours and the ramp rates were two degrees
per minute. The peak-to-peak phase or time modulation (xpp)
in an ADEV stability diagram is given by:
,
where fm is the frequency of modulation.
In these
experiments, 1/fm was about six hours. Some residual
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Figure 7. Frequency Stability plot with wide temperature modulation with about six hour periods: for ovenless EQUATE (-40o to +85o C), for a commercial
rubidium, and an OCXO (-20o to +65o C)

temperature effects were present in the EQUATE output as
can be seen by the hump at τ = 10,980 s (~3 hours) in the
ADEV stability diagram shown in Figure 6. This equation
assumes sine wave modulation. Using the data shown in
Figures 6 and 7, xpp was calculated for each of the three
clocks, and under the assumption of sine wave modulation the
estimated frequency dependence per degree C was 480, 9.2,
and 0.63 parts in 1012, respectively.
The time prediction error of a clock for flicker noise is
given by xpred(τp) = 1.2 τp σy(τp), where τp is the prediction
interval. The GPS Wing’s desired prediction error in a GPS
denied scenario is 100μs. Using this equation and the flicker
floor level shown for the EQUATE timing ensemble indicates
that the prediction error for EQUATE would be less than
100μs for prediction times out to ten days.
6
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IV.

EQUATE INERTIAL SENSING EXPERIMENTS

EQUATE is unique, as mentioned above, because it is
both a precise timing package as well as providing inertial
sensing capability. Most clocks shield against environmental
temperature changes and against shock and vibration to get the
best timing performance. Similarly, most INS packages may
be adversely affected by these same environmental conditions.
The EQUATE technology approaches these environmental
perturbations very differently. Taking advantage of the
piezoelectric effect and the high Q inherent in quartz –
providing excellent short-term frequency stability – changes in
temperature and motional effects are not shielded but utilized.
The EQUATE algorithms measure the temperature with
micro-degree precision; this precision is one reason for the
success of the ovenless very stable timing approach. The
piezoelectric effect in quartz with certain crystal cuts provides
about a milli-g sensitivity to acceleration. Because time
deviations correspond to velocity deviations, this gives
significant advantage to this technology. So by precisely
measuring and removing the effects of these environmental
parameters gives the EQUATE technology the capability of
having long-term frequency stability (excellent time
predictability) as well as IMU capability. Hence, we see that
temperature effects and motional effects are all integrated into
the timing of the EQUATE technology.
The frequency stability of EQUATE has been measured
under dynamic operation with a six-axis test bed. Six clocks
were optimally configured around the perimeter of a light
weight cube -- 20 cm on a side. This cube was placed on the

Figure 8. EQUATE measures velocity in six-axis pendulum configuration.
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plagues every other INS unit. EQUATE achieves the atomicclock like, long-term frequency-stability timing performance
by utilizing the outstanding high-Q, which readily yields
excellent short-term stability, and then sensing systematic
instabilities in an ensemble mode to remove these effects–
thus obtaining excellent long-term stability as well.
Rather than shielding against environmental changes,
EQUATE measures these environmental effects and removes
them – adaptively improving its knowledge of these effects
with time. The ovenless performance is one of the major
benefits of this approach for lower system power. In the
ensemble mode, EQUATE automatically determines the
temperature coefficients for each of its member clocks and
subtracts the effects due to temperature, which provides it with
the unique characteristic of having temperature independence
over extremely large temperature variations without an oven.
Figure 9. Cube /Pendulum Test Fixture for EQUATE Inertial Experiments.

end of a 60 cm rigid shaft. One end of the shaft was attached
to a fulcrum and the other to the cube. Over 20 kilograms of
lead were placed near the top of the shaft to give a whipping
action at the end of the pendulum. The cube traversed about 5
meters during its period of 1.3 seconds and obtained
accelerations of about 5 g’s. The pivot point of the shaft was
attached to a resolver to accurately measure the shaft angle.
Our goal was to know the position of the quartz resonator in
each clock in the cube to within 1 mm. The cube was made so
that it can be rotated in any position on the end of the shaft to
produce translation and rotation in all six axes. Clock
frequency stabilities of parts in 1012 during these high dynamic
conditions were measured, and the velocity was measured
accurately as shown in Figure 8, and Figure 9 shows the
cube/pendulum configuration.
The self-calibration capability of EQUATE leads to an in
situ determination of each individual clocks temperature
coefficients and a theoretical position-error dispersion rate
going as t1/2 in some scenarios. This dispersion rate was
demonstrated for a linear tracking mode at a level of σs =
0.00078 meters τ1/2, where σs is the predicted error of position
over a prediction time τ in seconds. Excellent timing stability
was also demonstrated during this experiment when the effects
of linear motion were subtracted. We are yet to perform the
experiment combining high dynamics and large temperature
variations. We have done each of them individually and
obtained excellent timing stability, and the theory predicts that
the EQUATE package should work well under these
combined conditions also. That is yet to be proven.
V.

CONCLUSIONS

These temperature independent outputs from each of the
clocks in the EQUATE ensemble are then fed to an NIST
time-scale algorithm, uniquely modified to work with the
features of quartz – rather than with atomic clocks – to
generate outstanding long-term frequency stability
performance. This translates to very small time prediction
errors for long-term precise timing needs as well as providing
an excellent timing reference for the IMU part of the
EQUATE package. EQUATE’s ovenless operation allows for
reduced system size and power. The EQUATE technology
approach has led to an improvement in frequency stability that
is more than a hundred times better than the previous state-ofthe-art, while also demonstrating the potential for INS
capabilities with a non-drifting coordinate system. The
EQUATE timing and INS package could be of major benefit
in GPS denied environments as well as in a large number of
other applications.
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Abstract—This work presents a novel scheme to simulate a
paper time scale by utilizing ensemble clock data of time
laboratories in the eastern Asia-Pacific region. Based on
integration of the above data with a neural-fuzzy prediction
approach, the time difference with a local coordinated universal
time is analyzed by a reference time scale devised in this work.
Validity of the proposed scheme is investigated by undertaking a
250-day long neural-fuzzy predictor that is based on the
calculated clock ensembles from Asian time laboratories. In the
Asia-Pacific rim region, TWSTFT links from four laboratories,
including the National Institute of Information and
Communications Technology of Japan (NICT), the National
Time Service Center of China (NTSC), the Korea Research
Institute of Standards and Science of Korea (KRISS), and the
Telecommunication Laboratories of Taiwan (TL), have formed
a time transfer network based on use of multi-channel TWSTFT
time transfer modems. Thus, a paper neural-fuzzy reference
time scale by using the ensemble clock data among NICT,
NTSC, KRISS, and TL in the Asia-Pacific region is simulated.
Moreover, the performance of the proposed time scale is
evaluated.

I.

represented as local realizations of UTC(lab) in their countries.
The Bureau International des Poids et Mesures (BIPM) Time
Section coordinates the international time scale and publishes
time difference results between UTC and UTC(lab) at the
middle of the following month in Circular T [1]-[3]. However,
to predict the real-time time differences for specific
applications is necessary from the view of a particular region
[4], [5] or time laboratories [6]-[8].
It is potentially to calculate a paper time scale in this
region based on the clock difference information obtained
from the aforementioned TWSTFT network and the BIPM ftp
site. To provide a precise and reliable reference time source,
this work attempts to devise a paper time scale in the eastern
Asia-Pacific region with improved frequency stabilities by
utilizing the neural-fuzzy prediction technique [9], [10].

INTRODUCTION

In the eastern Asia-Pacific rim region, TWSTFT links
from four laboratories, including National Institute of
Information and Communications Technology of Japan
(NICT), National Time Service Center of China (NTSC),
Korea Research Institute of Standards and Science of Korea
(KRISS), and Telecommunication Laboratories of Taiwan
(TL), have formed a time transfer network based on use of
multi-channel time transfer modems as shown in Fig. 1. These
four laboratories keep national standard time and are
This work was supported in part by the Bureau of Standards, Metrology
& Inspection, Ministry of Economic Affairs, Taiwan under Grant 100-140305-05-13.
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Fig. 1. Conceptual diagram of the proposed scheme.

benefiting from their simple structure and computation. In
this work, the input space is divided into five sets, i.e.
negative big (NB), negative small (NS), zero (ZE), positive
small (PS), and positive big (PB), for a frequency offset or its
change. The sets are designed to be closer to the desired value
of zero in order to provide precise control. The inputs to an ifthen rule are the frequency offset ( y k ) and its change ( Δyk ).
These rules can be expressed as
If { yk is Ar and Δyk is Bs}, then {u is Crs},

(1)

where Ar, Bs, and Crs denote the linguistic values defined by
fuzzy sets on the universes of discourse.
The fuzzy-controller output is determined from the centeraverage method formulated as
n

yˆ = K out

∑wu

i i

i =1
n

,

(2)

∑u

i

i =1

where
K out : output control gain;

Fig. 2. System architecture of the proposed scheme.
II.

PROPOSED SCHEME

Fig. 1 shows the conceptual block diagram of the proposed
scheme. It consists of the TWSTFT network among the
laboratories in the eastern Asia-Pacific rim region, atomic
clock comparison data with respect to UTC(lab), and neuralfuzzy predictor. Fig. 2 shows the system architecture diagram
of the neural-fuzzy predictor applied in the proposed scheme.
Furthermore, the frequency offset ( y k ) and its change with
respect to time ( Δyk ) are fed into a fuzzy controller (as shown
in Fig. 3) and an adaptive network-based fuzzy inference
system (ANFIS) predictor (as shown in Fig. 4), respectively. It
is worth noting that if the proposed scheme accompanies an
active hydrogen maser and a microstepper as depicted in Fig.
2, it can be used as actualization of the simulated paper time
scale to a physical clock.

ŷ

: predicted output frequency offset;

wi

: grade of the ith output MF;

ui
n

: output label for the value contributed by the ith MF;
: number of contributions from the rules.

B. ANFIS predictor
The ANFIS architecture used in this study is shown in Fig.
4. The number of membership functions ( mf i ) assigned to
each input of the ANFIS was arbitrarily set to 2, and so the
rule number is 16. The ANFIS used here contains a total 104
fitting parameters, of which 24 are premise parameters and 80
are consequent parameters.

A. Fuzzy Controller
In fuzzy controller, triangular-shaped membership
functions (mfs) are chosen for the control input variables

Fig. 4. ANFIS architecture employed in this work.

Fig. 3. Fuzzy controller architecture employed in this work.
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A Type-3 ANFIS employs a first-order, defined by the
following rule base structure:
if x is A and y is B, then z = px + qy + r ,

(3)

where A and B are fuzzy sets for the input and p, q, and r are
constants. The node functions in Layer 1 are all bell-shaped
with maximum equal to 1 and minimum equal to 0, such as

μ Ai ( x ) =

1
⎛ x − ci
1 + [⎜⎜
⎝ ai

2

⎞ bi
⎟⎟ ]
⎠

,

(4)

where {ai , bi , ci } is the parameter set. Every node in Layer 2
multiplies the incoming signals and sends the product out.
The output of this layer (wi) is given by
wi = μ Ai ( x(t − 3nτ )) × μ Bi ( x(t − 2nτ ))
× μ Ci ( x(t − nτ )) × μ Di ( x(t ))

.

(5)

In Layer 2, each node output is then fed to Layer 3 to
determine the individual rule’s firing strengths as a ratio of all
the rules firing strengths. For the nth node in this layer, the
output of this layer (normalized firing strength) is given by
wn
wn =
.
w1 + w2 + ...wi

(6)

Every node in Layer 4 multiple the normalized firing
strengths by the consequent parameters:

output = wi f i , and f i = pi x + qi y + ri ,

Fig. 6.
Time stabilities of UTC-UTC(TL), UTCUTC(NICT), UTC-UTC(NTSC), UTC-UTC(KRIS), and NRT.

(7)

where { pi , qi , ri } is the parameter set. The final layer (layer 5)
which computes the weighted average of all the outputs to
generate an overall output signal:

Overall output =
III.

∑w f
i

i

wi

(8)

SIMULATION RESULTS

The neural-fuzzy reference time scale (NRT) was computed
using the atomic clock and TWSTFT data from MJD=54959
to 55499 of time laboratories in the eastern Asia-Pacific
region. For simplicity, 18 atomic clocks at NICT, 16 clocks at
NTSC, 3 clocks at KRISS, and 11 clocks at TL, totally, 48
clocks were used for computation of our simulation. A 250day long training set based on the aforementioned clock
ensembles were used in the proposed neural-fuzzy predictor.
In this work, we chose about five-month input-output data
pairs of the following format:
[ x(t − 3nτ − mτ ), x (t − 2nτ − mτ ), x(t − nτ − mτ ), x(t − mτ )

,
; x (t + nτ − mτ )]
and m = 0,1, 2,3, 4,5

(9)

where
τ is equal to 5days;
n is equal to 6 for one month prediction;

x (t + nτ − mτ ) is the predicted value.

Fig. 5. Time scale differences of UTC-UTC(TL), UTCUTC(NICT), UTC-UTC(NTSC), UTC-UTC(KRIS), and NRT.

Whenever the Circular T is published, equation (9) can
predict NRT of the next month again.
Fig. 5 shows the time scale differences of the UTC-UTC(k),
and the predicted NRT, where k represents one of following
laboratories: NICT, KRISS, NTSC, and TL. This figure shows
a UTC-UTC(TL) time step jump from MJD=55339 to 55359,
but our simulated NRT does not have such jump during the
same period. This figure also shows a UTC-UTC(NICT)
frequency change at MJD=55399, whereas our simulated
NRT does not appear such frequency change at the same time.
Besides, Fig. 5 shows the simulated time scale NRT is less
than 5 ns.
Fig. 6 shows the time stabilities of UTC-UTC(NICT),
UTC-UTC(NTSC), UTC-UTC(KRIS), UTC-UTC(TL), and
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NRT. According to these results, the stabilities of NRT were [2] C. S. Liao, H. T. Lin, F. D. Chu, Y. J. Huang, K. Y. Tu and W. H.
Tseng, “Forming a Real-time Time Scale with Asia-Pacific TWSTFT
the lowest (best). Quantitatively, the TDEV of NRT was lower
Network Data,” in Digest 2010 Conference on Precision
than 1 ns for the whole time interval in Fig. 6.
Electromagnetic Measurements (CPEM), 2010, pp. 436-437, Daejeon,
IV.

SUMMARY

This work has presented a novel scheme to generate a
paper reference time scale by using the ensemble clock data
among the TWSTFT laboratories such as NICT, NTSC,
KRISS and TL in the eastern Asia-Pacific region.
Experimental results show the performance of the simulated
time scale NRT is less than 5 ns and the TDEV of NRT is
lower than 1 ns.
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Abstract—Two-way satellite time and frequency transfer

stations is poor and the satellite’s movement with respect

(TWSTFT) is one of the most precise and accurate

to the earth station is very small[1]. Two-way satellite time

long-distance time transfer techniques nowadays.

A C band

and frequency transfer has been proven to be the most

multi-station satellite tracking system is developed based on

appropriate means of comparing time-scales and atomic

TWSTFT in China. This system can not only measure the

frequency standards nowadays[2]. A C band multi-station

distance between a satellite with transponders and earth

satellite

stations, but also realize the time synchronization between all

determination system by transfer, is developed based on

earth stations. The satellite orbit can be determined by the

TWSTFT by the NTSC[3]. There are five earth stations in

distances. Five earth stations have been constructed in China.

China, the major station is at Lintong. The modem with

The master station is placed at the National Time Service

multi-channel receiver is used in this system. It can not

Center (NTSC) in Lintong. There are a very small antenna

only range the distances between the satellite and earth

terminal (VSAT) of 3.7 meters, up/down converters, a

stations, but also make the time comparison between every

modem and an atomic clock in each station. The up and

two earth stations by TWSTFT.

tracking

system,

i.e.,

a

satellite

orbit

down link frequencies are 6GHz and 4GHz .The spread
spectrum signal generated by the modem is 20MHz chip

II.

rate .The transmitter power is less than 1W. The results show

RANGING AND ORBIT DETERMINATION

that the accuracy of ranging, orbit determination and time
synchronization between all earth stations is about 1cm，

A.

10cm and 0.1ns respectively.

I.

Ranging
Ranging principle for multi-station satellite tracking

INTRODUCTION

system is that precise time signals from atomic clocks of
earth stations are modulated with different pseudo
noise(PN) code sequences, then the signals are transmitted

A GEO satellite is placed at an altitude of 36000km

to the satellite through an up-converter and a 3.7 meters

and it can be kept in the fixed position above the equator,

VAST at Tt. When the satellite receives the signals from

so it is the important part of the Chinese satellite

earth stations, the transponder processes and retransmits

navigation system. But it is more difficult to determine the

the signals. The earth stations receive the signals from the

orbit of GEO navigation satellites with high accuracy,

satellite through the 3.7 meters VAST and down-converter

because the geometry of the satellite and ground tracking

978-1-61284-110-6/11/$26.00 ©2011 IEEE

at Tr. Then the modem demodulates the signals and
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computes the signal transmission time delay t. Fig. 1 is the

B.

principle block diagram of satellite ranging.

Satellite Orbit Determination
In the duration from 07 June 2005 to 09 June 2005,

Sino-1 satellite was observed continually. The 12 sets of
parameters, including 6 sets for satellite orbit parameters,
1 set for light pressure, 2 sets for experiential acceleration,
3 sets for transponder delays, were determined. The results
show that the accuracy of orbit determination about 10cm.
The Residuals (o-c) of 5 stations for orbit determination of
Sino-1 satellite are as follows：
Figure 1. Principle of time delay of signals for both stations

The distances between the satellite and earth stations
are determined by (1):
s＝（c×t）/2

（1）

where: c is the speed of light
In the actual measurement, the time delay t includes
ionosphere delay, troposphere delay, Sagnac effect,

Figure 2. Residuals (o-c) of 5 stations for orbit determination of Sino-1

equipment delay and so on. These error delays must be

satellite in the duration of 7 June 2005, RMS=0.085m

subtracted from the delay t.
t=(Tr-Tt)/2+Δtionosphere+Δttroposphere+Δtsagnac+
Δttransponder+Δtequipment+ε

(2)

The ionosphere delay can be removed by ionosphere
TEC models or dual-frequency method. The troposphere
delay can be removed by troposphere empirical models[4].
The Sagnac effect can be canceled out by the Sagnac
correction in the up/down links. The transponder delay can
be measured before the satellite launched or solved as a

Figure 3. Residuals (o-c) of 5 stations for orbit determination of Sino-1

parameter in the orbit determination. The equipment delay

satellite in the duration of 8 June 2005, RMS=0.088m

can be measured in real-time. ε is the measurement noise.
As shown in Table I, the accuracy of raging is about 1 cm
for the multi-station satellite tracking system.
TableⅠ.

RANGE ACCURACY(1σ) FOR 5 STATIONS
station

accuracy(RMS)

1st station

6.0mm

2nd station

12.9mm

3rd station

6.1mm

4th station

8.3mm

5th station

12.8mm

Average of 5 stations

Figure 4. Residuals (o-c) of 5 stations for orbit determination of Sino-1
satellite in the duration of 9 June 2005, RMS=0.096m

III.

TIME COMPARISON

9.2mm

The satellite tracking system is developed based on
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TWSTFT. The multi-channel receiver is used in this
system. It can not only range the distances between the
satellite and earth stations, but also make the time
comparison between every two earth stations. The time
comparison is based on the exchange of timing signals
through GEO between two earth stations. The time
interval counter reading at station i is:
Rij=Tj-Ti+τiU +τjD +τs +τiT +τjR +τjSagnac
U

D

T

R

Sagnac

Rji=Ti-Tj+τj +τi +τs +τj +τi +τi

(3)
(4)

Where:

Figure 6. Results of clock(3rd)- clock(2nd) in the duration of 7 June 2005

Rij: the reading of the time interval counter at
station i receiving signals from station j
Ti: local time-scale for station i
τiU:signal path uplink delay for station i
τiD: signal path downlink delay for station i
τs: satellite path delay through the transponder
τiT: the equipment transmitter channel delay for the
station i
τiR: the equipment receiver channel delay for the
station i
τiSagnac: Sagnac correction in the downlink

Figure 7. Results of clock(3rd)- clock(5th) in the duration of 7 June 2005

By subtracting (4) from (3), we get：
ΔTji=1/2(Rji-Rij)+1/2[(τiU+τjD)-( τjU+τiD)]+1/2[(τjR+τiT)
-(τjT+τiR)]+1/2(τiSagnac-τjSagnac)

(5)

As shown in Fig. 5-7, the results of clock offset

IV.

CONCLUSION

between the master station and slave stations by TWSTFT
are given. The raw TWSTFT data had not been calibrated.
The multi-station satellite tracking system based on

The rubidium atomic clock is used in the 4th slave station.

TWSTFT can provide us with highly precise data of time

This station’s clock offset is not shown.

and distance of GEO satellites with transponders. The
orbit accuracy is improved greatly than other methods,

e.g. The CCD and the United system for S Band (USB)
technologies. This technology has been successfully used
to the Chinese Area Positioning System, a satellite
navigation system developed by China.
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Abstract— In this paper, a new, recently developed hardware for
time transfer using passive listening and detection of SDH frame
headers in fiber-optical networks is described. The method has
been presented earlier, and results, using prototype equipment
and an experimental fiber-link, have shown that time transfer
with a precision of a few nanoseconds is possible over links with
network distances exceeding 500 km. In order to further develop
the method and make it available to regular users of time
keeping equipment, it has been essential to minimize the space
requirements of needed hardware and to make the
implementation and installation more easily and straight
forward.

I.

INTRODUCTION

The motivation of this work is to develop an alternative
and complementary time transfer method using existing
infrastructure, and to make it accessible to regular time and
frequency users with precision and accuracy comparable to the
commonly used satellite-based methods. It is well known that
time transfer methods using global positioning systems, such
as GPS (see e.g. [1] and references therein), are used in a
variety of time and frequency applications. For applications
requiring extended robustness and reliability, it is often
necessary that complementary, backup methods are available
with similar precision and accuracy. For instance, in
international time metrology, two-way satellite time and
frequency transfer (TWSTFT) (see e.g. [1] and references
therein) using geostationary satellites, has been used for many
years. Also, in recent years, time transfer methods using
optical networks have been extensively studied and
developed; see for example [2-4]. The fact that optical and
radio-based transmission differ in signal frequency and
infrastructure, make the combination of both types of methods
much less vulnerable to intentional or unintentional
disturbances.
As a contribution to the robustness and reliability of time
and frequency transfer, SP Technical Research Institute of
Sweden has developed a novel time and frequency transfer

method based on passive listening and detection of SDH
frame headers in fiber-optical networks. The method has been
studied since 2005, see e.g. [4-6], and results, using several
months of data and prototype hardware implemented in
experimental fiber-links, have shown that time transfer with a
precision of a few nanoseconds is achievable over links
exceeding 500 km.
This paper describes a new hardware, which replaces the
prototype equipment, which is essential for extended
implementation and straight forward user installation. Section
II will briefly review the method and its principles of
operation. Section III goes through the details of the new
hardware and its different components. Finally, Section IV
lists some intended future work with discussions.
II.

The method is based on passive listening and detection of
SDH frame headers, presently using an OC-192/STM-64
connection between core IP-routers at a nominal bit rate of
9953 Mbit/s, but is in practice with minor adjustments
applicable to any STM line rate (or packet-based data
transmission network).
SDH [7] defines the transmission of packets of data in
nominally 125 μs long frames, where each frame starts with a
well-defined sequence of A1 and A2 bytes that defines the
beginning of a new frame, followed by frame information and
finally the payload. The A1A2 sequence is chosen since it is
extremely improbable that it occurs anywhere else in the bit
stream and can therefore be used as a reference marker for the
detection of the start of a new frame. At STM-64, this
sequence is 192 A1 bytes followed by 192 A2 bytes.
In the time transfer setup, the reference marker is an
electrical pulse which is generated at detections of a full A1A2
sequence. To succeed in an accurate time transfer, this
operation must be performed both at the bit stream leaving the
node, as well as the bit stream arriving at the node, i.e., in a
two-way sense (see Fig. 1). The fundamental concept is to

This work is sponsored by the Swedish Post and Telecom Agency (PTS)
under contract 04-9438.
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Figure 1. Principles of the two-way time transfer method. Optical signals
are split-off to an O/E receiver. Frame headers are detected and pulses
(PA and PB), based on the local oscillator in respective router, are
generated. Time interval counters are used to relate pulses to local clocks
(CA and CB) at both ends of a link. The two-way relation cancels most of
the one-way delay variations leaving residual effects and a constant offset
in F(t).

detect the time when this frame-start sequence is transmitted
from a node in the network, in combination with the time
when the same sequence arrives at the receiving node, where
both time stamps are measured relative to the local clock at
each node.
The transmission from a router is synchronized to a local
oscillator (OCXO). The frequency stability of this clock
source for the SDH framing do affect the performance of the
time transfer by its jitter specification of less than 30 ps. This
jitter is not notable in the present measurements; however,
router oscillators could become a limiting component in future
systems.
To implement the system, each fiber is equipped with two
passive fiber-optic power splitters. At the transmitter, where
the power level is high, 1% of the light is directed to the time
analysis circuits, and at the receiving end, where the power
level is low, 10% is split off to the circuits. The 11% added
loss to the fiber transmission will decrease the power margin
of the system, but it is anticipated that all systems are
implemented with a far higher margin. All previous
experiments have also validated this assumption.
III.

DESPCRIPTION OF NEW HARDWARE

The recently developed hardware called Time Transfer
Unit (TTU) is shown in Fig. 2. Each TTU contains custommade printed circuit boards (PCBs) with different tasks and a
single-board computer. The unit is 2U high, which is
approximately 90 mm. The unit is equipped with two
redundant fans attached to the back panel for necessary
cooling. It will also work without the fans if a high enough air
flow is available through the ventilation holes located in the
front of the top- and bottom covers. Furthermore, with
references to Fig. 3, which shows the modular design of the
TTU, and Fig. 4, which shows more details of the internal
functionalities, the following sub-sections describe each part
of the new hardware.
A. Backplane
The cards are connected to slots on a backplane which
supplies each card with necessary power. It distributes 1-pps

Figure 2. New, recently developed 2U (90 mm) hardware. Front panel
and top view (without cover).

and 5/10-MHz signals from the oscillator card to the channel
cards. It also serves the serial communication between each
card and the single-board computer, necessary for example for
measurement data, status bits, and Field Programmable Gate
Array (FPGA) configuration updates.
B. Channel card
Up to 4 channel cards with 2 input channels each may be
installed in the TTU. The incoming optical signal is converted
to an electrical signal using an Avalanche Photo Diode (APD)
receiver and is parallelized to 16 channels using a 1:16
DEMUX and then feed into an FPGA for analysis and frame
header recognition (HR). The signal is thereafter serialized
again in a 16:1 MUX and frame header pulses with a
nominally frequency of 8-kHz are eventually generated based
on the frame detection. The reason for parallelizing the signal
is that the implemented FPGA is at its best working at 622
Mbit/s and the incoming signal is at 9953 Mbit/s. The
alternative would have been to use an FPGA that could handle
the fast bit stream without parallelizing, but at the time of
development a faster FPGA was much more expensive and its
jitter performance not yet analyzed.
Three PLLs are used in the setup, one for reconditioning of
the incoming signal after the APD, which introduces jitter, and
two PLLs in the FPGA on the Rx- and Tx-side, respectively.
The two PLLs in the FPGA are essential in order to
compensate for temperature variations in the FPGA.
The frame header pulses are used to stop a chip-scale 50ps rms time interval counter (TIC) which is started by the 1pps signals from the oscillator card. As explained later in subsection G, several types of measurements are forwarded from
the channel card to the serial bus. Each channel card contains
two temperature sensors, one per channel. The front panel of
the TTU contains one diode-lamp per channel to indicate
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located on the front panel are used to feed external 1-pps and
5/10-MHz signals to the TTU. The external signals are
selected manually using jumpers located on the card.
Daisy-chain outputs (1-pps and 5/10-MHz) are available
on the front panel, either, depending on the jumper settings,
from the OCXO or the external clock. These may be used to
connect TTUs at sites requiring more than 8 optical input
channels. Two outputs (1-pps and 10-MHz) are also available
on the front panel coming directly from the OCXO. Diodelamps on the front panel indicate lock to the external clock
signals. The OCXO may be steered in frequency and
synchronized to the external 1-pps from the singe-board
computer. A temperature sensor is available for monitoring.

Figure 3. Principles of the modular TTU-design. A backplane connects
each card powered from redundant -48 VDC power supply units.

synchronization to the incoming optical signal. It also contains
outputs of the 8-kHz frame header pulses for testing and
verification purposes.
C. Oscillator card
The oscillator card contains an OCXO which may serve as
an intermediate clock bridging the asymmetry over multiple
router links. At (end-user) sites, containing clocks or time
scales to be compared, the connectors for external inputs

D. Single-board computer
An Advanced RISC Machine (ARM) based single-board
computer with a minimal GNU/Linux operating system is
used to handle data collection, status requests, oscillator status
and steering, as well as FPGA-updates. Application
Programming Interfaces (APIs) have been written for these
tasks. SSH (Secure SHell) data connections are available for
remote login and data download. Ethernet, USB, and RS232
connectors are located on the front panel of the TTU. A Solid
State Drive (SSD) is implemented large enough to store
measurement data for a couple of weeks in case the Internet
connection to the TTU temporarily goes down.
E. Spare slots
Two spare slots are available on the backplane for future

Figure 4. Details of the custom-made cards and the single-board computer. The SDH frame Header Recognition (HR) in the channel board contains
DEMUX, FPGA, and a MUX.
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implementation, such as for example bit-sequence generators
and GNSS-receivers. Three out- or inputs are prepared on the
front-panel to be used for this purpose.
F. Redundant -48 VDC power supply card
A power supply card containing two redundant -48 VDC
supplies is installed in the TTU. The choice of -48 VDC is
supported by the fact that many of the units will be installed in
telecommunication facilities where -48 VDC is standard. Two
diode-lamps on the front panel indicate the proper connection
of power.
G. Measurement approach
To determine the time difference between two clocks (A
and B) located at the two user ends of a two-way time transfer
link, four time interval measurements are needed as shown in
Fig. 1. In the prototype system [4], these measurements
contained time intervals in the range of 0 to 125 μs as the TIC
started on a 1-pps and stopped on a (SDH frame header) pulse
train with a rate of 8 kHz.
In the new system, the approach is quite different and
contains three measures. The first measure is a time interval
measurement started with the 1-pps from the local clock and
stopped by a pulse related to the detection of a frame header in
the FPGA. In this way the principle is the same as the
prototype system. However, the chip-scale TIC installed on
the channel card can only measure time intervals in the range
of up to 1.8 μs. The solution is to shift the frame header pulse
with an integer number of a known time period (hereafter
called HR-period) related to the optical bit-length so as the
measured time interval is in the range of the TIC. The HRperiod was chosen to be 12.86 ns which is presently 128 times
the nominal bit-length (a choice also related to the capacity of
the FPGA).
It is necessary to keep track of the number of HR-periods
that has been added or subtracted. The second measure is thus
the accumulation of HR-periods. The third measure that
completes the measurement approach is a delay in the FPGA
due to the parallelization of the incoming signal as mentioned
above. This delay has a resolution of the nominal bit-length,
which is roughly 100 ps in the present design.
IV.

FUTURE WORK AND DISCUSSION

at installation, and the method could be used as a time transfer
method as intended. A proper type of calibration method
needs to be developed, for instance using a temporary or
continuous GNSS-link.
One effect that will cause the need for a re-calibration, or
otherwise compensated for, on certain fiber links, apart from
mechanical fiber changes, is the loss of optical signal in
between router paths. The receiving end could at these
moments receive an optical signal not locked to the
transmitting router oscillator which will cause a (slow) phase
shift. Once the transmission is back to normal again the
accumulated phase shift will remain and cause a phase jump in
the link. This unwanted effect has not so far been investigated
in detail.
In the near future, the intention is to establish time links
between SP and different users. These links include both
national and international users such as national metrology
institutes, and these will first serve as test beds for the method
and instrumentation, with the intention of becoming
continuous time links.
The calculation of the time links using the prototype
equipment has so far been in a post-processing mode for
convenience. With the new TTU, a near real-time operation
would be feasible in which measurement data is casted over
the Internet to one or even several processing sites for
redundancy.
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Abstract—In this paper the implementation of the method
enabling computation of Maximum Time Interval Error in the
real time is described. The results of implementation tests are
presented and described.

I.

INTRODUCTION

The Maximum Time Interval Error (MTIE) is an important
characteristic of timing signals in the telecommunication
network [1, 2, 3]. MTIE recognizes maximal phase differences
within considered observation intervals and therefore it is well
suited for dimensioning of buffers (elastic stores) at the
boundaries of the time scales. The point estimate of MTIE is
commonly computed for a series of observation intervals
using the sequence of time error samples measured at some
network interface. The computation usually is performed
off-line, after time error data measurement. However, in order
to reduce the evaluation time of the timing signal, we can
compute the MTIE in the real time, during the time error
measurement process. Some methods enabling real-time
MTIE computation were developed and tested by the authors
of this paper [6, 7].
Computational ability of the methods proposed by the
authors – DSDR method and EF method was analyzed and
compared in some computational experiments performed
off-line and simulating real-time performance [7, 8]. Both
methods have presented very good performance for short
observation intervals or time error data representing random
behavior (e.g. WPM phase noise). However, for longer
observation intervals and data series showing monotonic
change of time error process the time of calculation was
longer than sampling interval considered. Application of
additional procedure controlling the computation progress
allows to suspend the computation for some observation
intervals and to make some toilsome operations later (for the
successive sampling intervals), when smaller number of
operations is executed, or at the latest, when the measurement
is finished [9]. With this procedure applied the EF method has
presented better performance during tests and therefore it was
implemented for a real measurement and computation process.

In the paper the results of the implementation of the EF
method enabling MTIE assessment in the real time are
presented. To test this method in a real measurement process,
a special time error measurement test module using FPGA
technology was made. The results of the processes of
measurement and calculation performed for different timing
signals are presented.
II.

According to the international standards, the point estimate
of the Maximum Time Interval Error is defined as the
maximum peak-to-peak time error variation of a given timing
signal, with respect to an ideal timing signal within a
particular time period [1, 2, 3]. MTIE can be estimated from
the formula

MTˆIE (nτ 0 ) = max ⎛⎜ max xi − min xi ⎞⎟
k ≤i ≤ k + n
1≤ k ≤ N − n⎝ k ≤i ≤ k + n
⎠

(1)

where {xi} is a sequence of N samples of time error function
x(t) taken with sampling interval τ0, τ=nτ0 is an observation
interval, and n can change from 1 till N–1 depending on the
considered values of observation intervals.
MTIE point estimate is usually computed off-line, after the
time error measurement process is completed. Following
directly the formula (1) in order to find the estimate of MTIE
for the observation interval τ, all intervals having the width of
τ, existing within the sequence of N time error samples, must
be reviewed. The window having the width of τ=nτ0 and
including n+1 samples is set at the beginning of the data
sequence {xi} and then it is shifted with the step of τ0 (one
sample step) along the items of the sequence. For each
window’s location the peak-to-peak value of time error in the
window is found. The maximum peak-to-peak value found for
all existing locations of the window is the value of MTIE(τ)
estimate. The process of the window reviewing does not
depend on the data value. The complexity of calculation grows
with n and therefore the direct method applied for

This work was supported by the Ministry of Science and Higher
Education (project no. N N517 1645 33) and Poznan University of
Technology (project no. 83-038/11 DS-PB).

978-1-61284-110-6/11/$26.00 ©2011 IEEE

MAXIMUM TIME INTERVAL ERROR

304

computation of the parameter for the series of observation
intervals is really time-consuming. The idea of direct search
(plain computation) of MTIE is presented in Fig. 1.
Several time effective methods of MTIE assessment were
proposed in order to avoid the time-consuming plain
computation [4, 5]. Some different mechanisms were applied
to reduce the complexity of computation. In the process of the
MTIE search using the extreme fix (EF) method some
window’s locations are excluded from inspection if the
peak-to-peak value for each of these locations is not greater
than the value found until now, or if a greater peak-to-peak
value may be found for the successive window’s locations [5].
The EF method is based on fixing the positions of minimum
and maximum samples for a given window’s location. The
general rule is that the next window’s location is originated at
the first extreme previously found. The reviewing process is
performed only for the new samples that come into the
window’s location. The review of the whole window at its
new location is performed only in the case of one-sample shift
(the first extreme is first sample in the window’s location),
when the new sample appearing in the window is not a new
extreme. The idea of EF method is presented in Fig. 2.
xi

window’s location k
τ=nτ0

max
xppk

min

...

k

k+n

. . .

i

next window’s location
window’s shift

τ=nτ0

Figure 1. The idea of direct search for MTIE

xi

window’s location k

new sample

τ=nτ0
window’s location p1
max
min

... k
window’s shift

p1

p2

k+n

. . .

one sample window’s shift
window’s location p1+1

Figure 2. The windows shift in the extreme fix method

i

Another class of time effective MTIE computation
methods contains the methods with sequential data reduction.
The methods follow the suggestion according to which during
the MTIE search process for some observation interval τi we
find the extreme samples for some window’s location from the
set of extreme samples found previously during the MTIE
search for the smaller observation interval τi-1 (τi>τi-1).
Therefore, we can reduce the number of time error samples
used for the MTIE calculation. One of these methods,
proposed by the authors of this paper – direct search with
sequential data reduction (DSDR) – uses plain computation at
each level of the procedure (for raw and reduced data) [6].
Other method, proposed by Bregni and Maccabruni [4], uses
the rule of binary decomposition for reduction of time error
data set used for computation.
III.

REAL-TIME METHODS OF MTIE ASSESSMENT
Performing the MTIE computation in the real time, during
time error measurement process, we can observe the current
value of the parameter. Any possible wrong behavior of the
analyzed signal (recognized if MTIE exceeds the limit) may
enable applying proper activity of the network maintenance
team.
In order to calculate the MTIE estimate simultaneously for
several observation intervals in the real time, all necessary
operations should be performed in the time period between
two sampling instants, i.e. during the sampling interval τ0. The
ability of real time assessment depends on the several
conditions, (e.g. number of observation intervals), but the
computation method applied is very important.
The time effective methods of MTIE computation were
adopted for the real-time computation by the authors of this
paper. The results the experimental tests of the real-time
MTIE computation using DSDR, EF, and binary
decomposition methods were presented in [7, 8]. The
experiments were performed in order to verify the maximum
time spent for necessary operations within one sampling
interval. The results of the experiments have shown very good
performance of the method with binary decomposition, but
this method has one obvious disadvantage – the number of
samples in the observation intervals considered must be a
power of 2. The performance of two other methods – EF and
DSDR – was good for limited range of observation intervals –
small number of intervals having short length, e.g. for the
range from 0.1 s till 10 s. The maximum computation time for
wider ranges of observation intervals (including longer
observation intervals, e.g. between 100 s and 1000 s) has
exceed the length of considered sampling interval for the EF
and DSDR methods. Such situations result from the
accumulation of computational procedures within one
sampling interval caused by specific data arrangement.
In order to avoid these troublesome situations during the
measurement and computation process performed in the real
time, some procedures controlling the computation progress
were introduced [9]. Using these procedures, the computation
for a few longer observation intervals (belonging to the
considered set of intervals) may be suspended in order to
reduce the number of operations carried out within one
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sampling interval. This analysis is suspended, if the number of
samples reviewed in the course of the computation process
performed within one sampling interval exceeds (or may
exceed in the next step) some threshold value. The analysis of
suspended intervals may be performed later (for the successive
sampling intervals, in the case of DSDR method), when
smaller number of operations is executed, or at the latest,
when the measurement is finished (in the case of EF method).
Such suspension causes a delay of the computation process,
because the computations for the suspended observation
intervals must be concluded after the measurement is finished.
The results of the experimental tests of the real-time MTIE
computation using DSDR and EF methods with additional
procedures were presented in [9, 11]. Application of the
modifications proposed – control of computation progress
with threshold – has enabled effective protection against
exceeding the limit. The results of the tests have proved the
ability of the real-time MTIE computation using both methods
for the range of 21 observation intervals from 0.1 s till 1000 s
performed during time error measurement with sampling
interval τ0=1/30 s. The comparison of the delay time (time of
computation performed when the measurement is finished) for
both methods is very interesting. Surprisingly enough, the best
results were obtained for the EF method, which previously
revealed difficulties in the real-time computation [7].
Introduction of the progress control causes the delay of
obtaining the final result from some seconds (max 10 s) for
modern computer with multi-core microprocessor up to about
half a minute for older computer with single-core
microprocessor. Application of DSDR method with progress
control cause longer delay – from about 20 s using modern
computer till almost 12 minutes using older computer. The
delay obtained for the EF method is acceptable in comparison

with considered time of measurement equal to T=4000 s.
Therefore the EF method was implemented for the real
measurement and computation process.
In the case of real-time calculation using EF method [7],
the computation procedures for each observation interval run
independently. Windows’ locations (representing the
observations intervals) are analyzed after filling out by the
samples without waiting for the analysis by the preceding
shorter windows. All windows are activated after filling out
their first locations by the samples. The number of samples
reviewed in the course of the computation process performed
within one sampling interval is tracked. If the review of the
whole window’s location have to be performed for some
observation interval (critical case for the EF method), and the
number of samples reviewed within this sampling interval will
exceed assumed threshold, then the computation for this
observation interval is suspended until the end of
measurement. The computation for the suspended observation
intervals will be completed after the end of measurement. The
example of this procedure is presented in Fig. 3 [9]. The
extreme sample (8 at the position no. 10) leaves the current
location of 10-sample window and the one-sample shift has to
be done. Because the new sample coming to the window’s
location is not “more extreme” than the leaving sample – the
review of the whole window at its new location is necessary.
Therefore the analysis of the 10-sample window is suspended,
because time of this review accumulated with the time of the
operations done until now may exceed the length of sampling
interval. The analysis of this window will be concluded after
the end of time error measurement (Fig. 4) [9]. The algorithm
of the real-time MTIE computation using EF methods is
presented in Fig. 5.

time error samples
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 position
4 7 6 2 4 7 4 7 5 8 2 5 5 1 4 3 1 6 4 7
value

xpp maxpp
5
7
5

(6, 1)

7

(6, 1)

maximum sample leaves
window’s location
7

7

(8, 1)

review of the whole window’s location
is necessary – analysis suspended

Figure 3. Suspension of the analysis for the real-time EF method
time error samples
xpp maxpp
4
8

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 position
4 7 6 2 4 7 4 7 5 8 2 5 5 1 4 3 1 6 4 7 8 9 7 11 9 12 8 9 6 8 5 7 value
MTIE(6)=8
end of measurement

7

10

6

7

end of computation
MTIE(8)=10
computation concluded off-line

Figure 4. Continuation of the suspended analysis for the real-time EF method
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Measure new TE sample
j:=0
nrs:=0

N

Analysis of interval j
possible?

Review of the whole
window’s location/part of
the window’s location
(nj samples) necessary?

Y

Y

Y

N

N
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Suspend of
observation interval j;

Review of widow’s location;
nrs:=nrs+nj

Figure 6. Early stage of the real-time MTIE computation
Set new max and min for
current window’s location

j:=j+1
N

j=m?

Y

Figure 5. Algorithm of MTIE computation using EF method; j – current
number of analyzed observation interval, m – total number of observation
intervals, nrs – number of reviewed samples, nj – number of samples
reviewed for j-th interval

IV.

IMPLEMENTATION OF THE REAL-TIME COMPUTATION
METHOD
To test the real-time computation of MTIE in a real
measurement process, a special time error measurement test
module using FPGA technology was made [10]. This device,
which allowed for single-channel time error measurements,
was created using a Virtex-5 evaluation module. Data storage
and real-time computation were performed using a personal
computer connected by the USB interface. The real-time
assessment of MTIE was performed using the EF method with
an additional control of the computation process implemented
especially for the test module. The values of MTIE were
computed for 21 simultaneously considered observation
intervals from the range of 0.1 s to 1000 s. Measurement and
computation sessions were performed for independent
oscillator configuration (comparison of two independent
oscillators) and synchronized oscillator configuration
(comparison of two GPS disciplined oscillators). The
examples of the working process of the real-time MTIE
assessment for independent oscillator measurement are
presented in a form of screenshots in Fig. 6-8. Currently
computed MTIE values for observation intervals of 0.1 s, 1 s,
10 s, 100 s, and 1000 s are displayed on the screen in the text
mode.

Figure 7. Late stage of the real-time MTIE computation

Figure 8. End of real-time MTIE computation
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Zero value of MTIE displayed on the screen denotes that
the computation for this observation interval does not started
yet because of insufficient number of samples measured until
now. Negative value of MTIE indicates the suspension of
computation for particular observation interval. Threshold
value was 12 000 samples. The results of the MTIE
assessment successively obtained during the time error
measurement process for independent oscillator are presented
in the form of three-dimensional plot in Fig. 9. The first
segments of the MTIE plot are shorter than the others because
the parameters’ values for longer observation intervals were
not computed for these instants of the time error measurement
process. Last segment represents final MTIE curve obtained at
the end of the measurement. The results of time error
measurement for independent oscillator are presented in
Fig. 10. The computations of four observation intervals were
suspended during this measurement session (time of
measurement T=4000 s).
The examples of the working process of the real-time
MTIE assessment for synchronized oscillator measurement are
presented in a form of screenshots in Fig. 11-13. The results of
the MTIE assessment successively obtained during the time
error measurement process for synchronized oscillator are
presented in the form of three-dimensional plot in Fig. 14. The
results of this time error measurement are presented in Fig. 15.
The computations of two observation intervals were
suspended during this measurement session (time of
measurement T=4000 s).

Figure 11. Early stage of the real-time MTIE computation
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Figure 12. Late stage of the real-time MTIE computation
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Figure 10. Time error obtained for independent oscillator measurement

Figure 13. End of real-time MTIE computation
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In the future the method presented should be implemented
in a multifunctional measuring system enabling evaluation of
the synchronization signals’ quality in the telecommunication
network [10]. The implementation of the EF method using
multi-task processing and multi-core microprocessor could
enable the real-time MTIE assessment without the suspension
of computations for particular observation intervals.
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Abstract—This paper deals with the problem of generation of
1-pps timing signal at the output of computer interface
controlled by Network Time Protocol. The methods of
synchronization of internal computer clock and transmission of
the timing signal to the serial interface are described. The
results of the measurement of obtained signals are presented.

I.

INTRODUCTION

In the world facing the technological development, the
demand for sources of time signals has been still increasing.
Currently, numerous systems which to a high extent meet the
needs of the consumers of time signals in every respect are
offered. The basic sources of time signal are radio systems, for
example DCF-77, information systems, i.e. NTP, and satellite
systems like GPS. The offered quality of time signal sources
falls into the range of tens of milliseconds for radio sources
through hundreds of microseconds for NTP to tens of
nanoseconds for satellite systems. It seems that the time signal
from the Internet has the broadest application because it is
easy to acquire and includes a considerable potential for
improving its parameters [5, 6, 8].
The research presented hereby is, therefore, aimed at the
application of NTP protocol to generate the timing signal, with
a possibility of utilizing the signal outside the Internet
network. It was also assumed that the source of signal would
be an ordinary computer with an internal quartz clock. This is
an important assumption because the utilization of rubidium
clock in the NTP receiver would remove a majority of quality
problems affecting the acquired time signal, at the expense,
however, of a considerable increase in the device price.
Generation of timing signal controlled by NTP could be
useful in order to provide some systems with timing signal
when we haven’t access to good quality timing signal source
like atomic clock or GPS controlled oscillator. The authors of
this paper have proposed a method of generation of physical
timing signal controlled by the NTP [1, 2].
In this paper the method enabling generation of physical
timing signal (in the form of 1-pps pulses), controlled by the
NTP and brought out using serial port of the computer, is
described. The algorithm of control of timing signal using

NTP protocol is presented and described. The timing signals
obtained were compared with the reference signal controlled
by GPS receiver.
II.

The research carried out [1, 2, 3] reveal two basic factors
affecting the quality of time acquired from the NTP protocol
for which the very NTP system is responsible. These are: the
time of servicing a query in the server and the waiting time of
the query in the Internet network. Due to the dynamics of
phenomena taking place in the network, the compensation of
these times by the NTP mechanisms has quality limitations.
But when the time signal is led outside computer, the factors
resulting from the performance of the computer operating
system as well as the factors related to the quality of internal
computer clock have an additional influence on the quality of
the generated signal. The research carried out proved
considerable program difficulties that developed when the
MS Windows operating system was utilized to generate the
time signal on a computer interface without delays [2]. The
computer clock was indeed successfully synchronized by the
NTP protocol in time intervals in a range between 2 s and
arbitrarily long time intervals. However, difficulties developed
in applying the program responsible for transfer the
information of time instant from computer internal clock onto
1-pps (NTP second) pulses, which should be transmitted to an
external computer interface, like COM or USB. This problem
was solved in the Linux operating system. Therefore, in order
to generate the timing signal controlled by NTP, this operating
system was applied.
The influence of system clock on the parameters of the
acquired time signal is significant. Application of a very good
clock (with small frequency instability, e.g. rubidium
generator) will allow us to refer quite rarely to the
synchronizing role of the NTP protocol. Therefore the number
of clock adjustments with the potentially occurring noise from
the Internet could be smaller. Common oscillators applied in
the personal computers feature with frequency inaccuracy and
sensitivity to temperature variations. The observations of the
performance of computer clocks on different computers

This work was supported by the National Centre for Research and
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indicate that the time error caused by the frequency offset may
take the value from 10 μs up to 130 μs for 1 second.
III.

GENERATING 1-PPS SIGNAL

A.

Setting the computer time from NTP
The “ntpdate” program was applied for setting the NTP
time. This is a Linux program operating independently,
without any external configuration or system services. The
“ntpdate” program is included in a standard NTP packet for
time synchronization in the Linux and Windows systems. This
application uses a script that makes use of the “ntpdate”
command [4] to synchronize the time:
#!/bin/bash
interval=$1
# synchronization interval
time_server=$2
# name of server
while :
# infinite loop
do
ntpdate -b $time_server
# synchronize time
with a given server
sleep $interval
# hold script
execution for a given time
done

The script call takes the form:
The first call parameter is the interval, in seconds, between
the instants of time synchronization. The other one is the
address of the NTP server. The performance of
synchronization script, set for example for a 10-second
interval, has the following effect:
ntpdate[17247]:
offset 0.000030
ntpdate[17253]:
offset 0.000024
ntpdate[17264]:
offset 0.000034

(1)

T = 1000000 – T’

./sync.sh vega.cbk.poznan.pl 10

2 Nov 11:23:18
150.254.183.15
2 Nov 11:23:28
150.254.183.15
2 Nov 11:23:38
150.254.183.15

the assumed synchronization interval. Already in another
second, after the system clock is reset, the program can
present all variations or inaccuracies resulting from speeding
up or slowing down the system clock. Thus the program tries
to adjust the pulses, sent every second to the serial port, to the
continuously synchronized and variable computer clock. A
standard Linux function of C language gettimeofday [4] is
applied to acquire the system clock time. This function
acquires the current time, given in the form of a packet, from
which the time T’ that passed from the last full second can be
directly acquired. Based on this time, we calculate the time T
in which another pulse to the serial port should be sent using
the formula:

step time server
sec
step time server
sec
step time server
sec

B. Generating 1-pps signal at serial output
Having provided access to a proper, NTP-synchronized
time of the system clock, using the “ntpdate” program and
assuming the accuracy of synchronization (and its frequency),
we applied a Linux program called “OneShot” to transmit the
second of computer clock to the serial port output. In this
respect, we abandoned the Windows system because it did not
ensure as precise control over transmitting the system clock to
the COM interface as Linux did it [4]. In this case the DTR
signal was applied, “data transfer ready”, selected because of
easy service of an event from the level of a program written in
C language. There is no need to set the port parameters. In this
solution there is no transmission of information in the form of
ASCII code characters, but the voltage is changed on a
selected pin (in this case – pin 4), which represents the 1-pps
signal.

For this purpose a counter is set up (it can be compared to
an alarm), which after given time runs the procedure of
sending a pulse onto the serial port. This counter measures the
time till another second, based on the Linux setiTimer [4].
This is a function that measures the elapsing real time and
generates an alarm after it has passed. The real time
measurement means that even when the program is stopped by
the system, the counter will still be working and measuring the
time till another second. The performance of the “OneShot”
program is presented in a diagram in Fig. 1.
IV.

MEASUREMENT OF 1-PPS SIGNALS

In order to evaluate the timing signal obtained at the
computer interface, two measuring stands were set up. Two
computers (with Linux operating systems), connected to the
Internet, are supplied with the software described above. 1-pps
signal generated at pin no. 4 of PC serial interface is compared
with a reference 1-pps signal generated by GPS controlled
oscillator. The phase difference between both signals
determines the time interval ΔT at the output of a time interval
generation module. The interval ΔT is the measure of time
error. Next computer (or two computers) is equipped with
specialized measuring cards, enabling the measurement and
recording of this interval. A block diagram of such measuring
system is presented in Fig. 2. The measurement stands applied
are presented in Fig. 3.

The initialized “OneShot” program acquires the system
time with resolution 1 µs, and then re-calculates the time till
another second. When the time passes, a pulse is sent to the
serial port, and then another re-calculation of time is done.
The duration of the procedure of sending this pulse is ca
60 μs. Every 1-second re-calculation of time guarantees that
the NTP synchronization is taken into account regardless of
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Compute time T till the next pulse

Set alarm for the time T

Y

Has time
passed?

N

Send pulse to the serial port
Figure 1. Algorithm of OneShot program performance
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Linux
Internet

Stand 1
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Figure 2. Block diagram of measurement stands

Figure 3. The measurement stands applied

Results of time error measurement of 1-pps signal
controlled
by
NTP
server
with
stratum
1
(tempus1.gum.gov.pl) on both stands simultaneously are
presented in Fig. 4. System time of both computers with Linux
was synchronized to NTP with 10 s interval.
In the results shown in Fig. 4 a considerable influence of
the quality of system clock in computer is visible. The
saw-tooth shape of the time error is caused by the frequency
offset of the PC internal oscillators. The maximum time error
depends on the NTP synchronization interval. Some random
peaks of the time error are present in the results. The number
and amplitude of these peaks in different results obtained are
random. Their amplitudes vary (even up to tens of
milliseconds). Similar phenomena were registered in [7].
V.

PROCESSING OF CONTROLLING SIGNAL

the generation of the signal are proposed. The algorithms are
working on the values of the time T determining the instants
of successively generated pulses.
The methods applied in the algorithms allow averaging or
finding a median value of a set of n time intervals T and
limiting the changes of the interval T.
In the first case the value T that determines next instant of
pulse generation, is average or median value of the set of n last
values of interval T. In the second case two thresholds are
introduced: threshold t for a maximum value of time T, and
threshold c which is an admissible change in the value of time
T. The purpose of this threshold algorithm, together with the
averaging algorithm, is to limit, and possibly even to eliminate
any phase jumps in the time signal, which in the form of peaks
can be noticed in Fig. 4.b.

In order to minimize the time difference and the influence
of random distortions some additional algorithms controlling
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Figure 4. Time error of 1-pps signals controlled by NTP
Figure 5. Algorithm for determining threshold t and jump c

The algorithm performs in a few steps:
•
•
•
•
•
•
•
•

calculation of the time till another second according to
equation (1);
determining the change in the value of current time in
relation to previous time;
if the absolute value of the change does not exceed the
value t, the usual performance of the algorithm is
continued;
otherwise, if a current change does exceed the value t,
the difference sign is assumed;
positive difference means that the time has been
elongated, then the previous (last) value increased by c
is substituted for a new time T;
if we put the value c0, then the last value of time T is
substituted;
negative difference means that the time has been
shortened, then the previous value, decreased by c, is
substituted for a new time T;
thus calculated new value determines the time till the
next second.

The algorithm of determining an admissible threshold in
the time signal with value m and the time signal jump to value
c for time T is shown in Fig. 5.
Example of execution of the procedure:
user@user-desktop ~/time $ timer –m3 –t100 –c100

where the parameters are: m3 (or s3) – median (or average)
from 3 last values of T; t100 – limit of changes of the value of
T set to 100 μs; c100 – fixed change (100 μs) of the value of
T, if the limit t is exceeded (for c=0 previous value of the
interval T is used).

VI.

MEASUREMENT OF 1-PPS SIGNAL WITH ADDITIONAL
CONTROL
In order to evaluate the performance of the proposed
algorithms, simultaneous measurements were performed on
both measuring stands. Each pair of the measurement results
contains one time error series of timing signal obtained
without additional procedures and one time error series of
timing signal obtained with additional processing. The range
of the parameters’ values set in the procedures proposed is
very wide. Firstly, it is necessary to set properly the number of
samples assumed for averaging or calculating the median from
successive seconds. Measurements were done for different
parameters, and a better stability of the obtained timing signal
was confirmed for the median algorithm. The quality of
computer clock limits the selection of the number of
considered items (values of T) to the value of 10. Still the
more difficult is to select the appropriate threshold parameters.
Too short intervals of times t and c cause oscillations in the
time signal. Setting too long values for those times makes the
threshold effect cease. The results of obtained registrations,
which illustrate these phenomena, are shown in Fig. 6 and 7.
From the evaluation of results in Fig. 6 and 7 it can be
concluded that the peaks in the time error signal were removed
by filtering algorithms; whereas the setting of the algorithm in
Fig. 6.b is selected inappropriately, which is visible as
oscillations in the time signal. The algorithm the performance
of which is shown in Fig. 7.b removes peaks and does not
introduce oscillations, but it increases the time signal error ca
2 times. The results obtained indicate, however, a perspective
for further research; they also prove that it is necessary to
optimize the applied algorithms.
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Some random peaks were observed in the timing signal,
which we tried to eliminate using additional algorithms
affecting the generated timing signal. The results obtained
require, however, the research work to be continued. Further
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signal.
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Abstract— Short distance fiber based optic distribution of time
and frequency is often considered sufficiently stable and
therefore, uncompensated one way transfer is used. However,
when fiber distances increase to a few km, and a substantial
amount of the fiber is installed outdoors or in aisles and attics
without temperature control, the delay through the fiber may
vary substantially. Since the variations are slow, a microwave
frequency modulated on an optical carrier may be assumed to
remain sufficiently stable. The time delay through the fiber will
nevertheless depend on the extremes of the temperature
variation which must be taken into account or compensated for.
This study presents the design issues of a real time compensation
and some results of an optical compensation technique.

I.

a year, and in indoor and buried fiber the temperature may
change as much as 20K[4] over a year.
If a variable delay is adjusted to counteract the fiber delay
variations, the net delay remains constant. This requires two
way fiber transmission, and a bidirectional optical delay. Two
way fiber transmissions can be achieved in parallel fibers
(duplex) or return in same fiber (simplex). Furthermore, the
Optical Delay Line (ODL) must have a tuning range
exceeding the anticipated fiber delay variations.
III.

EXPERIMENT AND RESULTS

INTRODUCTION

The motivation of this work is to transfer a microwave
frequency over a short fiber optic link, with a real time
compensation of the delay variations of the fiber. The result
will be a fiber link in which the transfer time variations, τ, is
actively compensated, in comparison to links with actively
compensated frequency transfer, operating on the derivative of
transfer time variations dτ/dt.
Previous work on multimode fiber A similar setup using
light at 850 nm through multimode fiber has been presented
previously [1], as well as a setup based on matched electronic
delays [2].
II.

THEORY

The delay of an optical single-mode fiber will vary as the
temperature of the fiber cable changes. A typical value for
standard single-mode fiber is 37 ps/km/K [3]. This variation
will occur on outdoor installations, especially when sunlit,
but also indoor on non- insulate attics, unheated stairwells
and sun heated outer walls. The temperature span of an
outdoor installation can exceed 20K over a day and 40K over
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Figure 1. Schematical setup of the experiment.

The experimental setup is schematically described in
Fig.1 Two spools of 2 km Standard Single Mode Fiber are
installed on the roof. At the user end, 50% of the light is
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extracted and 50% returned. Two identical photodetectors are
used at both user and supplier end. The returning signal is
compared to the transmitted in a double balanced mixer,
where the output is detected in a DC-Voltmeter (DCV) set at
long integration time. The reading of the DCV is evaluated by
a computer that controls the fiber optic delay to keep the
voltage constant. The DCV must wait until delay is set at new
steady value before starting a new integration of values. This
setup is indicated in Fig. 2 below.

measured In the TIC. When outdoor temperature is within 17
– 20°C, the fiber link is stabilized and the transfer time
through the fiber link is constant. However, when the
temperature decreases below this interval, the ODL reaches
its limit, and the transfer time varies with temperature. During
test period, outdoor temperature varied between 0 and +20
°C. Furthermore, in active stabilization, a small temperature
dependence is still apparent.

Figure 2. Detailed schematic of return equipment at trensmitter end.

The Time Interval Counter (TIC) is used to evaluate the
quality of the fiber system. The Master oscillator is connected
to UTC(SP) through an indoor fiber optic link.

Figure 3. Stabilized output time signal (red, left Y-axis) and outdoor
temperature (blur, right y-axis)

A. Equipment Description
The laser is a semiconductor laser diode for
telecommunication, emitting light at 1550 nm into a single
mode fiber. The laser diode is directly modulated by the 10
MHz signal from the Master oscillator.

The measurements indicate that the active stabilization of
the fiber delay is a feasible method for increased stability on
time and frequency transfer over short fiber links.
Nevertheless, the ODL must be bidirectional, and its tuning
range matched to the fiber link and the installation
environment. The commercial ODL used in the experiment
have ±100 ps tuning range, which was shown to be
insufficient in the present setup. The system regulates the
transmitted phase as long as temperature does not change
more than a few degrees.

The photodetectors are semiconductor photodiodes which
responds to light at wavelengths of 1300 – 1600 nm, at an
electrical bandwidth up to 100 MHz. To increase the
electrical signal amplitude, it is amplified before entering the
mixer.
The optical circulator will transfer light entering port 1 to
exit from port 2. Light entering port 2 will exit from port 3.
No light is transferred from port 3 to port 1.
A microwave mixer with identical frequency on both
inputs, will emit a DC voltage proportional to the amplitudes
of the input signals and cos(phase), where phase is the phase
difference between the two signals. Since there is a fixed
relation between phase and time, this can be used to estimate
the time difference with high resolution.

IV.

CONCLUSIONS

REFERENCES
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[2]
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B. Experimental Results
The result of the measurement is shown in the graph in
Fig.3. The red dots (left axis) show the time interval
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Abstract— The CCTF CGGTTS data formats are used
worldwide in the applications of various societies from the
UTC/TAI production and scientific studies to all levels of
commercial usages. Its design was based on the GPS receiver
technique in the 1980s. With the progress of the new GNSS
receivers and new T/F transfer techniques, its short points are
becoming evident, e.g. the convention that for a tracking arc of
16 minutes only 13 minute data are recorded. In this paper, we
discuss the outdate points in the CGGTTS format and how to
improve it toward a new CGGTTS convention, namely V03. The
new and old versions can co-exist for different applications.

I.

INTRODUCTION

The CCTF GGTTS (version 01) and CGGTTS (version
02) data formats (V01 and V02 hereafter) are used worldwide
in the timing community for GNSS time and frequency
transfers (T/F). Both are co-exist in the applications of various
societies from the UTC/TAI production and scientific studies
to all levels of commercial usages. The designs of the V01 and
V02 were based on the state-of-the-art of the receiver
manufacture in the 1980s. With the development of the new
GNSS receivers and new T/F transfer techniques, some short
points, due to the GGTTS convention, become obvious.
V02: use only 13’arc

V02: 3’arc wasted: 19%

0’

13’

16’

Figure 1. A tracking arc of 16 minutes scheduled by V01 and V02
(among 32 observations of 30 second each, only 26 are recorded)

One of the major defaults in the CGGTTS convention is
that for a tracking arc of 16 minutes of measurements only 13
minutes of them are recorded in the CGGTTS (V01 and V02)
file. Figure 1 illustrates the case of converting the Rinex
observation to CGGTTS. In the earlier days there were only
single channel single frequency GPS receivers which followed
the BIPM tracking schedule of 16 minutes and for each
tracking arc there was a 3 minute’s standby for seeking and
locking the scheduled satellite. The result is that 3 over 16
(19%) minutes of the raw data rejected this way! This is
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obviously not reasonable. Theoretically, it is easy to calculate
the gain if all the 16 minutes’ data will be used: suppose ε is
the measurement error of the each 30 seconds’ tracking. The
error in the average of 13’ is ε/√(26) and that of 16’ ε/√(32).
The gain is [ε/√(26)-ε/√(32)]/{ε/√(26)}-1=10%. So nothing
but the extra data will have a gain of 10%. As proven below,
further improvements will double this gain. Nowadays, dualfrequency multi-channel receivers become popular which
allow a continuing satellite locking and data recording. The
BIPM tracking schedule and the convention of the 3’ standby
become meaningless. This CGGTTS convention is outdating.
The second short-point is that the data are recorded in
integer numbers round off at 0.1 ns which accumulates with
data processing steps. As we know that in precise and accurate
T/F transfers, many corrections, such as the precise orbit,
ionosphere and the Earth tides etc. are often less than 0.1ns,
i.e. less than the ‘round off’ errors. In particular, for the future
uses of carrier phase, 1 ps recording is necessary.
The third is that the epoch interval of CGGTTS is fixed to
16 minutes. Hence the observation epochs are not the same
from one day to next. This is not a convenient practice
compared with TW and PPP that are always measured and
recorded on integer hours and on the same minute of
everyday. The standard MJD of Circular T is on integer hour:
0h. A non-necessary interpolation error is then introduced.
Finally, the recording interval is fixed to 16 minutes. Is it
optimal for T/F transfers with modern receivers? Why not
varying intervals of 1’, 5’, 10’, 15’, 30’ or 60’ … as
options to users according to the specifications of precision
and data storing memory required ?
New GNSS systems are coming. To answer the new
challenges, we need review the CGGTTS convention. Above
we have first investigated the outdating points in CGGTTS
and below we will discuss the possibilities to improve the
actual version V02 and finally present our considerations
toward a new CGGTTS convention, the NEW version, namely
V03, is not only for the BIPM UTC/TAI computations but also
for scientific and commercial purposes. The three, new and
old, versions (V01, V02 and V03) can co-exist for different
applications in the future.
II.

CHARACTERS OF THE CONVENTION: CGGTTS V03

• First the V03 should be as same as possible as the present
GGTTS V01 and CGGTTS V02 and compatible to the
existing computation programs, e.g. in a Fortran code, it needs
only to change the input format from FIX FORMAT to Free
FORMAT (*);
• Use and record all the raw data in a tracking arc, i.e. if the
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arc is of 16 minutes, all the measurements should be used and
converted to the CGGTTS data;
• Optional data collecting intervals for different applications:
e.g. 1, 5, 10, 15, 20, 30 and 60 minutes or other user requires.
Variable data collecting and recording interval may be
interesting for low level or commercial practices. For users
interesting only in the long-term stability, a longer recording
interval with a less storing memory is a better option. A user
can select the best interval according to the specifications of
his technical or computer memory etc. Data recording interval
is one of the major issues discussed in sections IV, V and VI;
• Optional smoothing methods used in the tracking arcs;
• Allowable, as option, for all the codes, C1, P1, P2 etc.;
• Allowable, as option, for all the GNSS techniques;
• Allowable, as option, for carrier phase information.
III.

1.5
1.0
0.5
ns 0.0
-0.5
-1.0
-1.5
-2.0

B. Method
The goal is to investigate the relation of the quality of the
T/F transfers and the recorded interval length. We use the TW
and PPP links as the references which are believed to have a
super quality in uA (uncertainty type A) than the P3 codes. We
compare first the standard deviation σ of the Vondrak
smoothing residuals in the link computation. Because the
computation methods for V02 and V03 are identical and the
only difference is the recording intervals, this comparison
makes sense. The smaller the σ is, the better the duration of
the corresponding interval. Secondly, we compare between the
results of V02 and V03 with the TW and PPP. We compute
the σ of the differences. It is expected σ2 (V03) < σ1 (V02).
We then compute the gain: (σ2-σ1)/σ2. If the gain is bigger
than 5%, we consider the gain is significant and the V03 as
well as related parameters make sense. We investigate also
difference between Comment View and All the View. We
present the main statistic results in the plots and tables.
RESULTS AND ANALYSIS

Zero baseline at PTB: Link(ns): GPS.GU5/Tai1002__
PP~-PT~/95-05#_ , Total: 2998/1_CV/L2U

55230

55225

55235

55245

55240

55250

55255

Figure 2. Differences between the V02 13/16 tracking arc link and the
V03/U5 13/16 link with σ=±0.2 ns

DATA AND METHOD

A. Data
As numerical examples, we investigate in the paper the P3
data. Hereafter all the analysis is of P3. The standard
procedure of Circular T computation is used. In the tables and
plots, the solutions are named correspondingly: V02 13/16
stands for the conventional CGGTTS V02 with tracking arc of
16 minutes of which only 13 minutes are recorded. Similarly,
the new solutions are V03 10/10, 16/16, 20/20, 30/30 and
60/60. Here the numbers stand for the length of the tracking
arcs in minutes, e.g. 20/20 stands for the 20’ arc with all the
20’ data measurements converted to CGGTTS V03. The data
sets used are of UTC 1001 and UTC 1002 (January and
February 2010). In order to obtain a reliable statistic result, we
analyzed more than 10 short and long baselines coving the
continents of Europe, America and Asia. Because the TW
links were not very stable since last year, we depend mainly
on the comparison with GPS PPP links. We use the Tsoft submenu U5 to carry out all the converting computation.

IV.

A. Comparison between the arcs 13’/16’ of V02 and V03
We first prove that the Tsoft V03 procedure produces the
identical results as V02. Figure 2 illustrates the differences of
them. The mean value is 0 ns. The standard deviation σ (of the
two raw CGGTTS V02 and V03 without filtering) is ±0.2 ns.
Some outliers are up to 2 ns. The differences come from
mainly the noises in the raw measurement and how to process
them. V03 uses different smoothing and round off at 0.001 ns.

Figure 3 illustrates the Tdev of an inner-Europe link CHPTB (640 km). By the Tdev in the figure, we see a significant
improve in the short terms until ½ day. Because all the
conditions are the same, these gains obtained are thanks to the
19% extra data, i.e. 3 minutes over every 16 minutes.
TDev/s-10

21.0

CGGTTS V02
13’/16’min

σy

4.8
4.2

6.6
3.4
3.1

2.5
2.4

CGGTTS V03
16’/16’min

h/2

h

4.1
2.2
2.1

1.6

1.9

1.4
d/8

1.2
d/4 d/2 day

3day week

Figure 3. Comparison of Tdev for the link CH-PTB between the V02
13’/16’ link (red/up) and the V03 16’/16’ link (blue/down)
TABLE I.
COMPARISONS OF THE STANDARD DEVIATION OF THE
VONDRAK SMOOTHING RESIDUALS BETWEEN THE V02 13’/16’ TRACKING
ARC LINKS AND THE V03/U5 16’/16’ LINKS (UNIT IN NS)
Link

Distances
km

CH-PTB
KRIS-PTB
NICT-PTB
OP-PTB
OR-PTB
SP-PTB
TL-PTB
USNO-PTB
KRIS-NICT
TL-NICT
Average

640
8300
9100
700
460
1200
9100
6552
1158
2117
3933

σ1
V02 13’/16’
/AV epochs
0.520/2983
0.629/2840
0.670/3062
0.764/2124
0.546/3050
0.536/3070
0.650/3059
0.611/3080
0.598/2853
0.637/3081
0.616/2920

σ2
V03 16/’16’
/AV epochs
0.453/2338
0.610/2906
0.657/2929
0.687/2730
0.516/2933
0.501/2943
0.607/2939
0.599/2919
0.548/2916
0.575/2995
0.575/2855

Gain
(σ1-σ2)/σ1
9%
3%
2%
10%
6%
7%
7%
2%
8%
10%
6.7%

In the standard UTC procedure, we use the Vondrak
smoothing to filter the measurement noises. The standard
deviation (σ) demonstrates the noises level of a tracking arcs:
for V02 the 13’/16’ and for V03 16’/16’. Table I gives the
comparisons of the σ for 10 baselines. Most of them are the
UTC links equipped with HM clocks. For the link CH-PTB,
the σ of the residuals is 0.520 and 0.453 ns. We have the gain:
(0.520-0.453)/0.520=9%; Similar for TL-PTB (9100 km), we
have the σ 0.650 and 0.607 ns. The gain is 7%. Table I shows
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that, in all the cases there is a gain, on average 6.7%.
Table II takes the GPS PPP link solution as the reference
and gives the results of the comparisons between the V02 and
V03 links. Again, in all the cases there is a gain and on
average the gain is 6.4%, almost as same as in Table I.
We conclude a gain of 6.6% on average in the V03 format
due to the 3 minutes’ redundant measurement data.
TABLE II.
COMPARISONS OF THE STANDARD DEVIATION OF THE
DIFFERENCE BETWEEN THE V02 13’/16’ TRACKING ARC LINKS AND THE
V03/U5 16’/16’ LINKS VS. THE PPP LINKS (UNIT IN NS)
Link
CH-PTB
KRIS-PTB
NICT-PTB
OP-PTB
OR-PTB
SP-PTB
TL-PTB
USNO-PTB
KRIS-NICT
TL-NICT
Average

Distances
km
640
8300
9100
700
460
1200
9100
6552
1158
2117
3933

σ3
V02 13’/16’
0.520
0.713
0.761
0.779
0.669
0.615
0.712
0.684
0.715
0.769
0.694

σ4
V03 16’/16’
0.474
0.687
0.754
0.668
0.637
0.576
0.671
0.671
0.656
0.711
0.650

Gain
(σ3-σ4)/σ3
9%
4%
0.1%
15%
5%
6%
6%
2%
8%
8%
6.4%

V03 links. All the gains are positive, 12.2% on average. Table
IV makes the comparisons using GPS PPP as reference.
Again, there is a gain in all the cases, 10.5% on average.
Increasing the tracking length from 13’/16’ to 20’/20’, a
gain of 11% is obtained in uA. Meanwhile the size of the data
file decreases more than 20%.
C. Comparison between the arcs of V02 13’/16’ and V03
30’/30’
We continue to increase the length of the tracking arc up to
30 minutes using the same method. Table V presents a gain of
18.7% on average. Table VI makes the comparisons to GPS
PPP. Again, there is a gain of 15.9% on average. Increasing
the length of tracking arc from 13’/16’ to 30’/30’ makes a
gain of 17% in uA on average. Meanwhile the size of the V03
data file is only half of that of V02.
TABLE V.
COMPARISONS OF THE STANDARD DEVIATION OF THE
VONDRAK SMOOTHING RESIDUALS BETWEEN THE V02 13’/16’ TRACKING
ARC LINKS AND THE V03/U5 30’/30’ LINKS (UNIT IN NS)

B. Comparison between the arcs of V02 13’/16’ and V03
20’/20’
The length of the tracking arc of 13’/16’ is outdated. The
major receivers now used in practices are of the dualfrequency-multi-channel. By testing the 20’, 30’ and 60’, we
try to find an optimal tracking length for precise time transfer.
We use the same method as above.

Link

Distances
km

CH-PTB
KRIS-PTB
NICT-PTB
OP-PTB
OR-PTB
SP-PTB
TL-PTB
USNO-PTB
KRIS-NICT
TL-NICT
Average

640
8300
9100
700
460
1200
9100
6552
1158
2117
3933

σ2
V03 20’/20’
/AV epochs
0.427/2338
0.578/2313
0.626/2330
0.655/2169
0.479/2329
0.464/2338
0.573/2344
0.560/2314
0.510/2318
0.542/2359
0.541/2315

CH-PTB
KRIS-PTB
NICT-PTB
OP-PTB
OR-PTB
SP-PTB
TL-PTB
USNO-PTB
KRIS-NICT
TL-NICT
Average

Distances
km
640
8300
9100
700
460
1200
9100
6552
1158
2117
3933

σ3
V02 13’/16’
0.520
0.713
0.761
0.779
0.669
0.615
0.712
0.684
0.715
0.769
0.694

σ4
V03 20’/20’
0.453
0.660
0.728
0.634
0.611
0.542
0.639
0.635
0.627
0.684
0.621

CH-PTB
KRIS-PTB
NICT-PTB
OP-PTB
OR-PTB
SP-PTB
TL-PTB
USNO-PTB
KRIS-NICT
TL-NICT
Average

640
8300
9100
700
460
1200
9100
6552
1158
2117
3933

Link

Gain
(σ1-σ2)/σ1

CH-PTB
KRIS-PTB
NICT-PTB
OP-PTB
OR-PTB
SP-PTB
TL-PTB
USNO-PTB
KRIS-NICT
TL-NICT
Average

12%
8%
7%
15%
12%
13%
12%
8%
15%
15%
12.2%

σ1
V02 13’/16’
/AV epochs
0.497/3070
0.629/2840
0.670/3062
0.764/2124
0.546/3050
0.536/3070
0.650/3059
0.611/3080
0.598/2853
0.637/3081
0.616/2920

σ2
V03 30’/30’
/AV epochs
0.376/1530
0.547/1513
0.590/1528
0.608/1424
0.445/1534
0.430/1537
0.526/1533
0.524/1510
0.469/1529
0.499/1549
0.501/1519

Gain
(σ1-σ2)/σ1
25%
12%
12%
20%
18%
20%
19%
14%
15%
22%
18.7%

Distances
km
640
8300
9100
700
460
1200
9100
6552
1158
2117
3933

σ3
V02 13’/16’
0.520
0.713
0.761
0.779
0.669
0.615
0.712
0.684
0.715
0.769
0.694

σ4
V03 30’/30’
0.408
0.631
0.703
0.577
0.571
0.507
0.592
0.610
0.593
0.653
0.584

Gain
(σ3-σ4)/σ3
22%
12%
8%
26%
15%
18%
17%
11%
18%
15%
15.9%

D. Comparison between the arcs of V02 13’/16’ and V03
60’/60’

TABLE IV.
COMPARISONS OF THE STANDARD DEVIATION OF THE
DIFFERENCE BETWEEN THE V02 13’/16’ TRACKING ARC LINKS AND THE
V03/U5 20’/20’ LINKS VS. THE PPP LINKS (UNIT IN NS)
Link

Distances
km

TABLE VI.
COMPARISONS OF THE STANDARD DEVIATION OF THE
DIFFERENCE BETWEEN THE V02 13’/16’ TRACKING ARC LINKS AND THE
V03/U5 30’/30’ LINKS VS. THE PPP LINKS (UNIT IN NS)

TABLE III.
COMPARISONS OF THE STANDARD DEVIATION OF THE
VONDRAK SMOOTHING RESIDUALS BETWEEN THE V02 13’/16’TRACKING
ARC LINKS AND THE V03/U5 20’/20’ LINKS (UNIT IN NS)
σ1
V02 13’/16’
/AV epochs
0.497/3070
0.629/2840
0.670/3062
0.764/2124
0.546/3050
0.536/3070
0.650/3059
0.611/3080
0.598/2853
0.637/3081
0.616/2920

Link

TABLE VII.
COMPARISONS OF THE STANDARD DEVIATION OF THE
VONDRAK SMOOTHING RESIDUALS BETWEEN THE V02 13’/16’ TRACKING
ARC LINKS AND THE V03/U5 60’/60’ LINKS (UNIT IN NS)

Gain
(σ3-σ4)/σ3
13%
7%
4%
19%
9%
12%
10%
7%
12%
11%
10.5%

Table III is the comparisons of the σ between the V02 and
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Link

Distances
km

CH-PTB
KRIS-PTB
NICT-PTB
OP-PTB
OR-PTB
SP-PTB
TL-PTB
USNO-PTB
KRIS-NICT
TL-NICT
Average

640
8300
9100
700
460
1200
9100
6552
1158
2117
3933

σ1
V02 13’/16’
/AV epochs
0.497/3070
0.629/2840
0.670/3062
0.764/2124
0.546/3050
0.536/3070
0.650/3059
0.611/3080
0.598/2853
0.637/3081
0.616/2920

σ2
V03 60’/60’
/AV epochs
0.321/731
0.537/579
0.585/736
0.514/679
0.419/733
0.380/735
0.498/738
0.465/718
0.450/730
0.440/739
0.461/712

Gain
(σ1-σ2)/σ1
34%
15%
13%
33%
23%
29%
23%
34%
25%
31%
26.6%

We increase the length of the tracking arc up to 60
minutes. Table VII and VIII show the gains of 26.6% and
18.0% correspondingly. The difference of the gains becomes
important. The σ in Table VII is a self-smoothing. When the
tracking arc increases longer than half hour, this σ would
become too optimism. On the other side, the PPP is not
errorless. The uA of PPP is about 0.3 ns. So the σ in Table VIII
would be too conservative. Therefore the real gain should be
between the two estimations, i.e. 18.0% and 26.6%. We take
the average 22% as the gain of increasing the tracking length
from 13’/16’ to 60’/60’. Meanwhile the size of the V03 data
file is only a fourth of that of V02. Longer length tracking arcs
implies smaller size data collection.
TABLE VIII. COMPARISONS OF THE STANDARD DEVIATION OF THE
DIFFERENCE BETWEEN THE V02 13’/16’ TRACKING ARC INKS AND THE
V03/U5 60’/60’ LINKS VS. THE PPP LINKS (UNIT IN NS)
Link
CH-PTB
KRIS-PTB
NICT-PTB
OP-PTB
OR-PTB
SP-PTB
TL-PTB
USNO-PTB
KRIS-NICT
TL-NICT
Average

Distances
km
640
8300
9100
700
460
1200
9100
6552
1158
2117
3933

σ3
V02 13’/16’
0.520
0.713
0.761
0.779
0.669
0.615
0.712
0.684
0.715
0.769
0.694

σ4
V03 60’/60’
0.364
0.614
0.711
0.498
0.565
0.470
0.598
0.566
0.614
0.598
0.569

Gain
(σ3-σ4)/σ3
30%
14%
7%
19%
16%
24%
17%
17%
14%
22%
18.0%
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Figure 7. Tdev of the KRIS-NICT baseline: the V02 13’/16’ tracking arc
inks and that of the V03 20’/20’links vs. the TW link

Figure 7 illustrates the time stabilities of the three links:
the link of V02 13’/16’, the link of V03 20’/20’ and the TW
link. Obviously the TW link is the most stable. The Tdev. of
V03 is well below that of the V02 until the averaging time of
half day. The three converge after.

TABLE IX.
COMPARISONS OF STANDARD DEVIATION OF THE
DIFFERENCE BETWEEN THE V02 13’/16’ TRACKING ARC KRIS-NICT LINK
AND THE V03 16’/16’, 20’/20’, 30’/30’ AND 60’/60’ LINKS VS. THE TW
LINK (UNIT IN NS)

Gain 2000
/
Obs.
numb. 1000
0

5.2 V02 13’/16’
4.6
3.9
3.3 3.2 3.3
4.0
3.9
3.3
3.0 2.9 2.6
V03 20’/20’
2.4
1.4
1.1 1.0
TW

Its comparisons to GPS PPP have been listed in Tables II,
IV, VI and VIII. The gains are respectively 8%, 12%, 18%
and 14%. The average is 13%. The gains given by the two
references of TW and GPS PPP agree with each other.

60’

Figure 5. Gains in the standard deviation as a function of tracking length
3000

24.1 26.
6 21.9
24.6
20.8
13.1
18.1
13.1
10.4
6.5

We use the same method to compute the gains as did with
GPS PPP. The result is listed in Table IX. The total number of
the TW measurements is 705. The recording interval is one
hour. Therefore for the comparison of V03 60’/60’, it is a
point to point comparison. The gains for the lengths of
tracking arcs of 16’, 20’, 30’ and 60’ are 7%, 11%, 17%
and 21%. The average is 13.9%.

60’

Figure 4. Gains in percentage as a function of the tracking arc length
0,7

TWO REMARKS

A. Comparison with TW
We used also the TW time links as the reference to
estimate the gains of V03 against V02. Unfortunately the
quality of the European-American TW links degrades since
last year. We use then an Asia TW link: KRIS-NICT 1002.
The distance is 1158 km. The sigma is only 0.131 ns by the
UTC standard procedure. The standard deviation of the
differences between TW and GPS PPP links is 0.333 ns.

σx

30

Gain
15
%
10

V.

KRIS-NICT
TDev./s-10

E. Gains as a function of length of the tracking arcs
The gain is a function of the tracking length or the
recording interval. As the length increases, the gain increases.
We make in this section a résumé using the averaged gains in
the above tables.
25

the gains presented with the decrease of the stability of short
terms. Meanwhile, as the gain increases, the size of the data
decreases by a factor of 4 (Figure 6). However, the tendencies
displayed in the figures demonstrate that longer than 1 hour of
the tracking arc, the speed of quality improving slows down.

σ/V02
13’/16’
0.788
-

60’

Length of tracking arc in minute

Figure 6. Decrease of observation numbers as a function of tracking length

Figure 4 illustrates the total gains in percentage obtained
by increasing the tracking length. From 16’ to 20’, the gain
increases more rapid than that between 20’ and 30’. The
latter, in turn, increases more rapidly than between 30’ and
60’. Similar phenomena are observed in the Figure 5 where

σ/V03
16’/16’
0.737
6.5%

σ/V03
20’/20’
0.701
11.0%

σ/V03
30’/30’
0.652
17.3%

σ/V03
60’/60’
0.623
20.9%

Mean.
13.9%

By conclusion, there is a significant gain in V03 vs. V02,
by increase the length of the tracking arc from 20’ to 60’, we
have a gain of 14% in uA on average. However, increasing the
recording intervals will decrease the short term details of the
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clock behaviors. A user should make the best choices
according to the specification of his applications.
B. Gain with GPS P3 Comment View (CV)
So far, we discussed only the standard UTC AV (All in
View) time links. In fact, the CV links used widely in lower
level practices have been also analyzed. General speaking,
there were gains too: the CV gain is slightly better than that of
the AV in short baselines but worse in long baselines.
C. The reachable uncertainty uA
Taking always the P3 as example, the other codes should
have the same result. The GPS P3 All in View technique is
used for UTC time transfer since 2006. The CGGTTS V02
data are used for the computation of the GPS P3 links. The
uncertainty type A (uA) is 0.7 ns as listed in the section 6 of the
Circular T.
Above we have theoretically discussed the gain of full use
the data 16 minutes is 10%. This implies the uA(P3) may
reduce to 0.63 ns. Taking into account of round off and
increasing the tracking length, we can predict the uA of 0.6 ns
for P3 is reachable.
Now we estimate if the V03 is applied, what we can gain.
If disregard the lengths of the tracking arcs, the average values
of all the σ and gains in the Tables I ~ VIII are listed in Table
X. Averagely, the σ(P3/V02)=0.655 ns, knowing that the
nominal uA of GPS P3 is uA(P3/V02)=0.7 ns; the
σ(P3/V03)=0.563 ns. Hence, 0.6 ns is safely reachable in
CGGTTS V03 convention. This can be estimated in another
way. Because the averaged gain is 14.4% (Table X) and
uA(P3/V02)=0.7 ns, we have uA(P3/V03)=0.7ns·(114.4%)=0.598 ns.
0.6 ns is still a conservative estimation. Because: 1) all the
estimations above were based on that the GPS PPP which is
errorless; 2) The average gain of 14.4% is average of all the
tested lengths of tracking arcs (data recording interval). As
suggested to the V03 for UTC time transfer, the lengths are
30’ or 60’. The average gain will be 20% and the related
stability is 0.529 ns. Same as above, we have therefore the true
uA(P3/V03) equals √[0.529² - uA²(PPP)]. If we use the values
0.3 ns, 0.2 ns and 0.1 ns to replace the term uA²(PPP), we will
obtain the uA(P3/V03) becomes respectively 0.432 ns, 0.490
ns and 0.519 ns.
TABLE X.
Tables
I,III,V,IIV
II,IV,VI,IIIV
Average

VI.

AVERAGE OF THE SIGMA AND GAIN: (UNIT IN NS)
Distances
km
3933
3933

σ /ns
V02 13’/16’
0.616
0.694
0.655

σ /ns
V03 16’/20’/30’/60’
0.520
0.606
0.563

Gain

the COMMENTS line: the data recording interval is 1200
seconds (20’), the output data are of P3 without carrier phase
smoothing. The terms REFSV, SRSV, SRGPS and DSG
are in 0.01 ns but the main term REFGPS is in 0.001 ns.
We tested also to change the terms ELV AZTH in 0.01
degree but this made only several ps differences in the
REFGPS in the file of LabYYMM.G1I. It seems to makes no
sense to record the ELV AZTH in 0.01 degree.
VII. SUMMARY
• We estimated the uA and the gains obtained using σ of the
residuals of Vondrak smoothing (Tables I, III, V, VII) and
that of the PPP as reference (Tables II, IV, VI, VIII). Both
give almost the same result for intervals shorter than a hour;
• It seems that shorter baselines have bigger gains than longer
baselines, e.g. in Table VIII, the average gain of intercontinental baselines (> 6500 km) is 13% while that of the
inner-continental baselines (< 2200 km) is 21%; further
investigation needed;
• Longer the tracking length, bigger the gains and less the size
of storing memory: the gains for 16’, 20’, 30’ and 60’ arcs
are respectively 6.6%, 11.4%, 17.3% and 22.3%. For UTC
time transfer, the data recording interval should not be
longer than 1 hour, knowing that the intervals of TW are 1
or 2 hours; It is interesting to notice that a bigger size of data
recording would not guaranty a better quality of T/F
transfers. The wave length of the filter makes strong
influence on the short term uncertainty (< 1 day). However,
longer tracking arc implies more tracking data cut off in a
passage of satellite. Although the cut off data are of low
elevation satellites and it seems this dose not damage the
data quality. In fact, this paper proves an improvement of the
quality by a reasonable tracking length. Further study should
be made on this point;
• The average of total gains is 14.4%. This may be considered
as the gain of V03 with respect to V02;
• If V03 (20’/20’) is used in UTC computation, the uA of
GPS P3 may be reduced from 0.7 ns to 0.6 ns;
• If V03 is used, the size of the data storing memory will be
considerably reduced depending on the length of tracking
arc;
• As V02 dose not replace the V01 (we have still V01 data for
UTC and other applications in T/F transfers). V01 and V02
will co-exist with V03 for as long as needed.
This study concludes:

16.0%
12.7%
14.4%

TOWARD A CCTF CGGTTS VERSION 03 ?

Section II gives the new characters of the suggested CCTF
CGGTTS GNSS data recording format convention version 03.
The Annex is an example of the version 03. It is the
measurement recording of one hour. The options are given in

• The V03 data recording interval may be variable. For UTC
time transfer, 1800 seconds or 30 minutes is suggested.
Increasing properly the data recording interval suggests
improving T/F quality and decreasing the size of storing
memory. GNSS P code T/F transfers will benefit of a gain of
14.4% on average thanks to this updating;
• It makes sense to convert the tracking data round off 0.001
ns for the related terms;
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• As an option, the output C and/or P codes may be smoothed
using the carrier phase information;
• Some flexible tolerances or flags may be applicable to allow
using more users;
• It is suggested to the CCTF CGGTTS working group to
investigate this issue and to pass to the new convention V03.
Finally, it is important to point out that all these suggested
modifications are of once for ever with limited software work.

Not any investment is required. The gain in uncertainty is
based on fully use the potential in the raw measurement data.
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Annex: Example of the CCTF CGGTTS version 03 produced by U5
CGGTTS GPS/GLONASS DATA FORMAT VERSION = 03
F30195/U5 at 16:40:24/08/19/10
REV DATE =
RCVR =
CH = 12 (GPS)
IMS = F30195
LAB = USN3
X = +1112162.140 m (GPS)
Y = -4842853.628 m (GPS)
Z = +3985496.084 m (GPS)
FRAME = ITRF
COMMENTS =CMD:V03 M13=20 M16=20 -CombLkCp Eps1=1.D1 Eps2=1.D6 Wgt1=1 Wgt2=1 -SMTH -ELV15 -MES -MESN -MESO -MES1 -MES2 –RdRxXYZ
INT DLY =
0.1 ns (GPS P1),
0.1 ns (GPS P2)
CAB DLY =
0.0 ns (GPS)
REF DLY =
0.1 ns
REF = UTC(USNO)
CKSUM = 8C
PRN CL
9
22
14
18
30
26
12
31
27
9
22
14
18
30
26
12
31
22
14
18
30
26
12
31
… …

FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF
FF

MJD
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222
55222

STTIME
hhmmss
020 0
020 0
020 0
020 0
020 0
020 0
020 0
020 0
020 0
040 0
040 0
040 0
040 0
040 0
040 0
040 0
040 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0
1 0 0

TRKL ELV
s .1dg
1200 175
1200 815
1200 626
1200 425
1200 330
1200 609
1200 312
1200 281
1200 122
1200 94
1200 718
1200 656
1200 338
1200 391
1200 555
1200 322
1200 367
1200 619
1200 669
1200 251
1200 437
1200 497
1200 310
1200 453

AZTH
.1dg
446
1365
3199
1322
1249
326
849
2189
448
460
1473
3402
1378
1155
480
741
2241
1525
33
1421
1039
606
637
2308

REFSV
SRSV
.1ns
.1ps/s
-1022031.0x -19.2
-1807158.2x
-7.8
-43406.7x -41.2
-444500.0x -41.7
-2138412.6x
-6.7
126848.9x
30.2
1583474.5x -30.4
539861.3x
26.3
-1204040.4x -38.0
-1022037.3x -38.5
-1807150.0x
-0.9
-43461.7x -45.1
-444516.8x -37.8
-2138450.2x -19.8
126892.0x
32.7
1583442.9x -34.9
539840.9x
20.0
-1807154.6x
-7.7
-43512.8x -47.9
-444547.6x -43.1
-2138493.5x -14.5
126931.6x
31.2
1583395.3x -39.1
539835.0x
9.9

REFGPS
SRGPS DSG IOE MDTR SMDT MDIO SMDI MSIO SMSI ISG FR HC FRC CK
.1ns
.1ps/s .1ns
.1ns.1ps/s.1ns.1ps/s.1ns.1ps/s.1ns
11.01
3.6 2.2 93 271 104 -10 -42 -10 -42 22 0 0 L3P 37
22.71 -15.8 3.6 81
81
2
-9
1
-9
1
7 0 0 L3P B6
11.58
3.2 0.9 68
90
-2
-7
3
-7
3 10 0 0 L3P DD
9.18 -14.4 1.0 112 119
17
20
-1
20
-1 21 0 0 L3P FB
76.76
26.3 2.5
8 146 -21
29
12
29
12 18 0 0 L3P 47
15.76
-2.8 0.6 40
92
4 -15
0 -15
0 15 0 0 L3P CA
-7.74
18.5 0.9 107 154
-7
29 -12
29 -12 25 0 0 L3P 51
24.82
41.0 1.2 65 169 -39
49 -10
49 -10 21 0 0 L3P 6B
14.88
-3.9 3.0 18 388 188 -18 -28 -18 -28 34 0 0 L3P 6F
31.97 -15.8 2.3 93 510 347 -29
63 -29
63 39 0 0 L3P 71
21.40
-8.9 1.8 81
84
4
-6
4
-6
4 10 0 0 L3P D5
9.78
-0.8 1.7 68
88
-1 -12 -13 -12 -13 11 0 0 L3P 2C
25.14 -10.6 0.8 112 145
28
22
20
22
20 23 0 0 L3P 36
78.70
13.2 2.1
8 126 -12
21
8
21
8 19 0 0 L3P 3A
19.36
-0.3 0.9 40
97
6 -16 -16 -16 -16 18 0 0 L3P 2F
19.39
14.0 1.2 107 150
1
-3
5
-3
5 25 0 0 L3P F2
22.21
34.7 1.0 65 133 -22
29
3
29
3 19 0 0 L3P 29
7.28 -15.7 2.4 81
91
7
2
12
2
12 12 0 0 L3P C1
11.88
-3.6 0.5 68
87
0 -17
23 -17
23 11 0 0 L3P F8
27.05 -15.9 1.0 112 191
51
35 -14
35 -14 28 0 0 L3P 32
74.92
18.4 1.5
8 116
-6
8 -25
8 -25 10 0 0 L3P 6
19.42
-1.8 0.7 40 105
8 -15 -13 -15 -13 20 0 0 L3P 18
30.43
9.8 1.1 107 155
9 -14 -20 -14 -20 29 0 0 L3P 3E
34.02
24.7 1.0 65 112 -14
4 -13
4 -13 17 0 0 L3P D

Remark: As mentioned in the introduction, carrier phase information in the Rinex data file may be used to smooth the C and P codes.
This may be an option of V03. The study is undertaking at BIPM.
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Comparison of the GLONASS Orbit Products for UTC
Time Transfer
The ephemerid products should be available by the
deadline. Usually there are the so called rapid and
final products. The later is too late for the Circular
T computation. However it can be used in this
study to estimate the quality of the rapid products.
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We study the differences between different SP3 ephemerid
products supplied by ESA and IAC.

Abstract— Accurate GNSS (Global Navigation Satellite System)
time transfer needs accurate satellite orbit information. Since
Nov. 2009, the GLONASS time transfer is introduced in UTC
generation. The precise and timely GLONASS orbit information
is indispensable for Circular T computation. In this paper, we
compare the GLONASS orbits produced by different analysis
centers. We study the differences of the products, their
influences on the common view time transfers and the delays of
the availability. The products to investigate are the rapid and
final sp3 ephemeredes produced by ESA (Europe Space Agency)
and IAC (Information-Analytical Center). IAC belongs to
Russia Federal Space Agency. Its primary goal is to analyze the
information on the satellite navigation based on the global
systems, mainly the GLONASS. The delay of the IAC sp3 rapid
products is 24-28 hours. This satisfies the rhythm of the BIPM
monthly Circular T computation, of which the deadline of data
collection is the 5th of every month. Since Nov. 2010, the BIPM
started to use the IAC ephemeredes to compute the GLONASS
satellite orbits for UTC time transfer. At present the IAC
product is the most suitable for the UTC GLONASS time link
computations.

I.

Most of GNSS users are familiar with the ESA. We give
here only a quick introduction on the IAC. More information
can be found in its official English web site [4].
IAC belongs to Russia Federal Space Agency. Its primary
goal is to analyze the information concerning the satellite
navigation based on the global systems GLONASS (Russian
Federation), GPS (USA) and GALILEO (European
Community). A basis of a web site is the results of its work. It
contains the information concerning the GLN and GPS current
orbital constellations, Earth maps of the current and daily
navigation availabilities, results of the GNSS navigation,
fields monitoring in Moscow area in a real-time mode and a
number of the other data, cf. Figure 1.

INTRODUCTION

GLONASS (GLN for short) time transfer was introduced
for the first time in UTC generation in Nov. 2009 in circular T
267 [1,2,3]. Precise and timely issued GLONASS orbit
information is indispensable for the BIPM monthly Circular T
computation. There are different GLONASS orbits products
supplied by the analysis centers: ESA and IAC (InformationAnalytical Center of the Russia Federal Space Agency) [4].
We should make a choice in favor of the UTC time transfers.
There are two major indicators for making the choice:
(1)

The accuracy and precision of the ephemerid
products, including the biases if there are. The
quality of the corrections of the on board satellite
clocks etc. Their uncertainties in view of the
common view (CV) time transfer;

(2)

The delay of the issue of these products. Because
the BIPM Circular T is a monthly publication, the
deadline of data collection is the 5th of a month.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Figure 1. The IAC (Information-Analytical Center) and its missions after
http://www.glonass-ianc.rsa.ru/pls/htmldb/f?p=202:1:2253948845654375

IAC supports data archiving and distribution for the
Russian and world communities. The main objectives of the
archive and FTP-site are to store the GNSS, space geodesy
and geodynamics related data and products in a data archive
and to disseminate these data and information in a timely
manner to Russian and world users.
The IAC archives and distributes the results of the GNSS
and SLR data analyzed in IAC and other analysis centers,
mainly GLN, GPS and SLR measurements as well as the
related products.

323

The IAC ftp archive consists of 10 head catalogues
containing the information about: MCC, the results of the
IAC work and analysis, including the precise ephemeris and
time products for GLN and GPS, daily and monthly bulletins
concerning onboard ephemeris and time accuracy, navigation
fields quality based on the global network data and others; the
IGS (International GNSS Service); IERS (International Earth
Rotation Service); ILRS (International Laser Ranging
Service); BIPM (Bureau International des Poids et Mesures);
NAVCEN, the official information concerning GPS
constellation status from US Coast Guard Navigation Center;
FAF, the information on indexes of solar and geomagnetic
activity; The published official documents, reports and
standards of the Russian and international services.
The IAC broadcast navigation information is also
indispensable for the precise orbit computations. It can be
found in ftp://ftp.glonass-iac.ru/MCC/BRDC/, which however,
according to its header, is not an independent product but
edited based on all the available IGS broadcast data.
The products supplied by the IAC that we investigated are
the rapid and final sp3 ephemerides, which are used to analyze
the information on the GLN satellite navigation based on the
global systems. The delay of the IAC sp3 rapid products is 2428 hours vs. a delay of a week by the ESA products.
The timely rapid products of the IAC satisfies the rhythm
of the BIPM monthly Circular T production, of which the
deadline of the raw data collection of the time links, the clocks
and the orbit and ionosphere data is the 5th of every month. As
proven in the following sections, the quality of the IAC
products is comparable with that of the ESA. Since Nov.
2010, the BIPM started to use the IAC ephemerides to
compute the GLN satellite orbits for UTC time transfer
[2,5,6].
As of this writing, the IAC products are the most suitable
for the UTC GLN time link computations.
Hereafter are some detailed discussions. In section II, we
give the method used in this study and in the sections III-VII
we present the results of different numerical tests. Sections
VIII and IX are discussion and conclusion.
II.

DATA AND METHOD

A. The test data
The main purpose of this paper is to make a comparison in
view of UTC computation between the products of ESA and
IAC:
• different products
• the quality of the products
• availability and rapidity of the products

•
•

The time transfer data used is the GLN C/A UTC1009
collected from AOS of Poland, NIS of Egypt, OP of France,
PTB of Germany, SU of Russia and UME of Turkey.
Main attention of the numerical analysis is paid at the
GLN UTC time link SU-PTB. The preliminary conclusion
obtained by the baseline SU-PTB was then to be verified with
other UTC baselines.
B. Method
We use two methods to make the comparisons:
In Method 1, we compare time links computed with the
three ephemeredes and we use standard deviation σ of the
Vondrak smoothing residuals and Time deviation σx of the
links as indicators of the quality: smaller the σ and σx, the
better the ephemeredes. Analysis results are given in sections
III-V. In Section VI, we demonstrate the effects of the satellite
clock corrections. More results are given in the Annex 1-3 of
the reference [5].
In Method 2, we compare the REFSYS values for a single
laboratory using different ephemeredes. We estimate how well
the quality of the related ephemeredes by computing the σ and
σx of each difference. This is shown in section VII. Two
laboratories in two distant geographic locations are used to
provide a variety in geometric configurations: OP in Europe
and SG in Asia.
III.

TIME LINK COMPARISON USING ESA FINAL AND IAC
SP3 FINAL EPHEMEREDES

We first compare the UTC time links between SU and
PTB and their Tdev obtained using the ESA final (Figure 2)
and IAC final (Figure 3) sp3 ephemeredes. Figure 4 illustrates
the differences of the two links. The total compared points are
2574 and the σ of the differences is 0.081 ns, which is well
below the measurement noise, about 1 ns.
Table I lists the statistics of other 5 baselines. The σ of the
differences varies from 0.081 to 0.379 ns. The biggest is the
link SG-PTB. SG locates in Singapore. SG-PTB is the longest
baseline (6300 km) in this test. The related measurement noise
is up to 2 ns. The 4 days’ data missing may also explain the
big σ. In general, the differences between the GLN time links
using the ESA and IAC final sp3 is acceptable vs. their
measurement uncertainties.

ESA has not the rapid product but only the final sp3
product. IAC have the both. We have therefore three different
products to compare: ESA final sp3, IAC rapid and final sp3.
The satellite clock correction is also a topic to study. We can
then form four differences:
•
•

between IAC Final – ESA Final
between with and without clock corrections

between IAC Rapid – IAC Final
between IAC Rapid – ESA Final
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TABLE I.

UTC TIME LINK DIFFERENCES USING ESA FINAL AND IAC
FINAL SP3 EPHEMEREDES
Baseline
AOSPTB
NISPTB
OPPTB
SGPTB
SUPTB
UMEPTB

N
2510
1264
2525
1446
2574
2315

σ/ns
0.200
0.174
0.109
0.379
0.081
0.148

.

10
0
-10

ESA
55440

55450

6.0

5.5

55470

6.1 6.4 6.5 6.2
5.0

4.9
3.9

σx / s-10

5.1

55460

h/2 h

rapid product of IAC. In this section, comparisons are made
between the ESA final and the IAC rapid sp3 ephemeredes.
We first compare the UTC time links between SU and PTB
and their TDev obtained using the ESA final and IAC rapid
sp3 (Figure 5) ephemeredes. Figure 6 illustrates the
differences of the two results. The total compared points are
3011 and the σ of the differences is 0.089 ns, which is well
below the measurement noise and agrees with the statistic
result between the final products (Figure 4).
Table II lists the statistics of other 5 baselines. The σ of the
differences varies from 0.089 to 0.186 ns. The biggest is still
the link SG-PTB due to the long distance. In general, the
differences between the GLN time links using the ESA final
and IAC rapid sp3 is acceptable vs. their measurement
uncertainties. The difference between them is negligible for
the purpose of the GLN CV time transfer.

d/8 d/4d/2day ddd wk*

Averaging time

Figure 2. SU-PTB Time link and Tdev using ESA final ephemerid / ns
(UTC1009, total CV 3098, smoothing σ 1.068 ns)

20.0

TABLE II.

10.0

UTC TIME LINK COMPARISON USING ESA FINAL AND IAC
RAPID PRODUCTS

0.0

55440

55445

55450

6.1

5.1 5.5

55455

55460

6.1 6.3 6.1 5.7
5.2

55465

55470

Baseline
AOSPTB
NISPTB
OPPTB
SGPTB
SUPTB
UMEPTB

5.6

σx / s-10

4.2

h/2 h

d/8 d/4 d/2 day

σ/ns
0.182
0.134
0.125
0.186
0.089
0.135

N
2942
1667
2961
1676
3011
2734

.

20

ddd wk

Averaging time
10

IAC

Figure 3. SU-PTB Time link and Tdev using IAC final ephemerid with 4
days’ data missing /ns (UTC1009, total CV 2650, smoothing σ 1.055 ns)

0

55450

55460

55470

Figure 5. SU-PTB Time link using IAC rapid ephemerid /ns
(UTC1009, total CV 3098, smoothing σ 1.066 ns)

IAC

15

55440

10
15

5

ESA

10

0

ESA
-5

55440

55450

55460

5

55470
0

10.4

IAC
-5

10.2
10.0

55450

-9.5

9.8
55440

55450

55460

55460

55470

σ =0.089 ns

σ =0.081 ns

9.6

-10.0

55470

-10.5

Figure 4. Differences between SU-PTB Time link using ESA and IAC final
ephemerid /ns (UTC1009, total points 2574, σ of difference 0.081 ns)

IV.

55440

55440

55445

55450

55455

55460

55465

55470

Figure 6. Differences between SU-PTB Time link using ESA final and IAC
rapid ephemerid /ns (UTC1009, total points 3011, σ of difference 0.089 ns)

TIME LINK COMPARISON USING ESA FINAL AND IAC
RAPID SP3 PRODUCTS

On the 5th every month, we start to compute the Circular T.
The final products of either ESA or IAC are too late for the
UTC computation. Our main concern is then the 2-day delay
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V.

TIME LINK COMPARISON USING IAC FINAL AND RAPID

In last section, we conclude the in view of the CV links,
the IAC rapid sp3 gives no considerable difference vs. the
ESA final one. We now make a comparison within the IAC
products between the final and rapid sp3 ephemeredes.
We first compare the UTC time links between SU and
PTB. Figure 7 illustrates the differences of the two results.
The IAC final, as pointed out in Figure 3 and 4, has 4-days
hole. The total compared points are 2574 and the σ of the
differences is 0.095 ns, which is well below the measurement
noise and agrees with the above statistic results.
Table III lists the statistics of other 5 baselines. The σ of
the differences varies from 0.095 to 0.377 ns. The biggest is
still the link SG-PTB due to the long distance and data
missing. In general, the difference is acceptable vs. the
measurement uncertainties.
TABLE III.

25

N
2510
1264
2525
1446
2574
2315

-220.0

-224.0
55440

55450

55455

55460

55465

55470

55440

55450

55460

55470

Figure 8. Differences between ESA and IAC final sp3 ephemeredes with or
without clock corrections /ns (UTC1009, total points compared 2574, σ of
difference 0.089 ns)

VII. COMPARISON OF REFSYS VALUES USING FINAL AND
RAPID SP3 EPHEMEREDES FROM ESA AND IAC
In sections III-VI, we analyzed the time links. In this
section, we study the influence of the different ephemeredes
on the REFSYS values which are the differences between the
ground clock and the satellite clock, the satellite time
reference system. This is a zero baseline comparison which
gives directly the differences between the ephemeredes
without the influences of the distance etc.

ESA

SU-PTB 1009, N=2574
55440

55450

55460

55470

The comparison results are illustrated in Figures 9, 10 and
11. There are 3 plots. In each figure: the up plot is the
difference in ns and down-left plot is the Modified Allan
deviation and the down-right the Time deviation.

SU-PTB 1009, N=2574

10.0

σ =0.095 ns
55445

55450

55455

55460

5546
5

The comparisons are made between:

5547
0

Figure 7. Differences between SU-PTB Time link using IAC rapid and final
ephemerid /ns (UTC1009, total points 2574, σ of difference 0.095 ns)

VI.

55445

10.5

9.5

10

55440

σ =0.089 ns ESA IAC

-222.0

.

15

9.5

ESA

-218.0

IAC

10.5

ESA

-216.0

σ/ns
0.084
0.126
0.100
0.377
0.095
0.132

20

5

-214.0

10.0

TIME LINK COMPARISON BETWEEN IAC FINAL AND RAPID
Baseline
AOSPTB
NISPTB
OPPTB
SGPTB
SUPTB
UMEPTB

Figure 8 illustrates the differences of which the σ is 0.089
ns, as same as the σ obtained among different comparisons in
the above sections. The residual influences of the satellite
clock corrections are covered by the measurement noises.

- REFSYS differences between ESA and IAC final: Figure 9
- REFSYS differences between ESA and IAC rapid: Figure 10
- REFSYS differences between IAC final and rapid: Figure 11

DIFFERENCES BETWEEN ESA AND IAC WITH OR
WITHOUT SATELLITE CLOCK CORRECTIONS

In above sections, we did not use the satellite clock
corrections given in the sp3 data files. The conclusions drawn
from these analysis hold also for the results where the clock
corrections are used. This is because, in the CV links,
especially for the short or middle baselines, the clock effects
are almost cancelled.
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Figure 10. REFSYS differences between ESA and IAC rapid for SG (up)
and OP (down) /ns

Figure 9. REFSYS differences between ESA and IAC final for SG (up) and
OP (down) /ns

Figure 11. REFSYS differences between IAC final and rapid for SG (up) and
OP (down) /ns
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As the quality of IAC rapid and final are as same as that of
ESA, we will use IAC for UTC computation and keep ESA as
back up.

TABLE IV.

STANDARD DEVIATION OF THE DIFFERENCES OF REFSYS
USING ESA/IAC FINAL AND RAPID SP3 EPHEMEREDES

Difference between

SG/ns

OP/ns

ESA final - IAC final

0.070

0.054

EAS final - IAC rapid

0.078

0.059

IAC final – IAC rapid

0.058

0.056

IX.

CONCLUSION

Since Nov. 2009, the GLONASS time transfer is
introduced in UTC generation.

Table IV gathers the statistic results shown in the Figures
9, 10 and 11. The σ varies between 0.05 ns to 0.08 ns. The
differences are therefore negligible with respect to the
measurement noises.

Accurate GLN time transfer for UTC computation needs
accurate satellite orbit information. At present there are
available the EAS final and the IAC rapid and final sp3
ephemerid products. Both of the final products are not timely
issued for the monthly UTC computation. With a 2 day delay,
the IAC rapid ephemerid is the only choice.

VIII. DISCUSSION

In this paper, we carefully compared the differences of the
IAC rapid products with the final products which are a priori
more accurate and precise than the rapid one.

Method 1 shows that the σ and the first point of Tdev
changes very little (1-2%) when using the three different
ephemeredes. No significant discrepancies are found between
these three products.
Method 2 shows that the three ephemeredes differ from
each other less than 0.1 ns in the REFSYS values. In Table IV,
the values for the three differences for both laboratories, SG
and OP, are similar hence the three ephemeredes are expected
to be of similar quality.
The noise level of the GLN C/A code CV time links is
about 1 ns [2,6]. The uA value for CitrT is 1.5 ns. As the
difference of the comparisons is very small compared to uA,
we can consider the three products as nearly equivalent.
However, we consider that IAC rapid is the best taking into
account that it is available more timely than the other ones.
In addition, in Section VI we compared also the CV links
with and without clock corrections. The differences due to the
clock corrections are less than 0.1 ns. Hardly to say it is a gain
by applying the clock corrections. However, we can always
use the clock corrections expecting the quality being increased
afterwards. Precise clock is the base of the GNSS All in View
time transfer. Further study is undertaking at BIPM to use the
AV for GLN time transfer.

We conclude that, in view of the UTC CV time links, the
differences between these products and their influences on the
CV time transfers are of the order of 0.1 ns which is negligible
compared with the measurement noise of 1 ns about.
We should use the IAC rapid sp3 products for UTC
computation and use the ESA ones as backup.
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Abstract—In this paper we described the development and the
characterization of a 578 nm laser source to be the clock laser
for an Ytterbium Lattice Optical clock. Two indipendent laser
sources have been realized and the characterization of the
stability with a beat note technique is presented.

I.

INTRODUCTION

A yellow laser (λ = 578 nm) to be used for the interrogation
of the 1S0 ← 3P0 clock transition in cold ytterbium atoms [1]
was realized and characterized. In Figure 1 we report for
convenience the relevant transitions for Ytterbium: the two
cooling transitions at 399 nm and 556 nm and the clock
transition at 578 nm. The yellow light is generated by
frequency sum in a waveguide non-linear crystal of a 1319
nm Nd:YAG laser and a 1030 nm Yb doped fiber laser [2,3].
Two independent, ultrastable lasers are obtained from the
same light source in a setup with two Fabry-Pérot cavities.

Figure 2. Scheme of the 578 nm laser source Sum Frequency Generation
shaped). The output of the coupler is a bare fiber, aligned
very close to the input face of the crystal to couple the light
into one of the waveguide channels (the distance is of the
order of 1 μm). The crystal is put on a translator to easily
align the fiber with the working waveguide channel. In Figure
2 the optical bench scheme for the Sum Frequency
Generation is shown.

Figure 1. Ytterbium laser cooling and laser clock transitions
II.

Figure 3. Yellow laser output power vs nonlinear crystal temperature.

SUM FREQUENCY GENERATION

The yellow laser is obtained by sum frequency generation of
two infrared laser sources (1030 nm and 1319 nm).
The non-linear crystal is a waveguide, magnesium-doped,
periodically poled lithium niobate (PPLN) device and works
in single pass. Infrared light of both lasers is delivered to the
crystal through a polarization-maintaining fiber coupler (y-

The output power is maximized tuning the temperature of the
crystal. The power shows a diffraction-like behavior around
the phase-matching temperature found at ~76 ◦C, as shown
in figure 3. We have generated up to 12 mW of light at 578
nm. Unfortunately the crystal seems to
suffer some
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degradation and the maximum power is decreasing slowly.
The time instability of the laser intensity is reported in Figure
4. For time intervals up to 100 s, the laser intensity instability
is less that 110-3.

The ULE spacers are notched, held horizontally and
supported by four Viton pads on an aluminum structure. We
have performed a finite element analysis to investigate the
elastic deformation of the Fabry-Pérot cavity. The final
position of the four pads was chosen to minimize the
variation of the distance between the two mirrors due to the
gravitational acceleration (the cavity is said to be supported
at the Airy points).
Each cavity is held in a vacuum chamber (pressure <2×10−4
Pa), placed on top of a passive vibration isolation platform
inside an acoustic shielding enclosure.
Finite element analysis shows that the vibration sensitivity of
the cavity is less than 2 pm/g , being g the gravity
acceleration, that for our cavities (L=10 cm), in terms of
relative units means less than 210-11s2/m.
The sensitivity is shown in Figure 5, where we report the
cavity length variation when a load of g is applied with
respect to distance from the optical axis. Different curves are
for different pad positions.

Figure 4. Yellow laser output power temporal stability.

Figure 6. Seismic noise on the acoustic enclosure floor (upper green
curve) and on the seismic dumping board (lower red curve).

Figure 5.

Finite Element Analysis shows a cavity length sensitivity to
vibrations of less than 2 pm/g , being g the gravity acceleration.

III.

TWO ULTRASTABLE CAVITIES

A couple of ultrastable Fabry-Pérot cavities are used as
references to independently stabilize the frequency of the
clock lasers. The two cavities are completely made of
Corning Ultra Low Expansion Glass (ULE) with a free
spectral range of ∆νFSR = 1.5 GHz and a finesse of F1 = 151
000 ± 1000 and F2 = 224 000 ± 4000 respectively, measured
with a cavity ring-down experiment.

The noise on the isolation platform was measured with a
seismometer. In Figure 6 we report the seismic noise on the
acoustic enclosure floor and on the vibration dumping board.
The residual seismic noise is compatible with an instability in
the laser frequency of 1×10−15 @ 1 s when the cavity is held
at the Airy points. Thermal isolation is achieved with a
copper shield surrounding the cavity. A digital control
stabilizes the temperature of the shield, acting on two heaters
external to the vacuum chamber. The ULE has a zero in the
coefficient of thermal expansion around room temperature.
To quickly estimate its value, we give a linear ramp to the
temperature of the shield of one of the two cavities, while
monitoring the beat note with the other. Aside from an
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exponential transient and a time lag, the temperature of the
cavity itself should vary linearly. The results are presented in
Figure 7. This method allows us to estimate the zero at ~21
◦C but has some trouble measuring the delay of the cavity
temperature (this should translate in a shift of ~0.5 ◦C).

independently frequency stabilized. In both case an electrooptic modulator (EOM) is used to add sidebands to the carrier
of the yellow laser (clearly visible in the transmission). Thus,
an optical isolator allows to extract the reflected beam and to
obtain the Pound-Drever-Hall error signal.
Two double pass acousto-optic modulators (AOMs) are used
for the fast locking of the laser frequency on each cavity. A
proportional-integral-derivative (PID) control is used, while
a voltage-controlled oscillator (VCO) drives each AOM. The
bandwidth of the control is ~ 150 kHz, limited by the delay
in the AOMs.
In Figure 8 the optical bench scheme is reported, while Figure
9 shows the transmission signal of the cavity as well as the
Pound-Drever-Hall signal.
The Pound-Drever-Hall signal from the first cavity is also
used for a slow lock on the piezoelectric actuator of one of
the two infrared lasers, in order to correct for the drift. A third
AOM is used to bridge the frequency of the two cavities.

Figure 7. Frequency of the beat note changing one cavity temperature to
measure the zero CTE point of the ULE cavity.

Figure 8. Scheme of the optical bench to lock the lasers on the two
ultrastable cavities.

Figure 9. Trasmission and Pound-Drever-Hall signals from the cavities.
IV.

STABILIZATION WITH POUND DREVER HALL TECHNIQUE

V.
The Pound-Drever-Hall technique is used to stabilize the
frequency of the yellow laser against the resonances of
the cavities. The 578 nm laser at the output of the crystal is
split and delivered to the cavities through polarizationmaintaining fibers (about 60 μW of laser are impinging on
each cavity). Two different beams from the same laser are

COMPARISON BETWEEN TWO CAVITIES

The laser beams, stabilized against the two different cavities,
are exctracted before the optical fibers delivering them to the
anti-acoustic chambers and are superimposed on a fast
photodiode. The resulting beat note is then filtered, amplified,
down-converted and counted using an hydrogen maser as a
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reference. The noise of the two lasers is independent within
the bandwidth of the two controls. The noise of the two lasers
is independent within the bandwidth of the two controls.
Figure 10 shows the beat note at the spectrum analyzer
allowing the measurement of the bandwidth, that is about 150
kHz. Figure 11 presents just the close up scan of the beat
note, that allows to estimate a lorentzian linewidth of (3.8 ±
0.1) Hz.
carrier, that has a linewidth of 3.8 Hz (linewidth of the real
beat note of the two cavities).
The beat note is then down converted to about 10 MHz and
its instability is measured with a phasometer: results are
presented in Figure 12. Here, we show the instability of the
beat note when the dumping board is not operated (upper
green line), showing a large degradation in the short term
behavior as expected (1/ instability). Then, the red line
presents the instability of the lasers when the dumping board
is under operation: the short term is much lower than in the
previous case, and a linear drift is observed as large as 0.8
Hz/s. The linear drift removal confirms that the frequency
noise between 0.5 s and 20 s is mainly flicker.
The frequency flicker floor is at 4 ×10−15, probably limited by
AM to FM noise conversion.
We expect the limit from the thermal noise, dominated by the
thermal fluctuation in the ULE mirrors substrate in the
cavities to be between 1.5×10−15 and 3×10−15.

implementation of a power stabilization servo will be useful
to reach the thermal noise limit.

Figure 11. Beat note between the two independent locked lasers,
showing a linewidth of 3,8 Hz.

Figure 12. Lasers beat note instability: without seismic dumping (upper
green), with seismic dumping (medium red), with seismic dumping and 0,5
Hz/s drift removal (lower blue).
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Abstract—Ytterbium lattice frequency standard is an
outstanding optical clock with a demonstrated relative
frequency accuracy of 3.4·10-16, presently limited by the
uncertainty on the blackbody radiation (BBR), lattice
polarizabilities and cold collisions shifts. In particular the BBR
shift is looming as a major component in the uncertainty budget
of many optical frequency standards. In fact the uncertainty on
BBR systematic shift in Ytterbium atoms is due both to
experimental and theoretical limits in the knowledge of the
atomic system: presently Ytterbium has the largest theoretical
uncertainty on the BBR shift. Then, both for atomic physics and
metrology, new measurements of the Ytterbium atomic
properties are strongly demanded, such as the determination of
transition matrix elements, lifetimes, branching ratios,
polarizabilities and hyperfine constants. In this work we present
a set of new measurements for the radiative decay and for the
cold collisions trap losses in laser-cooled Ytterbium atoms.
These data are relevant to the blackbody radiation shift
evaluation and to the cold collisions shift theory.

I.

INTRODUCTION

In recent years microwave frequency standard
performances based on Cs atoms have been overcome by
optical clocks which permit to obtain an “almost” factor 10 of
improvements of the metrological properties of the standards.
In fact several scientific groups [1-7] have shown fundamental
results on the accuracy and the stability of optical clocks based
on a set of alkaline-earth and alkaline-earth like atoms.
Among them Yb frequency standards are one of the best
candidates for the possible re-definition of the Second, the
Time unit in the International System: the astonishing results
of the group of Lemke [7], showing a relative accuracy of few
parts in 1016, are pushing the scientific community to a more
active research on this fields tackling the Yb atoms properties
for a better knowledge. A lack in Yb atomic property data
limits both evaluation of relative frequency accuracy in Yb

optical frequency standards and quantum information
experiments. For this reasons more experimental data are
needed in order to improve the level of knowledge of this
atom.
Thanks to the atomic structure of the Yb atom, the
possibility of a deeper comprehension of the Yb atomic level
structure can be accomplished by comparison of the different
isotope dynamics taking advantages of the laser cooling
possibility. In fact Yb can be laser-cooled down to the mK
regime with the 1S0→1P1 (399nm) transition, with the natural
linewidth of 29MHz and a Doppler limit temperature of about
690µK.
When the atomic sample reaches the cold regime, a set of
interesting parameters, useful for frequency standard
applications, can be measured. Among them the measurement
of the cold collision coefficient β can clarify the collisional
shift theory for Yb optical clocks, improving their accuracy.
Moreover the measurements of the so-called D-branching
ratio a2,0 (which is defined as the de-excitation rate of atoms
from the 1P1 state to the 3P triplet, via the 3D states) allow to
improve the theoretical evaluation of the blackbody radiation
shift in Yb optical clocks.
II.

In our experimental set up, the Yb source is an effusion
oven operating between 360 and 390°C with a nozzle realized
with a microchannel bundle, maintained at a temperature of
400°C. The latter is made by 200 microtubes in Monel400
with 100µm of internal diameter, 10mm long, that implies a
thermal beam divergence of 17mrad.
The physical structure is maintained under Ultra High
Vacuum by two ion pumps which ensure a differential
vacuum: the trap region is maintained at a pressure of 10-6Pa
while the oven region pressure is 10 times higher. The MOT
region is placed about 50cm from the nozzle, where the
thermal beam has a diameter of about 20mm. The Zeeman
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slower is not used in order to simplify the structure and avoid
any stray magnetic field in the clock implementation. Yb
atoms interact with three retro-reflected laser beams in a
classical XYZ (0,0,1) configuration.
Each beam has 4mm (1/e) diameter and is red detuned of
about 30MHz by means of two double-pass acousto-optic
modulator systems. The MOT magnetic static gradient is
generated by two anti-Helmholtz coils that provide a magnetic
field gradient of 0.12T/(m·A). The trapped atom cloud is
approximately spherical and has a diameter of 1mm (1/e).
Atomic fluorescence light is collected by an EMCCD camera
placed outside the vacuum chamber, 25cm far from the
interaction region.
In order to increase the number of atoms in the trap an
additional laser cooling beam has been added, counterpropagating to the Yb atomic beam: this beam works at a
fixed frequency, which is 140MHz red detuned from the
atomic resonance of the 399nm transition for each isotope.
The laser radiation is provided by the 798nm radiation
obtained from a Ti-Sa laser frequency doubled using a 20mm
long PPKTP crystal placed in an enhancement ring cavity. Up
to 70mW of 399nm radiation have been obtained from a
600mW infrared radiation. The resonant ring cavity is then
locked to the Ti-Sa laser using the Hänsch-Couillaud
technique. The typical power of each laser beam is about
3mW: about 3·104 atoms of 174Yb are trapped without the precooler.
III.

EVALUATION OF THE TWO-BODY COLLISION

Figure 1. Simulated logarithmic time evolution of the trapped atoms
number during trap loading (ΔL, dashed line) and decay (ΔD, straight line)
assuming β = 4·10-15m3s-1, a = 0.7mm, α = 1s-1, Nin = 106 and R = 106s-1.

method for β evaluations, strongly different from methods
reported in [8-10]. As in [11], we use a loading/decay
technique where both processes are measured in the same
experimental setup but, compared to the method developed in
[11], without the pre-cooler beam during the acquisition.
This experimental choice enables us to develop an exact
theoretical model reducing the uncertainty on the final result.
As a matter of fact we introduce the functions ΔL and ΔD
defined as:

COEFFICIENT

In order to measure the β coefficient, the usual time
evolution of the trapped atoms number N(t), described by
r
r
dN (t )
= R − α ⋅ N (t ) − β ∫∫∫ n 2 (r , t )d 3 r
dt

N L ,D (∞) − N L ,D (t )
N L ,D (∞) − N L,D (0)

(3)

where ΔL and ΔD concern the loading and the decay process.

(1)

must be analyzed.
In (1), R is the atom capture rate, α the linear loss rate of
the trap, β the two-body collision coefficient and n the spatial
density of the trap. If the constant volume regime is assumed
and the spatial extension of the MOT is approximated as a
sphere with a radius a, the atom spatial density is described
by n(r,t)=n0(t)·exp(-r2/a2) and the non-linear second order
differential equation is evaluated. The latter is a particular
case of the more general class of Riccati differential
equations:

β
⎧ dN (t )
= R − α ⋅ N (t ) −
⋅ N 2 (t )
⎪
( 2π a ) 3
⎨ dt
⎪ N ( 0) = N
in
⎩

Δ L,D (t ) ≡ − ln

Finally in (3) NL,D(∞) is the asymptotic value of trapped
atoms in the loading/decay processes. As shown in Fig. 1, we
generally observe a linear behavior, but close to the beginning
of the processes a non linearity enables to distinguish the two
situations: this arises because of the different number of
atoms, with consequently a different loss rate due to the
collisions between the cold atoms.
If we consider the difference Δlog = ΔL – ΔD, whose
behavior is reported in Fig. 2, it is possible to evaluate some
important parameters of the atomic sample. The evaluation of
the derivative in the arbitrary time origin and the asymptotic
value of Δlog leads to a measurement of α and β coefficients
using (4). In fact from the solution of (2), it can be easily
obtained:

(2)

dΔ log (t )
dt

Once fixed the boundary condition this equation has only one
analytical solution. From (2) we introduce a different and new
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= kN Max

(4)

t =0

⎛ 2kN Max
lim Δ log (t ) = ln⎜⎜1 +
t →∞
a +ς
⎝

⎞
⎟⎟
⎠

(

)

IV.

V.

3

where k ≡ β
2π a and ς ≡ 4kR + α 2 ; Nmax and a are
directly measurable using the EMCCD camera imaging,
while R is evaluated as the slope in the origin of the solution
(4) for Nin=0.

BRANCHING RATIO MEASUREMENTS

In order to estimate the branching ratio a2,0, we developed
the following simple model: if we neglect the non-linear term
in (1), the solution becomes:

N (t ) =

EXPERIMENTAL RESULTS

The only measurement of the two-body cold collision
coefficient β actually available in literature for Yb is
accomplished in [12] using 174Yb atoms in the level 3P2 with
estimated temperature of 41µK.
In the present work we use laser cooled Yb atoms of
different isotopes with a temperature of few mK. While the
loading curve is obtained by chopping the six laser beams with
a mechanical shutter within closing time lower than 100µs, the
decay curve is obtained by switching on-off the RF of the
acousto-optic modulator which red detunes the pre-cooler
beam of 140 MHz from the atomic resonance and only taking
the values of the fluorescence when the RF is off. Each
measure is the average of about 30 acquisitions reducing the
laser noise.

R

α

(1 − e −αt )

(5)

This approximation is acceptable if we consider only the
loading curve, where the number of the trapped atoms is lower
and the non-linear contribution is negligible. In [13-14] the
evaluation of a2,0 is performed fixing the isotope and changing
the laser trap intensity. The latter changes the fraction f of the
excited atoms.
The linear loss rate α can factorized in two main
contributions as α = αb + a2,0 f. The first term is the loss due
to the collisions between the trapped atoms and the atoms in
the thermal beam. The second is the loss due to the atoms
decay from the excited state to the metastable 3P triplet.

The image analysis by EMCCD camera signal shows that
the spatial density distribution of the atoms in the trap is well
described by a gaussian function with a radius of about
0.4mm, depending on the isotope.

Figure 3. Experimental number of trapped atoms during MOT loading
without pre-cooler (empty circles) and during the decay from the pre-cooler
switch off to the MOT regime (full squares).

Figure 2. Simulated time evolution of Δlog using the same parameters in the
previous figure.

In Figs. 3 and 4 the measurements for 174Yb are shown
with a laser trap intensity of 75% of the saturation value. The
results for a single run acquisition are reported in Tab. I,
where β is obtained solving the equations system (4).
The values of τL and τD reported in Table I are the loading
and decay times of the experimental curves for different
isotopes, obtained from an exponential fit of the data. The
coefficients reported in the Table I are the first measurement
of β for Yb in the mK temperature regime.
Figure 4. Experimental time evolution of ΔD (empty squares) and ΔL (full
circles) during trap loading and decay for the 174Yb isotope.
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With this assumption a2,0 is the D-branching ratio. In this
work a2,0 is obtained fixing f and comparing couples of
loading times of different isotopes to obtain a linear systems
with two unknown quantities, L and a2,0. This method implies
to assume both of the last two parameters constant over all the
isotopes and writing α as in the following equation:

αisot= ηisot L + a2,0 f
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Abstract—The frequency noise properties of free-running singlemode mid-IR Quantum Cascade Lasers (QCLs) operated near
room-temperature in CW mode and emitting at 4.6 µm are
presented. The frequency noise level measured in this paper is
globally a factor of 100 lower than recently reported for a
similar QCL but operated at cryogenic temperature. The results
are very promising for the future realization of a QCL-based
ultra-stable laser in the mid-IR.

I.

INTRODUCTION

Narrow-linewidth lasers exhibiting a high spectral purity
have important applications in various fields, such as highresolution spectroscopy, coherent optical communications or
time and frequency metrology. In the latter field, such lasers
can be used as ultra-stable reference for low phase noise
microwave generation when frequency-stabilized to a highfinesse optical cavity for linewidth narrowing. Indeed, the
relative stability of the ultra-stable optical reference can be
transferred to the microwave domain using an optical
frequency comb (OFC). Such optical references were
demonstrated based on external cavity and fiber lasers in the
near-infrared (NIR) [1], but also in the mid-infrared (MIR)
with a 3.39-µm HeNe laser stabilized to a CH4 transition [2].
In this latter case, the relative stability of the HeNe/CH4 laser
was transferred using a MIR comb obtained by difference
frequency generation (DFG) between two spectral parts of a
NIR comb. As a result of the DFG process, the generated MIR
comb has a null carrier-envelope offset (CEO) frequency,
independently of the value of the NIR comb CEO. In other
words, the translational degree of freedom of the NIR comb
can stay free without affecting the generated MIR comb.
Therefore, the CEO does not need to be stabilized nor to be
measured, which relaxes the need for an octave spanning
comb and the associated f-to-2f interferometer.

only if the frequency noise of the free-running laser is
sufficiently low. An estimate of feedback loop bandwidth
required for the realization of an ultra-narrow linewidth QCL
will be assessed from our experimental results.
II.

We investigated the frequency-noise properties of freerunning commercial single-mode DFB-QCLs (Alpes Lasers
SA, Switzerland) operated in CW mode near room
temperature and emitting at 4.6 µm. The frequency noise
measurement was performed by converting the laser
frequency fluctuations into intensity fluctuations using the side
of a molecular absorption in standard single-pass direct
absorption spectroscopy. The emission wavelength of the laser
was tuned to the centre of the linear range in the flank of the
250-MHz wide R(14) transition in the fundamental vibration
band of carbon-monoxide (CO). The laser was driven
(350 mA at 10V) by a home-made ultra-low noise current
source (<350pA/Hz1/2) and temperature-stabilized with a onestage Peltier cooler at 277 K. At this operating temperature,
the output power was on the order of 5 mW. The beam was
collimated with an aspherical ZnSe lens and traversed a 1-cm
long absorption gas cell filled with pure CO at a pressure of
20 mbar. The resulting absorption line is shown in Fig 1 and
compared to the absorption profile simulated from Hitran

With the objective to implement a similar optical-tomicrowave transfer based on a MIR quantum cascade laser
(QCL), we studied the frequency-noise characteristics of
QCLs, aiming at assessing their suitability as a potential ultrastable frequency reference. Indeed, efficient laser linewidth
narrowing by frequency-stabilization to a high-finesse cavity
with a reasonable feedback-loop bandwidth can be achieved
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EXPERIMENTAL SETUP

337

Fig. 1 Carbon-monoxide absorption line used as frequency discriminator
(20 mbar, 1-cm pathlength, pure CO). The simulation from HITRAN
database is also shown (crosses). The arrow represents the laser frequency
operating point.

database [3]. Another ZnSe lens was used to focus the
transmitted light onto a low-noise liquid-nitrogen-cooled
HgCdTe detector with 20-MHz bandwidth. The detected
signal was amplified and measured with a fast Fourier
transform analyzer for low Fourier frequencies (up to 100
kHz) and with an electrical spectrum analyzer at higher
frequencies.

β

Fig. 2 Frequency noise PSD of the free-running DFB-QCL operated in
CW mode near room temperature (T=277 K, I=350 mA, Ith=290 mA,
U=10 V, Pop=6 mW).

III.

RESULTS

The measured frequency noise power spectral density
(PSD) revealed a 1/f-like behavior, with a noise level of 2x108
Hz2/Hz at 100 Hz dropping down to a very low level below
100 Hz2/Hz at 10 MHz (Fig. 2). The contributions of the
driver current noise and laser intensity noise are also shown in
Fig. 2 and are both well below the measured frequency noise
(up to 100 kHz Fourier frequency), which can therefore be
a)

b)

attributed to the laser itself. Above 100 kHz, one can observe
additional technical noise that deteriorates the measurement,
which probably originates from the current driver since similar
peaks are observed in the intensity noise spectrum. Despite
this technical noise, the frequency noise decreases
significantly up to 10 MHz. Moreover, above 10 kHz, it seems
to deviate from the 1/f trend observed at low frequency into a
steeper slope of 1/f3/2. However, one cannot exclude that an
even steeper behavior is not hidden in that noisy part of the
spectrum as previously reported for a cryogenic QCL [5]. As
our goal was to assess the required feedback loop bandwidth
required for linewidth reduction, the part of the spectrum
above 100 kHz is not of prime concern since it lies below the
β-separation line also presented in Fig. 2, which is relevant for
the determination of the linewidth and thus for the required
feedback bandwidth [4]. It is however interesting to note that
the white frequency noise level is not reached below 10 MHz
and only an upper limit of ~100 Hz2/Hz can be inferred from
our measurement, corresponding to an intrinsic linewidth of ~
300 Hz. While the intrinsic linewidth is a fundamental limit in
a laser, the real observed linewidth is highly broadened by the
1/f noise. The laser FWHM linewidth can be calculated from
the frequency noise PSD [4] and depends on the observation
time in presence of 1/f noise. Fig. 3a shows the calculated
FWHM linewidth of the laser versus the observation time; for
instance, a 550-kHz linewidth is obtained for 5 ms observation
time. This value agrees very well with the heterodyne beat
spectrum linewidth of ~1 MHz measured between two
identical QCLs in a complementary experiment (Fig. 3b),
since the beat lineshape corresponds to the convoluted
lineshapes of the two identical QCLs. Finally, the measured
PSD also shows that a feedback loop bandwidth on the order
of 100 kHz would be sufficient for a high reduction of the
laser linewidth. Because of the low frequency noise measured
on this laser, this can be achieved with standard PID servocontrollers.
Frequency noise properties of QCLs are not widely known
and complete PSD characterizations were reported only by a
few research groups and only for cryogenic devices so far [56]. Interestingly, our results are a factor of 100 lower than data
recently reported by Bartalini et al. [5] for a similar laser
(4.3µm DFB-QCL from Alpes Lasers) but operated at
cryogenic temperature. This significantly lower frequency
noise is believed to be a consequence of the difference in the
laser temperature operation conditions [7], but further
investigations are required to fully understand this different
behaviour. On the other hand, our results are on the same
order of magnitude than what was measured by Myers et al.
[6], but with a QCL emitting at a considerably longer
wavelength of 8.5 µm.
IV.

Fig. 3 (a) Laser FWHM linewidth calculated from the frequency noise
PSD vs. observation time. (b) Heterodyne beat signal measured between
two identical 4.6-µm room temperature QCLs (4 ms sweep time).

CONCLUSION

We have investigated the frequency noise properties of
free-running commercial single-mode DFB QCLs operated at
277 K. The measured frequency noise indicated that ultranarrow linewidth operation can be achieved by frequencystabilization with a moderate feedback loop bandwidth on the
order of 100 kHz, which is very promising for the future
realization of an ultra-stable reference in the mid-IR range,
based on a QCL.
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Abstract—We have quantified a short term instability budget
for an optical frequency standard based on cold, freely expanding
calcium atoms. Such systems are the subject of renewed interest
due to their high frequency stability and relative technical
simplicity compared to trapped atom optical clocks. By filtering
the clock laser light at 657 nm through a high finesse cavity,
we observe a slight reduction in the optical Dick effect caused
by aliased local oscillator noise. The ultimately limiting technical
noise is measured using a technique that does not rely on a second
clock or fs-comb.
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I. I NTRODUCTION
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Optical frequency standards based on trapped atoms and
ions offer unmatched absolute uncertainties [1], [2]. However,
a clock based on cold but untrapped atoms may still offer
competitive levels of short term stability while remaining
technically simpler and more readily commercialized. Here we
discuss limits to the stability of an optical standard featuring
cold, freely expanding, Ca atoms [3].
Briefly, atoms are collected in a magneto-optical trap (MOT)
by use of the strong 1 S0 ↔ 1 P1 transition at 423 nm. Though
this MOT period lasts only 2.8 ms, many atoms are retrapped
between clock cycles, yielding a steady-state atom number of
order 106 . An external cavity diode laser at 657 nm, stabilized
to a ULE glass Fabry-Perot cavity (linewidth ∼ 9 kHz), is
made resonant with the allowed inter-combination transition
1
S0 ↔ 3 P1 . The MOT is shuttered for 0.44 ms, and a
sequence of 657 nm pulses forms a Ramsey-Bordé atom
interferometer [4] in the freely falling and expanding atoms.
Counter-propagating, horizontally aligned pairs of Ramsey
pulses suppress residual first-order Doppler shifts, enabling
high resolution, and high S/N, spectroscopy [5], [6]. Resonant
423 nm light is used to measure the atoms’ ground state
population before and after the clock pulse sequence. Dividing
these collected fluorescence signals yields a spectroscopic
feature normalized against atom number fluctuations with a
linewidth (FWHM) of ∼ 1 kHz, and signal-to-noise ratio (S/N)
of about 50 in 3.3 ms. The clock instability limit implied by
these results is about 2 × 10−15 (τ /1s)−1/2 ; which is roughly
consistent with the quantum projection noise limit given a
coherent fringe contrast of ∼ 10%.
We measure the Ca clock instability to be consistently
3 − 4 × 10−15 (τ /1s)−1/2 when compared against a superior
local optical standard [7] via a fs-comb. We calculate that the
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Fig. 1. The free Ca clock is among the simplest optical frequency standards.
Slowing, cooling, trapping, and probing radiation at 423 nm is derived from
a frequency-doubled external cavity diode laser. A diode laser at 657 nm,
AR-coated and placed in a Littman external cavity, is stabilized to an
ultra-high finesse optical cavity. Injection-locked ‘slave’ laser systems boost
the 657 nm power to enable very short Ramsey pulses and homogenous
broadening of the clock transition up to the residual Doppler linewidth of
∼ 2 MHz. A microcontroller triggers the clock sequence every 3.3 ms,
acquires fluorescence data, and servos the clock laser on the atomic resonance.

optical Dick effect [8], [9] contributes 3.6 × 10−15 (τ /1s)−1/2
to this instability. About half of the Dick effect is eliminated
by filtering the clock laser through a high-finesse optical cavity
to remove high frequency local oscillator noise. We measure
a comparable amount of instability, 1.8 × 10−15 (τ /1s)−1/2 ,
due to technical sources. In this paper we discuss these
contributions and highlight measurement techniques used to
quantify them with minimal use of a second clock or fs-comb.
A. A simplified apparatus
Figure 1 shows the current version of the apparatus, which
has been optimized for stability and fast cycle rate, rather
than accuracy. For instance, the MOT gradient magnetic field
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remains on permanently, eliminating vibrations that result from
rapid toggling [10]. We forgo a quenched second-stage of atom
cooling [10] in order to minimize the sequence duration and
maximize the atomic interrogation duty cycle. The effusive
atomic beam source is located about 15 cm away from the
interaction region; no Zeeman slower or chirped slowing beam
is employed. Key acousto-optic modulators between the clock
laser and the atoms, and between the laser and the stabilization
cavity, are driven with maser referenced DDS synthesizers
(labeled DDS in Figure 1). The only fiber optics path that
is actively noise-cancelled is the long run to the fs-comb.
II. L OCAL OSCILLATOR NOISE
A. The optical Dick effect
Since the clock’s repetition rate is 300 Hz, a digital servo
locking the laser to the atomic resonance should strongly
suppress local oscillator noise at 1 s averaging times. However,
since the fraction of the clock sequence spent interrogating the
atomic resonance—the duty cycle—is small, high frequency
fluctuations are not averaged to zero but instead are downsampled. This process, known as the optical Dick effect,
results in extra white noise with a fractional instability:
∞
1 X
gm
Sy (m/Tc )
τ m=1
g0

2

.

0

10

Fig. 2.
(a) A cartoon illustrates the optical Dick effect as an aliasing,
or downsampling of noise. The dashed line represents a particular Fourier
component of laser frequency noise close to the clock measurement repetition
rate; the width of each blue circle represents the atomic interrogation period of
each clock cycle. Since these interrogation windows are short, it takes many
clock cycles to properly average over the noise component. The aliased noise
(blue line) is not genuine; if written by a servo onto the local oscillator it can
actually increase the short term instability of a clock. (b) Given the RamseyBordé pulse sequence parameters, we calculate sensitivity coefficients gm /g0
in Eq. 1 which describe how a local oscillator frequency noise spectrum is
aliased into white noise.

σd2 (τ ) =

2
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Local oscillator noise Sy at harmonics m of the cycle rate
1/Tc are aliased by the imperfect interrogation. Sensitivity
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Fig. 3. Fast laser frequency noise is suppressed by filtering through a highfinesse optical cavity; the cavity acts to average out fluctuations faster than
the photon ring-down timescale of τ = 1/Γcavity ∼ 0.1 ms. To determine the
transfer function of the cavity, we heterodyne laser beams before and after
transmission through a high finesse optical cavity used for laser stabilization.
The noise added by the injection locking to a second laser is independently
evaluated.

coefficients,

gm

1
≡
Tc

Z

Tc

g(t)e−2πimt/Tc dt,

(m > 0),

(2)

0

tend to shrink as the interrogation duty cycle approaches 100%
because the sensitivity of the atomic population to oscillator
phase g(t) = 2 δP/δφ|δφ →0 approaches a constant value. The
sensitivity function g(t) for the Ramsey-Bordé pulse sequence
is derived elsewhere [8].
Figure 2 illustrates the aliasing effect and shows calculated
Dick effect coefficients for our nominal clock cycle having
an interrogation duty cycle of 13%. The Ramsey π/2 pulses
last TR = 0.75µs. The duration between Ramsey pulses is
T = 215µs. The dead-time between pairs of opposing Ramsey
pulses is Tν = 5.8µs. Increasing the two Ramsey dark periods
lasting T would increase resolution and the interrogation duty
cycle, but would also inflict a loss of signal; the lifetime of
the excited clock state is 0.4 ms. Numerical analysis of Eq. 1
with our estimated laser noise spectrum Sy shows that more
than 99% of the Dick effect instability is due to harmonics
m < 100, or laser noise frequency components f < 30 kHz.
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I NSTABILITY CONTRIBUTIONS DETERMINED BY HETERODYNE
MEASUREMENTS .

AOM x2
~ 8 mW

DDS

30 cm fiber

DDS

657 nm AR
“Slave 2”
657 nm AR

70.00000...
~ 30 mW

RF counter

~100 mW
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Fig. 4. Illustrated here is a heterodyne between the master external cavity
diode laser and an injection-locked ‘slave’ laser, which is itself seeded by
another ‘slave’ laser. An RF beatnote is created by shifting one of the
beams with an acousto-optic modulator (AOM) driven by a maser-referenced
synthesizer (labeled DDS). The Allan deviation of maser-referenced RF
counter is related to the optical frequency fractional Allan devation relevant to
Ca clock operation with σy (τ ) = σν (τ )/foptical . Direct counting of a DDS
frequency yields a baseline of σy (1s) = 6.0 × 10−18 . Table I shows the
results for several such heterodyne measurements; all instabilities are much
lower than the observed clock instability. The noise spectra have not been
studied in detail.
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σy (τ = 1s)
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Before/after 1.5m PM fiber
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Master vs. injection locked ‘slave 2’

6.0 × 10−18
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“Amplitude/technical noise”

B. Clock laser filtering

“Total system noise”

We find the instability of the cavity-stabilized clock laser
(while unlocked to the atomic resonance) to be 2.5 × 10−15
after 1 second of averaging by comparison to a superior optical reference. This instability is consistent with that derived
from the laser’s noise spectrum from 1 Hz–1 kHz found by
demodulating the laser’s beatnote with a referenced fs-comb.
Faster laser noise components, perhaps due to residual phase
noise not suppressed by the Pound-Drever-Hall stabilization
scheme, can be downsampled by the Dick effect. To examine
what fast noise might be suppressed by filtering the clock laser,
we heterodyne clock laser beams before and after transmission
through the high-finesse stabilization cavity. As shown in
Figure 3, noise rising as f 2 is observed that contributes
directly very little to the local oscillator instability at 1 second;
however, through the Dick effect mechanism, the noise above
Γcavity ≈ 9 kHz is responsible for roughly half of the Dick
effect instability. The unfiltered and filtered laser Dick effect
instability limits are
σd, (τ ) = 3.6 × 10−15 (τ /1s)−1/2
σd, filt. (τ ) = 2.4 × 10−15 (τ /1s)−1/2
We do not see as large an improvement from clock laser
filtering as other groups [11] due to our shorter cycle time
and larger interrogation duty cycle.
C. Other noise sources
We performed heterodyne measurements between the master ECDL beam and several derived laser beams—after injection locking, after short fiber optic runs, after acousto-optic
modulation (AOM)—to identify other sources of noise that
might contribute to the clock instability. An example arrangement is shown in Figure 4. In each heterodyne experiment,
AOM frequencies and the RF counter were maser referenced.

Fig. 5. In the absence of a second local oscillator or atomic reference, one can
still derive useful absolute instability of a clock by using the atomic reference
as a frequency discriminator. Here, the unlocked clock laser is slowly scanned
over a Ramsey-Bordé fringe. Point-to-point rms deviations in the fluorescence
signal are larger near the frequency-sensitive nodes. Technical noise, which
is presumed to be largely laser frequency independent, is observable at the
peaks and troughs of the fringe. The clock’s operational parameters can be
optimized to minimize each noise level. The technical noise level sets a limit
on ultimate system stability even in the absence of local oscillator noise. The
noise level at the fringe nodes is quantitatively consistent with the overall
clock performance when compared against superior optical standards.

Table I expresses these noise contributions as fractional Allan
deviations of the optical frequency at 1 second.
III. T ECHNICAL AND TOTAL NOISE EVALUATION
A. Self-evaluation of instability
Without the benefit of a second, independent clock laser
or atomic reference, one can still evaluate some aspects of the
absolute instability of a Ca clock apparatus. With a clock laser
detuning ν, frequency fluctuations δν(t), and Ramsey dark
period T , the spectroscopy method produces a fluorescence
signal [4]:
ρe (t) ∝ A cos (2π × 4T × (ν + δν(t)) + δρe (t).

(3)

The laser detuning ν can be slowly scanned over this feature;
laser noise δν(t) is translated into fluctuations in fluorescence
proportional to the local slope ∂ρe /∂ν. At the Ramsey fringe
nodes, this slope is constant and computable using the Ramsey
fringe amplitude A and separation fRamsey = 1/(4T ). The rootmean-square deviation of successive measurements of ρe can
be expressed in as a frequency instability by
1
σρ [Vrms ].
(4)
σν (τ = Tc )[Hz] =
2πA(4T )
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Fig. 6. The instability of the clock system is measured by using the atomic
resonance as a frequency discriminator in open loop operation. Noise on the
Ramsey fringe peaks and nodes can be related to effective Allan deviations
due to technical and frequency-dependent noise, respectively. Here we see
how these noises vary as a function of MOT trapping power. An optimum
operation condition, the minimum of the total noise, is found without using
a second clock or fs-comb.

At the peaks and troughs of the Ramsey fringe we observe
technical noise δρe (t) which is largely independent of the
clock laser frequency but nonetheless contributes noise when
the servo is locked to a nodal point. At these lock-points, the
technical noise will be equivalent to uncorrelated frequency
noise using the same conversion factor 1/(2πA4T ). Several
potential sources of technical noise are suppressed by normalizing the signal to atom number, and by dithering the RamseyBordé fringe pattern to remove the incoherent excitation
background. The remaining technical noise could include shotto-shot atom number fluctuations imperfectly accounted for by
the normalization pulse, fluctuations in 657 nm pulse power,
and frequency noise on the 423 nm probe pulses. Path length,
pointing, and wavefront fluctuations between Ramsey pulses
in a single clock cycle also appear as excess technical noise,
but are dependent on the laser frequency as well. In general,
fluctuations in any systematic effect leading to inaccuracy
adds instability as well, though dithering of the Ramsey fringe
suppresses such effects varying slower than half the cycle rate.

Previous efforts have aggressively pursued an uncertainty
budget for the Ca optical frequency standard. In Table II, we
present instead an instability budget at 1s of averaging with no
account of ultimate accuracy. We conclude that three different
methods of evaluating the instability share good agreement:
direct measurement against a superior optical standard, a
quadrature sum of the calculated optical Dick effect instability
and known technical noise sources, and an open loop measurement using the atoms as a frequency discriminator. The latter
technique never relies on a second clock or fs-comb, but it is
directly sensitive to the open-loop local oscillator noise.
Another important result is that while filtering the clock
laser through our high-finesse cavity decreases the Dick effect
limit somewhat, it remains comparable to the technical noise
that would ultimately limit the system if the local oscillator
were significantly improved. Further study must focus on
identifying and reducing the principle sources of technical
noise. Since this level is thought to be near that of quantum
projection noise, an increase in the number of atoms might be
necessary for further improvements.
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Fourier transforms of recorded ρe (t) series at the peaks,
toughs, and nodes indicate these noises are largely white
from 0.5—150 Hz, and thus have equivalent noise spectra
of Sν (f ) = σν2 /(frep ), where frep is the clock cycle rate.
Effective fractional Allan deviations can be constructed with
σy2 (τ ) = (Sν /2)(1/τ )(1/foptical ).
Figure 6 demonstrates the utility of this technique. The
MOT laser power is varied around its nominal power of
25 mW, and the effective deviation at 1s implied by the
open-loop fringe noise is plotted. Technical and frequency
noise (corresponding to peak and node noise levels) are
separately plotted, and their sum agrees well with the observed
clock instability when the unlocked local oscillator noise is
subtracted.
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TABLE II
A SHORT- TERM

Noise source
Local oscillator,
unlocked
Dick effect, unfiltered
Dick effect, filtered
through cavity
Technical noise, and
atom/photon shot
noise
Additional noise from
injection locking,
fibers, etc.

INSTABILITY BUDGET FOR A FREE CALCIUM OPTICAL CLOCK .

Measurement technique

Fractional Allan devision at 1 s

Noise spectrum measured from beat with
Yb-clock on fs-comb

2.5 × 10−15
3.6 × 10−15

σd,filt.

Calculated
Filtered noise obtained by filtered/unfiltered
heterodyne

σtech.

‘Self-evaluated’ open-loop Ramsey fringe
noise at peaks/troughs

1.8 × 10−15

σadd.

Heterodyne measurements

0.6 × 10−15

Symbol
σL
σd

2.4 × 10−15

Quadrature sum of σd, filt. , σtech. , σadd. (filtered laser case)

3.0 × 10−15

Quadrature sum of σd , σtech. , σadd. (unfiltered laser case)

4.0 × 10−15

Measured instability against Yb lattice clock, filtered laser, typical

3.5(5) ×10−15

‘Self-evaluated’ open loop Ramsey fringe noise at nodes, σL subtracted in quadrature

3.6 × 10−15

[10] G. Wilpers, C. Oates, S. Diddams, A. Bartels, T. Fortier, W. Oskay,
J. Bergquist, S. Jefferts, T. Heavner, T. Parker, et al., “Absolute frequency
measurement of the neutral 40-Ca optical frequency standard at 657 nm
based on microkelvin atoms,” Metrologia, vol. 44, p. 146, 2007.
[11] T. Nazarova, C. Lisdat, F. Riehle, and U. Sterr, “Low-frequency-noise
diode laser for atom interferometry,” JOSA B, vol. 25, no. 10, pp. 1632–
1638, 2008.
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Abstract— The ultra low expansion cavities play a crucial role in
laser stabilization, and they are essential in ion clocks. We
present a method to monitor the temperature distance changes
in the Fabry-Perot cavity with a spacer from an ultra low
expansion material with sub-nanometer resolution. The FPC
was placed into a temperature-stabilized stainless steel chamber.

I.

INTRODUCTION

The ultra-low expansion materials are crucial in FabryPerot cavities. The laser stabilization to the cavity by PoundDrever-Hall technique [1] use stable cavities with low
expansion material such as Zerodur ceramics [2] and ULE
glass [3]. They play a key role in ion clocks [4]. Thermal
dilatation on the cavity of length of 20 cm is such as 4 nm per
1 K. The knowledge of the absolute length and dilatation itself
is necessary. In this work we present a method of
measurement of thermal dilatation of low-expansion materials
by the use of a femtosecond frequency comb [5].
The method uses a Fabry-Perot cavity (FPC) itself as tool
for length changes measurement. FPC spacer is made from
Zerodur. Temperature of the cavity is stabilized and effects of
refractive index of air are suppressed by placing into the
evacuated chamber. Any fluctuation of FPC length is
demonstrated in the change of free-spectral range (FSR) of the
cavity while exhibits changes in the selected mode takes effect
on the change of tunable laser frequency. Changes of
frequency are down-converted from the optical domain by the
use of optical frequency comb.
The optical frequency comb stabilized to GPS disciplined
oscillator represents a stable source in optical domain and
works as a stable frequency rule in optical domain [5-10]. This
work is based on evaluation of changes of FPC length by the
This work was partially supported by European Commission and
Ministry of Education, Youth, and Sports of the Czech Republic (project No.
CZ.1.05/2.1.00/01.0017). The authors also ac-knowledge the support of
Ministry of Education, Youth and Sports of CR, projects No.: LC06007,
2C06012, the AS CR, projects No.: AV0 Z20650511, Ministry of Industry
and Com-merce, projects No: 2A-1TP1/127, FT-TA3/133, 2A-3TP1/113 and
Grant Agency of CR projects: GA102/09/1276, GA102/07/1179 and
GP102/10/1813.
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use of optical frequency comb and tunable DFB laser.
II.

METHODOLOGY

A. Stabilized optical frequency comb
The proposed method employs the optical frequency comb
is based on the femtosecond laser and FPC. The optical
frequency comb produces periodically a train of femtosecond
pulses. Optical frequency spectrum of comb lines around the
central optical frequency (wavelength) is produced by fs laser.
The frequency fi of a comb spectral component is represented
by expression:

f i = f ceo + i ⋅ f rep

(1)

where i is the number of a comb line (typically in the order of
106) and frep, and fceo are frequencies typically set in radio
frequency (RF) domain, called repetition and offset frequency,
respectively. The repetition frequency frep is indirectly
proportional to the period of the train pulses and the offset
frequency fceo is caused by phase-shifts between envelope of
the pulses and their carrier wavelength [11]. The offset
frequency has to be retrieved from comb spectrum by selfreferencing method called as the f-2f interferometric technique
[5]. The offset frequency fceo is as well as the repetition
frequency frep phase locked to the stable oscillator or atomic
clocks RF signal by a servo-loop. The result is the optical
comb frequency spectrum with relative stability of all of
frequency components coupled to the relative stability of the
RF oscillator or atomic clocks (thus more than 10-14).
B. Fabry-Perot cavity
The optical resonator FPC consists of two mirrors
separated by the geometrical distance Lcav. This length is
represented by the spacer made from the low-expansion
material. It transfers only optical frequency ν fulfilling the
relation:
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f m = mν FSR =

mc
.
4nLcav

(2)

where ν FSR is FSR of FPC, m-th is a longitudinal mode of the
FPC in confocal geometry with mirrors separated by Lcav, c is
speed of the light, n is the refractive index of air inside the
cavity.
C. Measurement of cavity length
The comb spectrum is transmitted through FPC if some of
optical frequency spectral lines fi (1) meet the resonance
frequency from (2). Reasonable number of lines transmit only
than FRS of the FPC is an integer multiple of frep thus:
ν FSR = x ⋅ f rep [12]. The optical signal at the output of the FPC
depends on the distance between mirrors in FPC. Then the
optical output of the FPC contains number of separated
resonance lines [13]. Otherwise the optical output from FPC
represents the similar signal to the white light continuum and
the signal doesn’t contain any resonance peaks. These
problems can be solved by The use of a single-mode stable
laser has one resonance peak per FSR of the cavity. The use of
tunable laser source is advantageous for monitor of small
changes of length. Optical frequency of the closest optical
frequency comb line is used as a precise frequency reference
to the tunable laser source. The optical frequency of the
tunable laser referenced to optical comb line (1):

ν opt = f ceo + i ⋅ f rep ± f beat

α (∆t ) =

∆Lcav
∆f beat
=
∆t
∆t ⋅ ( f ceo + i ⋅ f rep ± f beat )

(8)

CTE of low-expansion materials reaches values down to
0.01 ⋅10 −6 K −1 [2,3]. Precision of the RF stabilized oscillator
10-12 is equivalent to temperature change in order of 0.1 mK.
So temperature instabilities are easily detected.
Next, the integer number i (the number of the comb
line components) is last unknown variable that has to be
defined for evaluation of α.To determine the i integer of the
comb line has to be measured by “the ruler” with better
resolution than by ν opt f rep . The number i characterizing the
closest component to the tunable laser frequency is evaluated
by tuning the laser frequency fcw (Fig. 1):

∆f = f cw − ( f ceo + i ⋅ f rep ).

(9)

(3)

where fbeat is the beat frequency between the closest optical
comb spectral line and the tunable laser locked to the FPC.
The beat frequency polarity can be easily evaluated from the
nature of temperature length variations with respect to the beat
frequency fbeat. Let us equal fm (2) to νopt (3), then:

ν opt = f m = f ceo + i ⋅ f rep ± f beat =

mc
4nLcav

(4)

Extracting the exact length of the FPC from (4) then:

Lcav

mc
=
4n ( f ceo + i ⋅ f rep ± f beat )

(5)

Because i and m are integer constants and c is exact speed
of the light in vacuum, the exact length Lcav of FPC is
determined by frequencies fceo, frep and fbeat . Repetition and
offset frequencies are controlled by RF reference by f-to-2f
stabilization. The influence of refractive index of air on the
result is suppressed by placing the FPC into the vacuum
chamber where refractive index equals 1:

Lcav =

mc
.
4( f ceo + i ⋅ f rep ± f beat )

(6)

The FPC mirror distance is defined by fbeat frequency between
optical frequency comb and the tunable laser.
FPC of initial length Lcav0 at temperature t0 is enlarged to
length Lcav1 at temperature t1 characterized by CTE - α:

Lcav1 (t1 ) = [1 + α ⋅ (t1 − t0 )] ⋅ Lcav 0 (t0 ) (7)
Relative changes of cavity length caused by temperature (7):

Figure 1. Scheme of the optical setup for measurement of expansion
coefficient of Zerodur material represented by optical resonator using
stabilized optical frequency comb and additional laser diode and acetylene
cell for exact length evaluation.

The number of frequency comb component i can be
extracted by tuning at center of absorption lines fac1, fac2, fac3,
etc. (j=1,2,3,…) of absorption gas (for ex. Acetylene):

∆f acj = f acj − ( f ceo + k ⋅ f rep )

(10)

With known repetition and offset frequency of the frequency
comb and measuring the beat frequency between the laser
diode and the frequency comb we can easily evaluate CTE of
the FPC spacer from (8).
III.

EXPERIMENTAL SET-UP

Method was verified on Zerodur ceramics tube used as
spacer in confocal FPC of 400 MHz FSR. Finesse of the
cavity was 339 and mirrors were deposited on the 10 mm
thick fused silica substrates are optically connected to the
Zerodur spacer of 187.5 mm length. The FPC was placed on
four points holder in the axis of temperature stabilized
stainless steel vacuum chamber evacuated down to 10-4 Pa.
Temperature stabilization of the vacuum chamber was done by
two resistance wires surrounding the chamber and controlled
to 0.5 K. The temperature was measured outside the vacuum
chamber as well as around the Zerodur spacer by four
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temperature sensors. The temperature at the FPC surface was
stable down to 0.5 mK for a period of tens of minute.

Figure 2. Photo of Fabry-Perot cavity tube with Zerodur spacer and fused
silica mirror substrates.

The DFB laser diode works at central wavelength of
1542.14 nm (194.40 THz) and can be tuned by the operating
temperature control for more than 2 nm (250 GHz). Another
temperature control within the range from -10°C to 80°C was
used to increase SNR and the FBG’s central filtering
wavelength was tuned within the same interval as DFB laser
diode. The FBG had 0.186 nm FWHM bandwidth. Optical
frequency comb was Er:doped stabilized femtosecond modelocked laser with 100 MHz repetition frequency and central
wavelength at 1550 nm and the fiber spectral output 15001600 nm was used. The optical frequencies of the
femtosecond mode-locked laser were stabilized by f-2f
interferometry [8] to 10 MHz RF reference represented by the
temperature stabilized quartz oscillator disciplined by GPS
receiver to Cs clock in long term.

cavity is represented by the red curve. The data represents
detuning of the DFB laser diode frequency from one
resonance transmission peak to the closest acetylene
absorption line P(11) represented by the green line to another
two absorption lines P(12) and P(13) while detune over
several resonance mode of FPC (red line). The beat signal
between DFB laser diode frequency and the closest optical
frequency comb was measured in the same time (blue line)
and used for calculation of DFB frequency detuning change.
After such evaluation of the k component (10) the long-term
measurement at fixed FPC resonance transmission peak FPC
was done. Similar measurement was done at various
temperatures. Relative length changes of FPC spacer in the
measurement temperature range were from 0.8 ⋅ 10−7 to
5.8 ⋅10 −7 and the standard deviation for the data was 2 ⋅ 10 −9 .
It corresponds to absolute change of 15 to 464 nm in the case
of 187.5 mm long FPC with the standard deviation of 0.4 nm.
The factory CTE of the Zerodur [2] spacer
was
(0.028 ± 0.005) ⋅10 −6 K −1 at 23°C. Measured CTE within the
temperature range was always higher than this value in the
range from 0.03 ⋅ 10 −6 K −1 even to 0.1 ⋅ 10 −6 K −1 . According
to [15,16] measurement of CTE of Zerodur in this temperature
range could have either positive or negative value with zero
crossing between 22.5-30°C. Even that the standard deviation
of data may seem to be high the resolution of the method is in
the order of resolution of the beat frequency counter 1 [Hz] to
the optical frequency of the DFB laser - 194.40 [THz] or by
the stability of the reference whichever apply first. For FPC
with 187.5 mm long spacer it reaches the resolution down to 1
fm.

The light from the DFB laser diode is mixed with the
optical frequency comb fiber output and the beat signal is
through the fiber circulator backreflected on the FBG with
0.186 nm (FWHM). Beat frequency between the closest comb
components and the DFB laser diode were detected by
infrared fast photodetector (PD), counted by a RF counter and
recorded by the computer.
Second part of the DFB laser diode output was splitted in
50/50 coupler to the acetylene cell and to the FPC. Infrared
PDs monitor absorption at the acetylene cell and the output
resonance mode spectrum of the FPC. The absorption cell
with the help from optical frequency comb and FPC resonance
help to determinate the exact absolute value of the optical
frequency of the DFB laser. The DFB tuning range covers the
range from P(13) to P(11) 13 C2H2 absorption lines [14].
Exact number of a spectral component of the frequency
comb closest to the DFB frequency is determined by tuning
DFB while monitoring the absorption of acetylene cell and
counting repeating beat signal (10).
IV.

Figure 3. Measurement of DFB laser frequency detuning with from FabryPerot cavity mode to P(11), P(12) and P(13) acetylene absorbtion line. FabryPerot cavity modes (red line), absorption in acetylene cell (green line). Beat
signal between optical frequency comb and DFB frequency.

RESULTS

Our measurement was carried out in temperature stabilized
vacuum chamber at 20-30°C. The temperature range was
chosen because it is close to the lowest CTE of prefabricated
Zerodur material. Signals from PD’s are presented in Fig. 3.
Intensity of the DFB laser light transmitted through the FPC

V.

CONCLUSION

We experimentally demonstrated the method to monitor
the cavity length changes and expansion coefficient of an
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ultra-low expansion material with DFB laser. Optical
frequency comb was used as a frequency “ruler” reference.
Acetylene cell was used as the coarse reference for finding of
the optical comb component.

[9]
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Abstract— We developed a theoretical method within the
framework of relativistic many-body theory to accurately treat
correlation corrections in atoms with few valence electrons, and
applied it to calculate polarizabilities and the blackbody radiation
(BBR) shifts of atomic frequency standards. We have performed
the calculations of the BBR shifts in B+ , Al+ , and In+ that
allowed to reduce the ultimate uncertainties due to this effect at
room temperature to 10−18 level for B+ and In+ and to 4×10−19
for Al+ . These uncertainties approach recent estimates of the
feasible precision of currently proposed optical atomic clocks.

I. I NTRODUCTION
Recent advances in atomic and optical physics led to
unprecedented improvements in the accuracy of the optical
frequency standards. In 2010, the construction of optical
clock with a fractional frequency inaccuracy of 8.6 × 10−18 ,
based on quantum logic spectroscopy of an Al+ ion, was
reported [1]. Development of more precise frequency standards
will open ways to more sensitive quantum-based standards
for applications such as measurements of the fundamental
constants and testing of physics postulates, inertial navigation,
magnetometry, and tracking of deep-space probes.
The operation of atomic clocks is generally carried out
at room temperature, whereas the definition of the second
refers to the clock transition in an atom at absolute zero. This
implies that the clock transition frequency should be corrected
in practice for the effect of finite temperature of which the
leading contributor is the blackbody radiation (BBR) shift.
Experimental measurements of the BBR shifts are difficult.
While the BBR shift in Al+ frequency standards is anomalously small, its contribution becomes significant at the current level of precision. The BBR frequency shift of the
clock transition can be related to the difference of the static
electric-dipole polarizabilities between the final and initial
clock states. Owing to severe (98%) cancellation between the
static polarizabilities of the two clock states in this frequency
standard, accurate calculation of the BBR shift in Al+ is
very difficult and required development of new all-order
methodology. We developed a theoretical method within the
framework of relativistic many-body theory to accurately treat
correlation corrections in atoms with a few valence electrons
[2]. This method combines the all-order approach currently
used in precision calculations of properties of monovalent
atoms with the configuration-interaction (CI) approach that is

978-1-61284-110-6/11/$26.00 ©2011 IEEE

applicable for many-electron systems. In this work, we have
extended this method to accurate calculation of the ground
and excited state polarizabilities of divalent ions. The resulting
polarizabilities are used to evaluate the BBR shifts at 300K in
the ns2 − nsnp 3 P0 clock transitions in Al+ , B+ , and In+ .
Frequency-dependent corrections are also evaluated and found
to be negligible in all three cases.
II. C ALCULATION OF POLARIZABILITIES
The BBR frequency shift of the clock transition can be
related to the difference of the static electric-dipole polarizabilities between the clock states, ∆α0 , by [3]

4
T (K)
1
2
δν = − (831.9 V/m)
∆α0 (1 + η), (1)
2
300
where η is a small dynamic correction due to the frequency
distribution and only the electric-dipole transition part of the
contribution is considered. The magnetic-dipole contributions
are suppressed by a factor of α2 [3]. We estimated that the
contribution to the Al+ BBR shift due to the 3 P0 −3 P1
M1 transition is below 10−5 Hz and is negligible at the
present level of accuracy. The evaluation of the dynamic
correction η requires the knowledge of the electric-dipole
matrix for transitions giving the dominant contributions to the
polarizabilities.
In the combined CI + all-order approach used in the present
work, core excitations are incorporated in the CI method by
constructing an effective Hamiltonian using fully converged
all-order excitation coefficients. This approach is described in
detail in [2]. Its application to the polarizability calculations
is described in [4]. The valence part of the polarizability
is determined by solving the inhomogeneous equation of
perturbation theory in the valence space [5]. The ionic core
part of the polarizability is calculated separately in the randomphase approximation (RPA). The small valence-core (VC) term
that corrects the ionic core polarizability for the presence of
the valence electrons is also calculated in the RPA. DHF calculations are carried out as well for both of these contributions
to evaluate the uncertainty associated with this term.
We note that the ionic core contribution is the same for both
clock states and so it does not contribute to the BBR shift. On
the other hand, the VC contribution is different for the two
clock states. It is negligible for B+ . It is the largest for the
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TABLE II
R ELATIVE DIFFERENCES OF THE I N+ CALCULATED

TABLE I
R ELATIVE DIFFERENCES OF THE B+
LEVELS AND

NIST

DATA ( IN

AND

A L+

CALCULATED ENERGY

%). E XPERIMENTAL ENERGY LEVELS ARE

LISTED FOR REFERENCE IN CM −1 .

T WO - ELECTRON BINDING

LISTED IN THE FIRST ROW FOR EACH ION .

NIST

DATA ( IN

REFERENCE IN CM −1 .

ENERGY IS

A LL OTHER LEVELS ARE

ENERGY LEVELS AND

%). E XPERIMENTAL ENERGY LEVELS ARE LISTED FOR
T WO - ELECTRON BINDING

THE FIRST ROW FOR EACH ION .

COUNTED FROM THE GROUND STATE .

ENERGY IS LISTED IN

A LL OTHER LEVELS ARE COUNTED FROM

THE GROUND STATE .

Ion

Level

Expt.

CI

CI+MBPT

CI+All

Ion

Level

Expt.

CI

CI+MBPT

CI+All

B+

2s2 1 S0
2p2 3 P0
2p2 3 P1
2p2 3 P2
2p2 1 D2
2p2 1 S0
2s3s 3 S1
2s3s 1 S0
2s3d 3 D1
2s3d 3 D2
2s3d 3 D3
2s2p 3 P0
2s2p 3 P1
2s2p 3 P2
2s2p 1 P1
2s3p 3 P0
2s3p 3 P2
2s3p 3 P1
2s3p 1 P1

508818
98911
98920
98933
102363
127661
129774
137622
150650
150650
150650
37336
37342
37358
73397
143989
143990
143993
144103

0.2
-1.0
-1.0
-1.1
-0.8
-0.5
0.2
-0.2
0.2
0.2
0.2
-0.7
-0.7
-0.8
-1.3
0.1
0.1
0.1
0.04

0.007
-0.114
-0.116
-0.124
-0.188
-0.264
0.010
-0.116
-0.005
-0.006
-0.006
-0.028
-0.040
-0.054
-0.395
0.004
0.003
0.002
-0.016

-0.001
-0.005
-0.007
-0.015
-0.113
-0.223
0.014
-0.093
-0.004
-0.004
-0.005
0.043
0.037
0.020
-0.272
0.009
0.008
0.008
-0.004

In+

5s2 1 S0
5s6s 3 S1
5s6s 1 S0
5p2 1 D2
5p2 3 P0
5s5d 3 D1
5s5d 3 D2
5s5d 3 D3
5p2 3 P1
5p2 3 P2
5s5p 3 P0
5s5p 3 P1
5s5p 3 P2
5s5p 1 P1
5s6p 3 P0
5s6p 3 P1
5s6p 3 P2
5s6p 1 P1

378299
93923
97030
97628
101608
102088
102174
102308
103249
105565
42276
43351
45830
63038
107662
107842
108430
109780

5.8
8.8
8.1
10.5
7.0
8.6
8.6
8.6
7.2
7.3
13.2
13.0
13.0
4.2
8.1
8.0
8.0
7.4

-1.1
-1.5
-1.5
-2.3
-1.8
-1.4
-1.4
-1.4
-1.9
-1.9
-3.7
-3.6
-3.6
-0.4
-1.4
-1.4
-1.4
-1.3

-0.25
-0.42
-0.48
-0.66
-0.42
-0.30
-0.30
-0.31
-0.44
-0.45
-1.08
-0.97
-1.06
-0.09
-0.34
-0.34
-0.35
-0.35

Al+

3s2 1 S0
3p2 1 D2
3s4s 3 S1
3p2 3 P0
3p2 3 P1
3p2 3 P2
3s4s 1 S0
3s3d 3 D3
3s3d 3 D2
3s3d 3 D1
3s3p 3 P0
3s3p 3 P1
3s3p 3 P2
3s3p 1 P1
3s4p 3 P0
3s4p 3 P1
3s4p 3 P2
3s4p 1 P1

381308
85481
91275
94085
94147
94269
95351
95549
95551
95551
37393
37454
37578
59852
105428
105442
105471
106921

1.2
2.3
1.4
1.6
1.6
1.6
1.4
1.4
1.4
1.4
3.1
3.1
3.1
0.4
1.4
1.4
1.4
1.3

0.043
0.071
0.068
0.036
0.032
0.024
0.053
-0.002
-0.002
-0.001
0.151
0.140
0.120
-0.175
0.068
0.067
0.065
0.046

0.006
-0.022
0.015
0.008
0.004
-0.004
0.003
-0.026
-0.026
-0.025
0.007
0.008
-0.017
-0.141
0.020
0.020
0.018
0.007

3
P0 polarizability of In+ to which it contributes only 0.5%.
However, its contribution to the BBR shift is much larger,
1.8% and 5% in Al+ and In+ , respectively, owing to the large
degree of cancelation between 1 S0 and 3 P0 polarizabilities.
We estimate the dominant uncertainty in this term as the
difference of the DHF and RPA values, and assume that all
other uncertainties do not exceed this dominant uncertainty.
Adding these two uncertainties in quadrature, we estimate that
VC term leads to the 0.6% and 2% uncertainties in the BBR
shifts for Al+ and In+ .
In order to establish the accuracy of our approach to the
calculation of valence polarizability, we also perform the CI
and CI+MBPT [6] calculations carried out with the same
parameters (configuration space, basis set, number of partial
waves, etc.). No core excitations are added in the pure divalent
CI approach. Comparison of the CI, CI+MBPT, and CI+all-

order values allows us to evaluate the importance of the various correlation corrections, therefore establishing the upper
bound on the uncertainty of our calculations. Unless stated
otherwise, we use atomic units (a.u.) for all matrix elements
and polarizabilities throughout this paper.
Tables I and II presents the comparison of the experimental energies of Al+ , B+ , and In+ with those calculated in
the CI, CI+MBPT, and CI+all-order approximations. Relative differences of the B+ , Al+ , and In+ calculated energy
levels and NIST data (in %) are presented. CI, CI+MBPT,
and CI+all-order data are listed in columns labeled “CI”,
“CI+MBPT”, and “CI+All”, respectively. Experimental energy
levels are listed for reference in cm−1 . Two-electron binding
energy is listed in the first row. All other levels are counted
from the ground state. Significant improvement of the energy
values is observed for Al+ and In+ with the CI+all-order
method as expected owing to the more complete inclusion
of the correlation corrections in comparison with the CI and
CI+MBPT approaches. The CI+all-order energies are within
a few cm−1 of the experimental values for B+ and Al+ for
most of the levels. The accuracy of the In+ energy levels is
sufficient for the purposes of the present work, i.e. replacing
our theoretical energies by the experimental values in the
dominant polarizability contributions leads to only 1% change
in the value of the BBR shift. The accuracy of the CI+MBPT
method for B+ is already at the level of our numerical
precision for most of the transitions.
The breakdown of the contributions to the ns2 1 S0 and
nsnp 3 P0 polarizabilities α of B+ (n = 2), Al+ (n = 3),
and In+ (n = 5) is given in Table III. Absolute values
of the corresponding reduced electric-dipole matrix elements
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TABLE III

reduced matrix elements by using

C ONTRIBUTIONS TO THE ns2 1 S0 AND nsnp 3 P0 POLARIZABILITIES α0
OF B + , A L + , AND I N + IN a0
3 . A BSOLUTE VALUES OF THE

fgn =

CORRESPONDING REDUCED ELECTRIC - DIPOLE MATRIX ELEMENTS ARE
LISTED IN COLUMN LABELED

“D”

IN

a0 e. F INAL POLARIZABILITY

VALUES ARE LISTED IN ROWS LABELED

State
2s2 1 S0

Contr.
2s2 1 S0 − 2s2p 1 P1
2s2 1 S0 − 2s3p 1 P1
Other
Core
VC
Total

D
2.118
0.320

α0
8.918
0.104
0.582
0.020
0.000
9.624

B+

2s2p 3 P0

2s2p 3 P0 − 2p2 3 P1
2s2p 3 P0 − 2s3s 3 S1
2s2p 3 P0 − 2s3d 3 D1
Other
Core
VC
Total

1.354
0.476
1.175

3.216
0.754
1.517
2.267
0.020
-0.001
7.772

Al+

3s2 1 S0

3s2 1 S0 − 3s3p 1 P1
3s2 1 S0 − 3s4p 1 P1
Other
Core
VC
Total

3.113
0.045

23.661
0.003
0.138
0.265
-0.019
24.048

Al+

3s3p 3 P0

3s3p 3 P0 − 3s4s 3 S1
3s3p 3 P0 − 3p2 3 P0
3s3p 3 P0 − 3s3d 3 D1
Other
Core
VC
Total

0.900
1.836
2.236

2.197
8.687
12.568
0.836
0.265
-0.010
24.543

In+

5s2 1 S0

5s2 1 S0 − 5s5p 1 P1
5s2 1 S0 − 5s6p 1 P1
Othe
Core
VC
Total

2.977
0.123

20.554
0.020
0.261
3.220
-0.041
24.014

In+

5s5p

3P
0

5s5p
5s5p
5s5p
Other
Core
VC
Total

3P
0
3P
0
3P
0

3S

− 5s6d
1
− 5s5d 3 D1
− 5p2 3 P1

1.015
2.189
1.664

(2)

where ∆Eng = En − Eg and Jg = 0 for the present clock
states.
We investigate the uncertainty due to the inclusion of the
core excitations by comparing the difference ∆α0 calculated
in the CI, CI+MBPT, CI+all-order approximations. These
results are summarized in Table III. We find that the entire
contribution of core excitations to the BBR shift, estimated
as the difference of the ∆α0 CI+all-order and CI values is
only 3%, 5%, and 16% for B+ , Al+ , and In+ , respectively.
The difference between CI+MBPT and CI+all-order values is
0.4% for B+ and Al+ , and 1.7% for In+ . Therefore, we place
an upper bound on the uncertainty of our BBR values at 10%
for all three cases.

“T OTAL”.

Ion
B+

2
2Dgn
∆Eng
,
3(2Jg + 1)

III. BBR SHIFTS
Our final results are summarized in Table IV [4], where
we list the polarizability difference ∆α0 , BBR shift at T =
300K, relative BBR shift ∆νBBR /ν0 , and the uncertainty
in the relative BBR shift for B+ , Al+ , and In+ . We find
that dynamic corrections are very small for both states and
nearly cancel each other contributions. Their contributions to
BBR shift are negligible for all three ions. Our BBR shift
value in Al+ ∆νBBR = −0.00426(43) Hz is in agreement
with CICP value of Mitroy et al. [7] and recent coupledcluster calculation [8]. It is also consistent with experimental
measurement ∆νBBR = −0.008(3) Hz from Ref. [9]. The
values of η for Al+ are in agreement with [7].
TABLE IV
BBR SHIFTS AT T = 300K
THE

2.921
11.755
6.649
1.645
3.220
-0.170
26.019

Ion
B+
Al+
In+

IN

B+ , A L+ , AND I N+ . ∆α0

BBR SHIFTS ∆νBBR

∆α0
-1.851
0.495
2.01

∆νBBR (Hz)
0.0159(16)
-0.00426(43)
-0.0173(17)

ARE GIVEN IN

|∆νBBR /ν0 |
1.42 × 10−17
3.8 × 10−18
1.36 × 10−17

IS GIVEN IN

a03 ;

HZ.
Uncertainty
1 × 10−18
4 × 10−19
1 × 10−18

IV. C ONCLUSION
are listed in column labeled “D” in a0 e. The ionic core
polarizability and VC term that corrects it for the presence
of the valence electrons are listed in rows labeled “Core” and
“VC”. Final polarizability values are listed in rows labeled
“Total”. We subtract the values of the terms listed separately in
Table III from our total valence polarizability values to obtain
the remaining contributions that are listed in the rows labeled
“Other”. Our dominant contributions for Al+ are in excellent
agreement with CI calculations with a semi-empirical core
potential (CICP) of Mitroy et al. [7].
The oscillator strengths fgn can be obtained from the

In summary, we have performed the calculations of the
BBR shifts in B+ , Al+ , and In+ that allowed to reduce the
ultimate uncertainties due to this effect at room temperature to
10−18 level for B+ and In+ and to 4 × 10−19 for Al+ . These
uncertainties approach recent estimates of the feasible precision of currently proposed optical atomic clocks [10]. This
work demonstrated the success of the CI+all-order method in
accurate determination of the polarizabilities and BBR shifts.
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Abstract—This paper presents recent work on ferroelectricpiezoelectric lead zirconate titanate (PZT) RF MEMS
resonators. Several research topics are introduced including
design modifications that improve out-of-band rejection by
35dB, a demonstration of a high rejection (~117dB) parallel
resonant mode with DC bias tunable rejection, a MEMS support
design for the mitigation of anchor loss, and a numerical
electrode shaping design technique that permits the excitation of
arbitrary modes in arbitrary geometries.

I.

INTRODUCTION

Piezoelectric transduction via PZT offers a number of
unique advantages for RF MEMS applications. It offers
extremely low power consumption and low voltage device
operation [1]. CMOS compatible voltages in RF MEMS
switches have been previously demonstrated [2]. Due to the
strong piezoelectric effect in PZT, actuators are capable of
very large force generation and or large displacements. This
provides advantages in devices like RF MEMS switches
where large forces lead to low contact resistance/insertion loss
and improved lifetime and large displacements lead to
improved high frequency isolation.
These actuation
capabilities are a consequence of the large electromechanical
coupling factors and piezoelectric coefficients of the material.
PZT has coefficients that are generally an order of magnitude
larger than those of AlN or ZnO [3]. PZT is not only a
piezoelectric material but also possesses ferroelectric
properties. The high electric field response in ferroelectrics
permits the tuning of the dielectric, elastic, piezoelectric, and
coupling factors of PZT [4]. This permits the advantageous
DC-bias tuning of frequency and motional impedance in RF
MEMS resonators based on ferroelectrics like PZT [5].
Thin film piezoelectrics tend to have much higher
breakdown strengths than their bulk counterparts. This
permits the safe application of actuation or bias fields that are
well in excess of the coercive field of the PZT. Consequently,
significant high electric field nonlinearity and hysteresis are
observed in thin films that are rarely encountered in bulk PZT
actuator applications. At these high electric fields, PZT
exhibits the traditional ferroelectric hysteresis loop relating
electric polarization and field. The dielectric and piezoelectric
coefficients display a similar nonlinear response [6]. The
combination of the piezoelectric and dielectric nonlinearity
leads to tuning of the various quasi-static electromechanical
coupling factors; such that high DC biasing provides
significant improvements in electromechanical coupling.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Despite the long and successful history of bulk PZT
resonators [7]; drawbacks to PZT, particularly at higher
frequency operation, have discouraged the exploitation of this
strong piezoelectric in thin films and MEMS. PZT does have
high mechanical and dielectric loss and the temperature
stability of the dielectric, ferroelectric, and piezoelectric
properties can pose challenges. Despite these challenges,
there exist several key and unique advantages for utilizing
PZT in RF MEMS resonator applications. The strong
piezoelectric coefficients and material coupling factors permit
wide-bandwidth and low motional resistances in filters and
high efficiency and voltage gain in electromechanical MEMS
power transformers [8]. The high field ferroelectric response
permits interesting opportunities to tune and/or trim resonators
with DC bias. High levels of device integration have also
been demonstrated in PZT RF MEMS, including one of the
first demonstrations of monolithically integrated switches and
filters [9]. Previous work demonstrated the advantages of
integrating thin film PZT with high mechanical quality factor
single crystal silicon, or PZT-on-Si resonator technology, to
create an effective thin film composite piezoelectric material
[5]. By utilizing the PZT as the transducer and the silicon as
the primary resonator structure, favorable tradeoffs exist
between the mechanical quality factor of the silicon and the
effective coupling factor of the resonators. Despite the
reduced effective coupling, the improvements in quality factor
generally lead to not only higher Q but also to reduced
motional resistance.
The remainder of the paper introduces some recent
research in PZT-based RF MEMS resonators. Section II
addresses the improvement of out-of-band rejection in twoport PZT resonators. Section III presents the demonstration of
a high rejection (~117dB) and tunable parallel resonant mode.
Section VI introduces a novel MEMS support design
technique for the mitigation of anchor loss. Section V
introduces a numerical electrode shaping design technique that
permits the excitation of arbitrary modes in arbitrary
geometries and Section VI concludes the paper.
II.

IMPROVING OUT-OF-BAND REJECTION

Improving out-of-band rejection in resonant filters is
necessary for reducing the interference from unwanted signals.
An illustration of a previously designed length extensional
mode, PZT-on-silicon resonator design is shown in Fig. 1(a).
A high isolation device type is also illustrated where the drive
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Figure 1: (a) 3D illustration of high feed-through, low isolation resonator
device fabricated through a PZT-on-silicon process [10]. (b) Illustration of
the high isolation device where PZT and the bottom platinum are etched in the
region between the drive and sense electrode.

(a) High feed-through

Rm Cr

Lr

Cdrive

(b) Low feed-through

Lr

Csense

Rm Cr

Cdrive

Csense

2Rg

2Rg

Node A

Rg

Figure 2: (a) Equivalent circuit of the two port resonant device of Fig.1(a)
including the routing parasitics and electrically equivalent representation of
Rm, Cr and Lr of the mechanical response (b) equivalent circuit of device with
etch feature as illustrated in Fig. 1(b).

0
-20

S21 [dB]

and sense common bottom electrode is etched with the
fabrication process previously developed [10]. This PZT/Pt
etch feature is illustrated in Fig. 1(b). Equivalent circuit
models, including the device parasitics, are shown in Fig. 2(ab). These correspond to the illustrations in Fig. 1(a-b),
respectively. The resistance, Rg, arising from the routing of
the bottom platinum in the tethers to the ground plane is
proportional to the tether length/width. It is important to note
that this resistance has a significant effect on the stop-band
performance of the resonant device. This Rg value is
particularly important to consider with the high dielectric
constant of PZT. At high frequencies, current can flow out of
node A through the sense capacitance, due to the low
impedance of Csense, manifesting itself as “feed-through”
current in the frequency response.
Three fabricated device types are under consideration. The
first (type-I) is a high feed-through device with Rg = 1.7 Ω, the
second (type-II) is a high feed-through device with Rg = 15 Ω,
and the third (type-III) is a low feed-through, high isolation
device with Rg = 1.7Ω. The length, Lelec, width, welec, of both
devices’ top electrodes (Fig. 1(b)), and gap in the PZT and
platinum, wgap, are 196 µm, 14 µm, and 4 µm, respectively.
The device length, Ltot, and width, wtot, are 200 µm and
40 µm, respectively. The platinum thickness is 100 nm, the
device silicon is 10 µm, and the PZT is 0.5 µm. The measured
S-parameter (S21) frequency responses for the device types in
the 1-200MHz range are shown in Fig. 3. The devices have
been de-poled to illustrate the purely electrical feed-through.
An improvement of 35dB (type-I versus type-III) in the stopband is measured at 200MHz. A 16 dB degradation in the
stop-band rejection, consistent with theory, results for the
device with larger Rg (15 Ω versus 1.7 Ω). This confirms the
importance of this parasitic as a relevant device parameter.
Further minimizing this parasitic may be achieved through
modified tether design (Section IV) and fabrication steps to
improve both resonator insertion loss as well as high
frequency stop-band rejection.

-40
-60
-80

High F.T. Rg = 1.7 Ω

-100

High F.T. Rg = 15 Ω

-120
0

Low F.T.
50

100

150

Frequency [MHz]

200

Figure 3: Frequency response of device with (low F.T.) and without (high
F.T.) the PZT/Pt cut on the resonator.

III.

HIGH Q PARALLEL RESONANCES

In addition to the utility of RF MEMS resonators for bandpass filter applications; they may also be used as high
rejection, parallel resonators, in band-stop or notch filter
applications. The following illustrates that the existence of
high rejection, parallel resonances are a consequence of the
cancellation of motional and feed-through currents. For the
current analysis, the following frequency dependent
impedances will be used: Zr(s), the motional impedance of the
resonator, Zd(s), the impedance of the drive capacitance, Zs(s),
the impedance of the sense capacitance, and ZL(s) the load
impedance of the measurement instrument (50 Ω). The drive
and sense capacitances are illustrated in Fig. 1(a). The
complex variable, s, is represented by j ω, where ω is the
frequency in [rad / sec]. Assuming Zr(s) >> ZL(s), the ratio of
the motional current, ir(s), to feed-through current, if(s),
current is
 Z ( s) + Z L ( s)  
1 
ir ( s )
 + 1
≈
Z d ( s )1 + s

 

i f (s) Z r (s) 
R
g

 

(1)

The conditions for parallel resonance are achieved with +/180o phase and unity magnitude for the above expression
which leads to current cancellation of the motional with the
feed-through current.
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(a)

(b)

x

Figure 5: (a) Displacement modal analysis of a 200µm x 40µm free-free beam
resonator operating at the fundamental length extensional mode (23.1 MHz).
The resonator is supported by a straight 20µm long x 2µm wide tether. (b)
Modal analysis of the same resonator as in (a) but with an alternative tether
design. The beam resonator is visible in the lower right of both figures. The
plotting contours highlight the response in the substrate.
Figure 4: Frequency response of device with a high feed-through design
under various DC bias conditions. High rejection parallel resonance is
observed when the resonator motional exactly cancels the feed-through
current.

For a device similar to that described above in Fig. 1(a), a
high rejection parallel resonance mode was identified. The
measured frequency response is shown in Fig. 4. A DC bias is
superimposed on the AC signal at both the input and output
ports using bias-tees. A high isolation of 117 dB is measured
with a 3.92V DC bias at 55.9 MHz. The pass-band insertion
loss is measured as 45dB at 55.6 MHz. Through DC bias
tuning of the ferroelectric PZT properties, a quasi-infinite
isolation can be achieved through proper design of the
resonator motional impedance and the finite resistance to
ground, Rg, which was introduced in Section II.
IV.

ANCHOR LOSS REDUCTION

Anchor loss has long been known to be a potential limiting
mechanical loss mechanism. Integration of PZT with single
crystal silicon enables dramatically higher quality factors than
are achievable with PZT alone and anchor loss may
eventually limit resonator quality factors. The common
solution in MEMS resonators and older wire supported quartz
and ceramic resonators is quarter-wave acoustic matched
support design [11]. Quarter-wave support design views the
support structure as a mechanical impedance transformer
[12]. The support should accommodate some velocity at the
attachment location between the tether and the resonator
(drive point) and provide a large mechanical impedance at the
attachment location with the substrate (anchor point).
However, in an actual continuous elastic structure, there is
always the potential for stress concentration at the anchor
point. Therefore anchor loss can be further reduced by
minimizing the amount of strain energy present near the
anchor point that could potentially radiate into the substrate.
A conservative estimate of the anchor loss quality factor
(anchor Q) may be obtained by assuming all of the strain
energy present at the anchor point will be completely radiated
during a given vibration cycle. This implies that no acoustic
energy is reflected back into the resonator due to scattering of

acoustic waves radiated during prior vibration cycles. This
assumption will result in predicting a lower bound to the
quality factor. The anchor Q is merely the ratio of 2π times
the stored mechanical energy in the resonator to the acoustic
energy radiated into the substrate per period.
As strain
energy is proportional to the square of the strain, the
conservative estimate for the anchor Q is proportional to the
inverse of the square of the strain at the anchor point.
In contrast to modeling anchor loss via harmonic analysis
[13], modal analysis is far less computationally demanding
for the same physical model but only provides relative
kinematic and dynamic data. However dissimilar support
designs can be compared if the modal data of the two designs
are scaled with a consistent normalization scheme; for
example by normalizing both modeshapes to unity. The ratio
of the squares of the modal strains of the two designs will be
equal to the ratio of their anchor Qs (lower bound).
Fig. 5(a) illustrates a typical MEMS straight tether support,
and Fig. 5(b) illustrates a potentially more compliant support.
The results are from an ANSYS 12.0 FEA modal analysis of
the same resonator at its fundamental length extensional
mode of 23.1 MHz. As can be seen in Fig.s 5(a-b), the
different tethers are experiencing different “local” vibrations,
at the identical resonator mode, which provide different
anchor loss conditions. The tether in Fig. 5(b) actually has an
average absolute value of the relative Von Mises stress at the
surface between the tether and the substrate that is 89% lower
than that of the straight tether design in Fig. 5(a).
This difference in these tether responses can be understood
by considering the frequency response and modal data of the
isolated tether. The tether structure behaves essentially as its
own resonator with dynamics, partly determined by the
boundary conditions imposed by the substrate and resonator,
and excitation imposed by the motion of the resonator at the
drive point. At a given frequency, the motion of the tether
will be some linear combination of the “local” tether modes
of vibration. Tether modes with low mechanical impedances
at the drive point, subjected to large relevant forces by the
motion of the resonator, will be the dominant tether modes
governing the dynamics of the tethers, at any given
frequency. The goal of any design approach is to determine
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(a)

(a)

(b)

Figure 6: Modal analysis of isolated tether under boundary conditions
consistent with substrate and resonator attachments impedances. The plotted
response is the vector-sum of displacements (unity normalized).(a) 21.2 MHz
tether mode (b) 22.6 MHz tether mode.

what tether modes will dominant the dynamics of the tethers
at the desired resonator operating frequency. Generally, the
supports can be designed by considering the isolated tether
clamped at the anchor point and then by defining mechanical
boundary conditions at the drive point that are compatible
with the relevant mechanical impedances presented by the
resonator.
For example, the drive point of the length extensional
mode free-free beam resonator of Fig.s 5(a-b), present xdirection finite displacements to the tethers. Consequently,
the relevant mechanical impedance is that of the ratio of the
x-direction translational velocity to axial forces in the same
direction. The isolated tether was simulated with a clamped
boundary condition at the anchor point and the drive point
was constrained to only permit x-direction displacements.
Fig. 6(a) and Fig. 6(b) illustrate two modeshapes of the
tether from Fig. 5(b) that have resonant frequencies within a
few MHz of the main free-free resonator frequency (23.1
MHz). The mode in Fig. 6(a) displays a much higher
mechanical impedance (less motion at the drive point – right
side of tethers in Fig. 6) than the mode in Fig. 6(b).
Comparison of Fig. 6(b) with Fig. 5(b) reveals that the 22.6
MHz isolated tether mode is the dominant “local” tether
mode present in the tether at the resonators resonant length
extensional mode of 23.1 MHz.
Utilizing this approach for design involves determining a
desired resonator geometry and mode, determining the
relevant mechanical impedances of the tether attachment
locations, and simulating a given tether design with the
appropriate boundary conditions. The average values of the
stresses on the surface between the substrate and the tether
(anchor surface) are calculated and compared for the various
tether modes. Once a low average stress mode is selected, the
tether dimensions are resized so that it is the dominant local
tether mode at the desired resonator frequency.
This technique was used to design the resonator support
seen in Fig. 7(a). To compare this design with a typical
MEMS straight tether design, a 20µm x 5µm straight tether
(Fig. 7(b)) was simulated with a 100µm diameter silicon disc
resonator with a similarly sized new mechanical impedance
transformer design. The tether dimensions were fixed
without constantly matching for each resonator mode to
assess the bandwidth sensitivity of the designs. The average

(b)

Figure 7: Modal analysis of 100µm diameter PZT-on-Si disc resonator
operating at 60 MHz high order disc flexure mode. The plotted response is the
vector-sum of unity normalized displacements (blue identifies near zero
relative displacements). (a) New transformer design (b) 20µm long x 5µm
wide straight tether design.

Figure 8: Plot of anchor Q ratio (mechanical transformer design Q / straight
tether design Q) for the first 24 disc modes. The anchor Q ratio is the ratio of
the squares of the average anchor surface stresses.

of the absolute value of the Von Mises stress on the anchor
surface was calculated for each mode in each case. Fig. 8
plots the ratio of the anchor Q (lower bound) for the straight
and transformer tether designs for the first 24 disc modes. In
all but the first case, there are multiple order of magnitude
improvements in the anchor Qs between the two designs,
particularly for higher frequency modes. Fig. 7(a-b) plots the
modal displacements for an example 60 MHz disc mode. The
improved theoretical performance of the transformer tether
design is apparent between Fig. 7(a) and 7(b) where the
transformer tether exhibits virtually no displacements.
Nearly all of the disc modes from about 15 MHz through
~200 MHz (upper frequency limit of simulation) display
similar anchor performance as Fig. 7(a). The predicted
performance difference suggests that the transformer based
design dramatically reduces the anchor loss, is less sensitive
to the matching requirements of quarter-wave designs
(superior performance over a wide range of frequencies
without resizing), and permits larger geometries that can
reduce the tether parasitics described in Section II.
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V.

ELECTRODE SHAPING

The drive to achieve insertion losses and quality factors
consistent with commercializing MEMS resonator
technologies have led to a research focus on minimizing
motional resistances and maximizing quality factors. In
addition to achieving further improvements in these metrics,
there remains a need to improve the suppression of spurious
vibrational modes, increase resonant frequencies, improve
power handling and linearity, and achieve wider bandwidth
resonators for band select filter applications. The proper
design of the resonator electrodes to selectively excite and
detect desired modes, or “electrode-shaping”, can provide
improvements in these performance metrics. There has been
an extensive body of research in electrode-shaped transducers,
particularly for applications in active vibration control of
structures [14].
Optimal excitation and detection electrodes may be
analytically derived for simple one-dimensional modes by
utilizing the orthogonality property of the vibrational
modeshapes [15]. However, extending this technique to more
complicated modes is difficult but extending the theory to
higher dimensional modes, such as those existing in discs,
poses considerable complications. In addition, to determine
electrode-shapes in arbitrary cases, numerical techniques are
required to treat issues such as nontrivial geometries, modes
not conveniently described by analytical models, deformation
coupling effects in asymmetric composites, anisotropic
material properties, and the influence of non-optimal tether
conditions on the modeshapes.
An alternative to the traditional approach is to determine
the local suitability of placing an electrode on the resonator.
The electrode shapes are then ascertained from maps of this
local determination of electrode placement. For excitation,
maximizing the local strain leads to maximizing the local
contribution to the lumped equivalent excitation force, or
modal force. Therefore, we may determine the local
suitability of electrode placement by considering strain
compatibility between the excited piezoelectric and the desired
mode at each location on the resonator. The mode is excited
locally when the piezoelectrically induced stresses are
consistent with the modal stresses; for example when the
piezoelectric material is assumed to be in compression, it will
excite regions of the resonator for modes where that location
is also simultaneously in a state of compression.
This technique does not necessarily maximally excite the
desired mode or maximally suppress unwanted modes, but
rather determines electrode shapes that ensure the desired
mode is excited and detected. For this scenario, the excitation
electrode shape for a particular mode may be determined by
finding those locations where the e31 and e32 piezoelectric
stress constants both excite or inhibit the mode. For PZT,
these are the locations where the two modal principle stress
components have the same sign. For locations where the two
modal principle stress components have dissimilar signs, some
degree of force cancellation occurs and these locations are
neglected. The determination of the detection electrode shape
consists of solving the constitutive equation for the direct
piezoelectric effect locally for the differential of the induced
charge.

Figure 9: FEA modal analysis of an example electrode-shaped device, a high
order flexure disc mode (100µm diameter). The plotted response is the
vector-sum of displacements (unity normalized).

(b)

(a)

(c)

Figure 10: (a) Micrograph of the fabricated two-port PZT-on-Si disc
resonator electrode-shaped for the mode illustrated in Fig. 9. The intended
excitation port is on the left side of the image (b) Model result for excitation
electrode shape. (c) Model result for detection electrode shape.

This technique was implemented with numerical modal
analysis in ANSYS 12.0, MATLAB data processing and
scripted automatic CAD generation.
To validate the
technique, sixteen different disc modes were designed as twoport devices and characterized. The device fabrication and
layer thicknesses were previously described in Section II. The
fabricated resonators were tested in an RF probe station at
atmospheric pressure.
Full S-parameter matrices were
extracted for each resonator using a Rohde & Schwarz ZVB
vector network analyzer.
Fig. 9 illustrates the modeshape of an example device, a
high order flexure mode. Fig. 10(a) is a micrograph of the
fabricated device; Fig. 10(b) displays the results of the
electrode-shaping technique for the excitation electrode; and
Fig. 10(c) displays the results of the technique for the
detection electrode for the two-port devices. The red and blue
regions of Fig. 10(b) correspond to the two possible excitation
electrode locations. These locations correspond to either
tensile or compression regions of the modal analysis
simulation and either location may be chosen. The red and
blue graded regions visible in Fig. 10(c) display the locations
for the detection electrode. These locations correspond to
either positive or negative charge regions of the modal
analysis simulation and again, either may be chosen.
However, in both the excitation and detection cases, electrodes

357

rejection (~117dB) parallel resonant mode was demonstrated
with the benefit of the tunable ferroelectric properties of PZTon-silicon resonators via high field DC bias. A MEMS
support design technique, utilizing modal analysis, for the
mitigation of anchor loss was presented. A theoretical
comparison illustrated mechanical transformer-based tether
designs derived from this technique, can provide orders of
magnitude lower anchor loss than a more traditional MEMS
straight support design. A numerical electrode shaping design
technique was demonstrated to permit the excitation of
arbitrary modes in disc geometries. The average improvement
in S21 for the electrode-shaped designs was 18.1 dB relative to
all other electrode designs for the same resonator geometry
Figure 11: Experimental results for the transmission frequency response of
and a maximum improvement of 44.3 dB were demonstrated.
the device shown in Fig. 10(a). The dashed red line identifies the design
frequency.

that overlap the two different regions will experience some
degree of force or charge cancellation, respectively. Fig. 11
displays the frequency response of the measured forward
transmission coefficient S21 for the device shown in Fig. 10(a),
displaying an unmatched (50Ω terminated) insertion loss of
6.6 dB. The dashed red line indicates the design resonant
frequency for the intended mode at 68 MHz. The proximity of
the lowest loss mode to the design frequency suggests the
electrode shape is successfully exciting the desired mode.
To more fully characterize the electrode-shaped resonators,
the measured S21 peak values within ±4% of each design
frequency were determined for each resonator. The difference
between the peak S21 of a given design and the average of all
of the other resonators, within the same ±4% search window,
provides a measure of the how well a particular electrodeshape is performing. Fig. 12 is a stem plot of this difference
for each of the 16 different electrode designs for the disc
resonators. The average across the different disc designs
yields an average improvement in S21 for the shaped designs
of 18.1 dB and a maximum improvement of 44.3 dB.
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Abstract—This paper presents the first design and experimental
demonstration of a fractal phononic band gap (PBG) structure
in air/aluminum nitride (AlN). The PBG exhibits two frequency
band gaps for symmetric Lamb waves centered around
900 MHz and 1.10 GHz, respectively with bandwidths of 11.1%
and 9.09% and attenuation as high as 40 dB. The unit cell of the
fractal design consists of a center square air scatterer with four
scaled-down side squares repeating at its corners. The presence
of the side squares effectively shortens the scattering distance
between each unit cell and permits the opening of band gaps for
higher vibration modes, i.e. higher frequencies, for a given
minimum feature size. AlN Lamb wave transducers were
integrated with the PBG in order to launch acoustic waves into
the structure and characterize its performance. This
demonstration not only offers the evidence that it is possible to
synthesize GHz PBG structures with relatively large feature
sizes, but also shows that these devices can be integrated with
more established radio frequency microelectromechanical
systems (RF MEMS) and ultimately lead to novel all-acoustic
signal processors.

I.

solutions require extremely small features (< 500 nm), which
challenge the reproducible synthesis of high frequency PBGs.
The fractal unit cell design is introduced in this work in an
AlN/air structure to address this challenge. A fractal structure
is a geometry that repeats its original shape with a scaling
factor in a specific pattern. Because of the particular
arrangement of the repeating elements, it is possible to reduce
the scattering length between adjacent unit cells and
effectively attain operation at higher frequency for a larger
feature size than a conventional circular PBG topology. In this
paper, the operation of an AlN/air fractal PBG around 1 GHz
is demonstrated experimentally with a minimum
lithographically defined feature size of 700 nm.
II.

DESIGN OF THE FRACTAL PBG STRUCTURE

A. Principle of Operation of the Fractal PBG
Fig. 1 shows the example of a conventional “T-square”
fractal structure and its pattern formation (up to 3 repetitions).

INTRODUCTION

Phononic crystals (PnCs) have recently become a very
interesting research topic because of the possibility to
synthesize novel acoustic functionalities (e.g. acoustic
isolation and acoustic multiplexing) in a small form factor.
Additionally, the use of microfabrication techniques for the
making of PnCs has enabled the substantial miniaturization
and mass manufacturability of these structures [1,2].
Nonetheless, the goal of utilizing these devices for the
synthesis of compact radio frequency (RF) signal processors
eventually capable of on-chip acoustic multiplexing and
channel selection requires noteworthy advancement of the
state-of-the-art. Some PBG-based acoustic devices such as
acoustic cavities [3, 4, 5] waveguiding, and focusing [6] have
been demonstrated, but very few have been extended to the
ultra high frequency range (UHF). Operation in this region of
the frequency spectrum is required in order to devise PBG
structures applicable to RF systems. Although UHF PBG
structures have been previously demonstrated [5], these

Figure 1. The patterns of a conventional T-square fractal with side
square extension up to 3 times.

In this work, the T-square fractal design is employed for
the implementation of the PBG structure. However, in order to
attain a sufficiently wide frequency band gap, the area of each
repeating square is not kept constant, but the center square is
made smaller than the conventional T-square design (area
scaling of 0.16 instead of 0.25) and the corner squares are
scaled to each occupy 0.09 of the unit cell area (the largest
square). Only the first pattern repetition is implemented
experimentally, since further extension would require the
definition of very small features. The PBG structure array is
defined in aluminum nitride (AlN), so that direct in-plane
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integration with piezoelectric Lamb wave transducers is
possible.
In the conventional PBG structure design, the frequency of
operation of the band gap is determined by the acoustic
wavelength associated with the phonon scattering within the
periodic array and is proportional to the unit cell lattice
constant, a (Fig. 2). Differently, the presence of the side
squares in the fractal PBG structure essentially forms subscatterers in each unit cell, which decrease the acoustic
wavelength of phonon scattering (Fig. 2).

3,700 m/s and bounded by the 6th and 7th vibration modes. In
contrast, the fractal PBG structure operates between the 16th
and 17th modes and exhibits a complete frequency band gap at
approximately 5,300 m/s, which is almost 1.4 times higher
than what extracted for the square lattice. This comparison
confirms that the fractal design has the ability to operate at
higher frequencies than a conventional circular design for a
given lattice size.

Figure 4. Comparison between the dispersion relationship of a square
lattice PBG and a fractal PBG having the same lattice size. The red
highlighted area is the complete frequency band gap.

Figure 2. Comparison between the scattering length of a conventional
square lattice PBG structure and that of a fractal PBG structure.

Thus, phonon scattering occurs for higher vibrational
modes and results in higher frequency band gaps. Because of
the extended side squares, the design space of the fractal PBG
structure is more complex than then one of a simple circle and
it is set by the following parameters: the lattice constant, a, the
center square length, c, the side square length, s, and the film
thickness, d (Fig. 3).

Figure 3. Unit cell of a fractal PBG structure. The main physical
parameters that characterize the unit cell are: the lattice constant, a, the
center square length, c, the side square length, s, and the thickness, d.

In addition, in the minimum feature size associated with
this PBG operating at higher frequency is much larger than the
one required by the circular geometry (800 vs. 500 nm). This
preliminary analysis clearly shows that the fractal design is
beneficial in alleviating the manufacturing challenges
generally associated with high frequency PBGs.
B. Frequency Band Gap Design and Dependence on
Geometrical Parameters
For operation at 1 GHz, the lattice constant is set to be
5 μm (λ ~ 10 um in the AlN/air compound). The center square
length, c, also plays an important role in the definition of the
center frequency (Fig. 5). When varying the c-to-a ratio from
0.3 to 0.5, a general increase in the center frequency of the
band gap is observed. Many frequency gaps are present
(Fig. 5), but several are available around 1 GHz (5,000 m/s in
terms of the normalized frequency) for a c/a of 0.4. For this
reason, the center square length is set to be 2 μm.

In order to understand the dependence of the fractal PBG
on these various parameters, COMSOL® finite element
method (FEM) simulation software is utilized to derive the
operating frequency and bandwidth of the PBG [7]. The FEM
solver is used to derive the eigenfrequencies of the PBG along
the first symmetric Brillouin zone of the desired unit cell
design. By applying periodic boundary conditions to the unit
cell design, it is possible to construct a dispersion relation
between the vibration modes and the reciprocal space, which
further effectively reveals where frequency band gaps exist
(no vibration modes present). An example of such analysis is
given in Fig. 4, where the frequency dispersion plot of a
conventional square lattice and a fractal PBG structure in AlN
with the same periodicity (5 µm) are compared. In Fig. 4, the
conventional square lattice with a circular scatterer PBG
structure opens a frequency band gap centered about
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Figure 5. Map of frequency band gaps with respect to the s-to-a ratio
for various center square length (c/a varying from 0.3 to 0.5). d/a is
fixed at 0.2.

Moreover, to attain sufficient frequency band gaps without
extreme miniaturization, the side square length, s, is defined to
be 1.5 μm (s/a = 0.3), so that the minimum feature on the
mask is kept at approximately 700 nm (the diagonal distance
between the two neighboring cantilevers where center and side
squares overlap), which is also the minimum feature that our
lithography equipment allows us to define.
Furthermore, the frequency band gap sensitivity with
respect to changes in the minimum feature size was also
investigated. Fig. 6 is a clear evidence of the insensitivity of
the band gap width to small variations in the s-to-a ratio.
When the side square length decreases by 5% of the original
value of 1.5 μm, the frequency band gap width shifts from
8.64% to 8.4%. On the other hand, when the side square
length increases by 5%, the frequency band gap changes from
8.64% to 8.12%. Therefore, these variations in the minimum
feature size are tolerable.

by 1% of the original value of 1 μm, the bandwidth of the
stop band changes from 8.64% to 8.71%; on the other hand, if
the thickness decreases by 1%, the bandwidth changes from
8.64% to 7.8%. These data clearly indicates that small
variations in thickness will not have a dramatic impact on the
desired frequency band gap.
Therefore, the desired fractal PBG structure of this work is
defined by the following parameters: a = 5 μm, c = 2μm, s =
1.5 μm, and d = 1 μm. This PBG exhibits two complete
frequency band gaps: one from 960 MHz to 1.03 GHz, another
from 1.05 GHz to 1.07 GHz (Fig. 8).

Figure 8. Dispersion relationship for the designed fractal PBG
structure with physical key parameters: a = 5 μm, c = 2μm, s = 1.5 μm,
and d = 1 μm. The red shaded areas are the regions where the complete
frequency band gaps exist

III.
Figure 6. Map of frequency band gaps with respect to the variation in
the s-to-a ratio from 0.2 to 0.4.

Finally, the film thickness is primarily fixed by the need of
integration of the PBG with the AlN Lamb wave transducers.
In order to attain an efficient electromechanical coupling (kt2)
at 1 GHz, the AlN film thickness is set at 1 μm [8].

EXPERIMENTAL RESULTS AND DISCUSSION

The designed fractal PBG structure was microfabricated in
a four mask process. Fig. 9 presents the scanning electron
microscope (SEM) images of the fabricated structure and
devices.

Figure 9. SEM images of the micro-fabricated a) fractal PBG array
sandwiched by the Lamb wave transducers with b) the zoomed-in view
of the fractal unit cell with key parameters labeled. c) The piezoelectric
acoustic delay-line device used as the acoustic transmission reference.
Figure 7. Map of frequency band gaps with respect to variations in the
d-to-a ratio from 0 to 0.35.

Fig. 7 shows the behavior of the frequency band gaps with
respect to the change in the film thickness while all other
parameters are kept constant. The analysis shows that for the
d/a ratio < 0.2, the frequency band gaps defined by the lower
modes tend to widen. Nonetheless, small variations of d/a
from 0.2 result in acceptable (almost negligible) changes in
the PBG bandwidth. For example, if the thickness increases

In order to verify the PBG performance over a large
frequency range (0.8 to 1.2 GHz), 14 sets of AlN piezoelectric
transducers centered at various frequencies were integrated
with the fractal PBG. Along with the PBG devices, 14 sets of
the piezoelectric acoustic delay lines (Fig. 9c) matching the
frequencies of the PBGs were fabricated simultaneously and
served as a reference to which the PBG acoustic transmission
was normalized. Approximately 4-5% bandwidth of the center
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frequency of each of the 14 transducers was taken and
summed up to realize the response over the entire frequency
range. Each response was normalized to the corresponding
acoustic transmission line to report the pure PBG response
(independent of electrical and acoustic mismatches between
the transducers and the delay line element).

lamb wave transducers mainly launch symmetric modes in the
Γ-Χ direction and exclude the propagation of asymmetric
modes. Although a non-complete frequency band gap was
demonstrated, the experiment shows that the integration of the
fractal design with same-plane AlN transducers can yield wide
regions of little acoustic transmission. Edge rounding appear
to have a more pronounced effect on the center frequency of
operation of the PBG than the regular dimensional scaling that
was accounted for in the design section. Future efforts will be
devoted to eliminate the design sensitivity to edge rounding.
IV.

Figure 10. Experimental frequency response of the microfabricated
fractal PBG device. The two main frequency band gaps are highlighted
in red.

The experimental result indicates that there are two
frequency stop bands: one from 850 to 950 MHz (with 11.1%
gap-to-midgap ratio); and another from 1.05 to 1.15 GHz
(9.09% gap-to-midgap ratio) with maximum attenuation of
40 dB. Although two frequency stop bands around 1GHz
were attained, these are not the two complete band gaps for
which the PBG was designed. According to the simulation
(Fig. 11), the designed band gaps have shifted to higher
frequencies because of fabrication imperfections that resulted
in side squares with rounded edges.

In this paper, a novel fractal PBG design in AlN has been
studied via FEM analysis and experimentally demonstrated to
work in the UHF range when integrated in the same plane
with AlN lamb-wave transducers. This work is a clear
evidence that GHz operation in PCs can be achieved without
drastic PBG miniaturization (minimum feature of 700 nm). As
GHz operation was attained, it is now possible to consider
utilizing these PBG structures for the making of radio
frequency (RF) devices such as resonators or filters.
Simultaneously, modified fractal designs will be explored in
order to relax the dependence of the PC acoustic
characteristics on manufacturing variations.
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Abstract: We propose a new acoustic resonator concept based on a periodically poled
transducer (PPT) in a piezoelectric substrate (LiNbO3 or LiTaO3), embedded between two
guiding substrates in order to create an acoustic waveguide. A resonator operating at 131MHz
have been successfully fabricated and used in order to stabilize an oscillator. However the
fabricated resonator presents a significant thermal sensitivity. The following experiments have
consisted in studying a Si/thinned PPT layer/Si in order to reduce the thermal sensitivity.
I. INTRODUCTION
Surface Acoustic Waves resonators are usually used for the frequency stabilization of
electrical oscillators in the range of 50 MHz to 2 GHz. We have developed an isolated wave
guide allowing for the propagation of acoustic waves within a PPT plate (LiNbO3 or LiTaO3)
in between two silicon guiding substrates, yielding advanced packaging opportunities. In the
first part, we present the simulation, the fabrication and the characterization of a PPT-based
resonator operating at 131 MHz with a Silicon(380µm)/LiNbO3 PPT(500µm)/Silicon(380µm)
structure. We present the resonator oscillation characteristics, more particularly the phase
noise and the frequency stability. In a second part, we exhibit the advantages of thinning
down the piezoelectric transducer in showing the dispersion properties analysis. We describe
the fabrication process and the characterization of resonators based on thinned PPLN or PPLT
layers. The phase noise of an oscillator using a Si/PPLN/Si resonator, exhibiting a 50µm
period and a 500µm thick piezoelectric layer, has pointed out the concept feasibility and
answers to scope statement. In fact, these resonators, with low insertion losses and a phase
noise at 100 kHz of the carrier wave controlled, less than 160dBc/Hz, are well-suited for radar
applications. Moreover, for each PPT period, the dispersion properties analysis has shown an
optimum thickness of the piezoelectric plate, corresponding to the maximum
electromechanical coupling coefficient. Si/PPT/Si test vehicles, exhibiting a 50µm period and
a thick piezoelectric layer around 30µm, have pointed out the existence of an isolated mode
operating at frequencies near 110MHz for a LiNbO3 PPT and near 90MHz with LiTaO3 PPT
with low thermal sensitivities.
II. BASIC PRINCIPLES OF THE PPT-BASED RESONATOR
We propose a new guiding concept using interface ultrasonic waves. We suggest a compact
structure based on poled ferroelectric layer bonded between two guiding substrates (fig.1). An
acoustic wave is excited by a periodically poled transducer, and the waves then are trapped
within a buried guiding structure. LiNbO3 or LiTaO3 as piezoelectric and ferroelectric
materials are exploited to fabricate the PPT’s [1] and silicon substrates are used to guide the
acoustic wave and allow for a low cost packaging [2]. These components have to operate at
high frequencies (RF until X band domain) and need spectral purity, short-term stability, low
phase noise around the carrier wave and thermal insensitivity notably for radar applications.
PPTs have been investigated recently as an alternative to standard periodic inter-digital
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transducers (IDTs) for the excitation and detection of guided acoustic waves [2] and consist of
a periodic alternation of oppositely poled ferroelectric domains included between two
electrodes. The main advantages of PPTs compared to standard IDTs are the robustness of the
excitation versus defects or surface contamination, the opportunity to excite fundamental
waves exhibiting an operating frequency twice higher and the possibility to excite several
waves at the same time.

Fig. 1. Principle of the PPT isolated wave transducer
III. Si/thick PPT/Si- BASED WAVEGUIDE, RESONATOR AND OSCILLATOR
The fabrication of acoustic waveguides based on PPTs consists in bonding a silicon wafer on
each side of the periodically poled wafer. LiNbO3 or LiTaO3 as piezoelectric and ferroelectric
materials are good candidates for the fabrication of the PPTs. In fact, these materials have a
spontaneous polarization which can be inverted by applying high voltage thanks to our homemade poling technique [3]. The voltage needed to invert the domains is around 11kV for a
500µm-thick wafer. The different steps of fabrication are detailed in fig. 2 and reported in
reference [4].

Fig.2. Flow-chart of fabrication

Fig.3. SEM view of a Si/PPT/ Si transducer

On figure 3, we can see a SEM observation of poled domains after HF wet etching for a 50µm
period of this Si/500µm PPT/Si structure. The different domains confined between the 2
doped silicon layers are clearly observed. Operational test vehicles with a 50µm period have
been achieved using doped silicon wafers in order to ease the electrical contact and tested by
means of a spectrum analyzer yielding Si/PPT/Si devices responses.
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Fig.4.
Theoretical
and
experimental Fig.5. Evolution of the dynamic of the
admittances of a Si/LiNbO3(500µm)/Si coefficient S11 and the phase rotation versus
structure
frequency for the longitudinal mode
Theoretical and measured electrical admittances agree well and allow for identifying a main
contribution corresponding to a guided longitudinal mode at 131 MHz (fig.4). The
corresponding phase velocity is very close to the one of the PPT alone (i.e 6500 m.s-1) [3].
This resonator operating near 131MHz exhibits a quality factor of 13000 and an
electromechanical coupling ks² equal to 0.25% (twice higher than a SAW quartz resonator).
The corresponding phase rotation (320°) and the dynamic of its electrical reflection
coefficient S11 equal to -8dB reveal compatible with oscillator applications (fig.5).
A specific printed circuit has been implemented for the phase noise tests with our Si/500µm
PPT/Si resonator and the Colpitts oscillator (fig.6). The phase noise of the oscillator at
100kHz from the carrier shows a value less than -160dBc/Hz (fig.7), which can be honestly
compared with other acoustic wave oscillators at such frequency, accounting for the fact that
the device was excited with a quite low signal level (-6dBm). Therefore, increasing the
excitation should allow for a significant reduction of the noise floor and then advantageously
compete with standard solutions.

Fig.6. The oscillator board implemented for Fig.7. Phase noise of the 131 MHz oscillator
phase noise tests
stabilized
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We have also studied the stability of this 131MHz oscillator, and we have obtained a
frequency stability equal to 10-9 at less than 1s (fig.8). This experiment has been made at
room temperature without any thermal compensation.

Fig.8. Frequency stability curve of 131 MHz Fig.9. Frequency drift versus temperature
oscillator
for the longitudinal mode
The frequency drift of this longitudinal mode at 131MHz versus the temperature is reported in
fig.9. We have found frequency variations of -78ppm/K for the longitudinal mode for a thick
LiNbO3 layer bonded between two Silicon layers. This value is sensibly the same than the one
of isolated LiNbO3 devices. We can conclude that we obtain a significant thermal sensitivity
for Si/thick LiNbO3 layer/Si and this value depends essentially of the material used for the
PPT layer and cannot be reduced by the two guiding substrates. The further experiments
consists in studying a Si/thinned PPT layer/Si in order to obtain a monomode acoustic wave
device with an isolated mode with a low thermal sensitivity.
IV. Si/thinned PPT/Si- BASED WAVEGUIDES
The study of the dispersion properties enables to define a specific configuration using a
thinned PPT layer [4]. Interesting guidance properties have been obtained for a ratio between
the thickness of the layer and the period of inverted domains lower than 1 and as a result the
maximum of the electromechanical coupling is obtained for a 25-35µm thick LiNbO3/LiTaO3
layer for a 50µm period. The global flow-chart to fabricate Si/thinned PPT layer/Si acoustic
waveguides is approximately the same than the process used for Si/thick PPT/Si (fig.2). The
supplementary step consists in lapping and polishing the PPT layer in order to obtain a
thinned PPT layer of about 25-35µm, thanks to our lapping machine (fig.10). Finally this
material stack is bonded on a second doped silicon wafer in order to define the aimed compact
structure Si/PPT/Si. On figure 11, we can see a SEM observation obtained for a 25µm thick
LiNbO3 layer confined between the two silicon substrates for a 50µm period.
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Fig.10. Photograph of the equipment used for Fig.11. SEM view of a Si/thinned PPT/Si
lapping/polishing operations
transducer
Operational test vehicles have been achieved using LiNbO3 and LiTaO3 wafers as poled
ferroelectric layer. Experimental results of the Si/thinned PPT layer/Si devices with a 50µm
period are reported in fig.12. For the two materials, only one contribution is obtained: at
110MHz for a 25µm thick LiNbO3 layer and at 88MHz for a 35µm thick LiTaO3 layer.
Unfortunately, these monomode acoustic devices, due to a non homogenous thickness of the
PPT layer along the several millimeter long ferroelectric gratings, don’t exhibit properties
compatible with oscillator applications.

(a)
(b)
Fig.12. Theory/experitment assessment for a Si/thinned PPT/Si device with 50µm of poling
period built on a Z-cut LiNbO3 plate (25µm) (a) and a Z-cut LiTaO3 plate (35µm) (b)
We have also studied the frequency drift of the isolated mode versus the temperature for a
50µm period structure (fig.13). We have found frequency variations of -33ppm/K for the
isolated mode for a 25µm thick LiNbO3 layer and of -31ppm/K for a 35µm thick LiTaO3
layer. So we can conclude that bonding onto two silicon wafers and lapping/polishing the
LiNbO3 layer have compensated this frequency drift versus temperature by a factor 2.
Moreover the temperature coefficient of frequency (TCF) value of the compact structure is
close to the TCF value of the silicon guiding substrate. So we can conclude that if we choose
an appropriate insensitive material as guiding substrate, we can obtain an insensitive resonator
versus temperature.
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(a)
(b)
Fig.13. Frequency drift versus temperature for the isolated mode of a 50µm period devicetheory/experiment assessment on a Z-cut LiNbO3 plate (25µm) (a) and a Z-cut LiTaO3 plate
(35µm) (b)
V. CONCLUSION
We have proposed a new acoustic resonator concept based on a periodically poled transducer
in a piezoelectric substrate (LiNbO3 or LiTaO3) embedded between two silicon guiding
substrates in order to create an acoustic waveguide. A resonator operating at 131MHz have
been successfully fabricated. This resonator presents the required properties to stabilize an
oscillator at this frequency but however the developed resonator presents a significant thermal
sensitivity (depending mainly on PPT substrate used). The following experiments have
consisted in studying a Si/thinned PPT layer/Si: monomode acoustic wave devices with an
isolated mode have been successfully fabricated with a low thermal sensitivity. A thermal
insensitivity is possible with an appropriate choice of guiding susbtrate. However these
monomode devices don’t exhibit properties compatible with oscillator requirements due
mainly to technological limits to be solved. Future works consist in improving the lapping
process in order to obtain a homogeneous thickness for the compact structure, studying the
possibility to reduce the noise floor of the oscillator with increasing the input power of the
resonator at 131MHz and trying to invert micrometric periods in order to achieve a 2GHz
frequency resonator.
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Abstract— Electrostrictive acoustic resonators have been widely
investigated during the last 8 years. Despite their interesting dccontrolled electromechanical coupling and switchable
properties, the main drawback remains their poor quality
factor. Here we show that HBAR LiNbO3 single crystals can be
useful to act as high quality factor switchable resonators thanks
to their electrostrictive properties and to their intrinsic low
acoustic losses. For a resonance frequency at 1.95GHz, HBAR Q
reaches 9000. This outstanding behaviour could be of interest
for RF applications.

I.

INTRODUCTION

Since 2003, several groups have been working on
electrostrictive acoustic resonators (EARs) as an alternative to
the well-established piezoelectric resonator [1,2,3]. The latter
is used as the building block for RF filters for telecom purpose
[4,5]. Although the commercial success of these devices is
huge, it is highly desired to add controllable abilities to
resonators in order to simplify RF architectures [6]. A solution
would be using electrostrictive materials instead of
piezoelectric ones. The best identified materials belong to the
perovskite family, including SrTiO3 (STO), Pb(Zr,Ti)O3
(PZT) and (Ba,Sr)TiO3 (BST), the last being the most studied
one. Indeed, using such materials gives the opportunity 1) to
switch on/off the resonator as desired simply by adding a dc
voltage superimposed to the RF signal as pointed out by
Volatier et al. [7] 2) to tune the resonance frequencies by
adjusting the dc voltage due to linear and non linear
electrostriction as described by Vendik in 2008 [2]. Although
such properties might deeply change future RF systems
architectures, the main EARs drawback today is their low
resonance quality factor Q, which is a figure of merit of the
resonance and antiresonance peak sharpness. The majority of
the papers dealing with EAR reports Q values between 50 and
150 [1,2,3,7], ten times lower than the required values for
filtering devices, fulfilled with AlN resonators for which
quality factors reach 1000 or even 2000 [4]. To be attractive,
EARs need to overcome this issue. The physical explanation
of the low Q factor of EARs is manifold. The global material
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quality is obviously involved as for BST and STO films we
are far from the AlN thin films quality in terms of density,
orientation control and phase purity. Recently, Gevorgian’s
team published Q values reaching 350 for hot sputtered BST
thin films which is a significant breakthrough [8], even though
still far from the targeted value exhibited by pure piezoelectric
thin films. Besides, the domain wall boundaries motion in lead
based materials like PZT is an intrinsic reason for the limited
Q factors [9]. Identified some years ago by Arlt [10] it was
pointed out more recently by Muralt’s team [11]. Avoiding
domains is why people are keener in developing non
ferroelectric materials as STO and BST instead of PZT.
Another possible reason is the film roughness, which is related
to the material quality as well [13]. To overcome these three
main drawbacks, we propose hereafter to use single crystals
LiNbO3 (LNO) thin films. Indeed, LNO belongs to the
ilmenite family and exhibits only one possibility for the
polarization direction, avoiding non-180° domains and
consequently energy dissipation due to domain wall motion.
Moreover, single crystals exhibit a prefect structure, without
any grains boundaries and misorientation. Single crystals thin
films can be obtained by using a transfer process based on ion
implantation / molecular bonding on host substrate / blistering
by heating. This technique, called Smart CutTM has been
recently adapted from Silicon On Insulator (SOI) purposes to
LNO thin films onto LNO carrier substrate in collaboration
with SOITEC [12]. Another specificity of this study is that the
carrier substrate is kept during all experiments. Indeed, one
should consider this study as a first step towards the released
single crystal LNO thin film which represents a tremendous
technological challenge. . Therefore, in the following, we will
focused on the dc-controlled High overtone Bulk Acoustic
Resonator (so-called HBAR) behavior of LNO single crystals
thin films transferred on LNO substrate.

369

II.

EXPERIMENT

A.

Technology
The technology used to perform the sample is described
elsewhere [12]. Both thin films and substrate are X-Cut LNO.
The transferred film is 800nm thick. Handle and donor wafers
are both full 3-inch LNO wafers. The bottom electrode (Pt
100nm) was sputtered on the handle wafer. Bonding was
achieved between two SiO2 layers deposited respectively on
the metallic layer and the handle wafer. The 100nm-thick
sputtered top electrode is made of Pt and patterned by lift off
technique. The LNO transferred layer is indeed a single crystal
exhibiting an electromechanical coupling coefficient due to
piezoelectricity as high as 40%, which is equivalent to bulk
values [12].
B. Characterization
The device under test corresponds to a Metal Insulator
Metal (MIM) configuration. RF characterization is performed
by using a Vector Network Analyser (VNA) in the 2GHz
range. A dc field is superimposed to rf signal.
III. RESULTS
Figure 1 shows the real part of the MIM capacitance
impedance as obtained versus different dc voltages between
1942 and 1958MHz. One can observe two types of
resonances: P (piezoelectric) and E (Electrostrictive). On one
hand, the highest peaks (P) are related to the piezoelectric
shear waves always appearing whatever the dc voltage
applied. Interestingly, on the other hand, another peaks type
(E) appears only when dc is on, as zoomed on inset b), Figure
1. Its height depends on the dc voltage amplitude. Peaks
repetition is due to the substrate. They correspond to
harmonics of the fundamental substrate longitudinal thickness
mode of vibration. Although the nature of the P peaks is well
identified (shear wave in X-LNO), E type is not common. The
frequency distance between two substrate peaks (∆f) is related
to the sound velocity v and the substrate thickness ts by v=2
ts∆f.
P

10
8

Pt
LNO film
Pt
SiO2

D

Figure 2 is a zoomed part of Figure 1 focusing on one
electrostrictive peak. One can clearly observe that at 0V dc, no
resonance is visible. As soon as dc voltage is applied,
resonance (ReY) and antiresonance (ReZ) peaks appear. The
frequency positions of these peaks depend on the dc voltage
value, which is typical for electrostriction. It is essential noting
that the quality factor Q of the highest peak reaches 9000 at
1955MHz, inducing Qf factor reaching 1.7 1013 Hz.
One should bear in mind that this very high Q is mainly
influenced by the LNO substrate which exhibits lower
acoustic losses than silicon. As the acoustic wave spend much
more time in the substrate than in the thin film, its influence
on Q is huge. It is also interesting to compare this Q with the
one exhibited by the shear wave resonance named P (as
Piezoelectric) as observed in Figure 1. Indeed, this last reaches
45,000 as already reported [13]. This is 5 times higher than the
E resonance. The first reason is that shear waves are always
less lossy than longitudinal waves. Moreover, one should
consider the accuracy a of the applied dc voltage which is
typically 0.02% as given by the supplier. If one consider that
the corresponding quality factor QS of this voltage supply is
roughly 1/a, than QS=5000. Therefore, it is likely that the
resonator Q is not intrinsically limited by electrostriction on
the current characterization.

P
b)

150V

-150V
Re admittance (S)

a)

As v = c / r (with cD the stiffness coefficient and ρ
the density (4630 kg/m3 for LNO)), one deduces cD=1.99. 1011
N/m². This value corresponds to c33D in X-cut. Therefore, this
sound velocity is the evidence that dc voltage in LNO induces
a longitudinal acoustic wave which is not coupled in X-cut
while its corresponding piezoelectric constant is zero. The
longitudinal coupling is possible here as dc voltage is
combined to the second order electromechanical coupling
called electrostriction.

100V

LNO
substrate

0V

6
4

Re Impedance (Ohm)

Re Impedance (Ohm)

12

Therefore, if one assumes the wave propagation and the
resonance frequencies are mainly influenced by the substrate,
vE extracted from E type gives vE=6550m.s-1.

E

E

2

1942

1944

1946

1948

1950
Frequency (MHz)

Frequency (MHz)
Figure 1. real part of the impedance of LNO MIM capacitor in HBAR
configuration. Inset (a): schematic of the cross section of the HBAR
resonator. Inset (b): zoom of the dc voltage sensitive peak E, as a result of the
electrostrictive effect
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Figure 2. real part of admittance and impedance of the resonator versus
frequency with respect to applied dc voltage. Resonances appear when dc
voltage is different from zero.

Frequency (MHz)

(Electric field)² E² (10 12 V²/cm²)

Figure 3. antiresonance frequency extracted from Re(Z) of the resonator
versus the square of the dc electric field applied

Apart from Q, one can estimate the tuneable properties of
the resonances. An antiresonance frequency fp corresponding
to harmonic at 1954.84 MHz is reported in Figure 3 versus the
square of the applied dc electric field. Unlikely one can
observe in high-K perovskite electrostrictive materials such as
BST [3], the variation of fp is not linear with E². However, this
variation seems to be always symmetrical versus the dc
electric field Edc as fp is roughly identical for a given Edc
whatever its sign. This suggests how to manage the free
energy form in order to explain this variation compared to
what was proposed for electrostrictive materials [2]. The idea
is to add a fourth order term in the stiffness coefficient,
leading to a six order term in the free energy, as reported in
the following equation.

(Film Bulk Acoustic Resonator (FBAR) configuration). But
important technological issues have not been overcome yet.
By using fp variation between 50 and 150V from Figure 3, the
extracted stiffness variation for the LNO layer is -120ppm/V.
By supposing that the D4 term is the most prominent one in
equation (2), one can deduce that M’ is -2.5 1014 N.m6/C4.
This relative variation of stiffness can be used to calculate
what would be the frequency variation of LNO thin films
alone, standing as FBAR resonator. It can be compared to
other reported stiffness variations of other materials as AlN
[15] and BST. For sake of clarity, a correct comparison figure
is R the relative antiresonance frequency variation versus
applied electric field (R=∆ fp/fp.1/E). One obtains RAlN=2.6.10-11m/V, RLNO=-4.8.10-11m/V and RBST=-1.0.10-10m/V. The
LNO frequency variability is around 1% for the maximum
applied field which is the same order of magnitude exhibited
at the same time by AlN and BST. This rather equivalent
variability is due to different breakdown electric fields of these
three materials (typically 1MV/cm, 2.5MV/cm and 6MV/cm
respectively for BST, LNO and AlN).
IV.

In this paper, we showed that LiNbO3 single crystals
HBAR resonators can be useful to act as high quality factor
switchable resonators thanks to their electrostrictive properties
and to their intrinsic low acoustic losses. For a resonance
frequency at 1.95GHz, Q reaches 9000. This outstanding
behavior could be of interest for RF applications.
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Abstract—We developed a model for the motional impedance
Zm of electrostatic resonators that operate in a nonlinear regime.
The model predicts that the Zm at resonance has the same
expression as it has in the linear case. In addition, we developed
a new measurement setup, which is based on a variable-phase
feedback circuit. This setup enables the measurement of Zm
at operating points that are unobservable with a conventional
impedance analyzer measurement. The estimation based on our
model matches the measurement with errors less than 10% in
the worst case.

I. I NTRODUCTION
Micromechanical resonator-based oscillators are considered
by many to be the next generation of frequency references [1].
Frequency references are an essential component of electronic
devices, and quartz crystal-resonator-based references have
dominated the market. Although quartz references have many
advantages, they have become a bottleneck in the miniaturization of electronic devices since their manufacturing process is not CMOS-compatible. In contrast, micromechanical
resonators can be batch fabricated within a standard CMOS
process. They thus have the potential to provide low-cost
micro-scale frequency references.
Motional impedance Zm of electrostatic micromechanical
resonators describes the relation between a resonator’s input
drive voltage, vac (t) = Vac cos(Ωt), and output current,
iout (t) = Iout cos(Ωt + θ). It is called the “motional”
impedance because it is the impedance that stems from mechanical motion of resonators. Estimating and measuring Zm
is important because it is a critical parameter to consider in
the design of sustaining feedback amplifiers in a closed-loop
oscillator. Furthermore, precise estimation of Zm is necessary
to engineer the phase-noise performance of resonator-based
oscillators [2].
Because of its importance, there have been numerous studies
on Zm . Researchers have developed models that allow precise
estimation of the Zm of resonators operating in a linear
regime [2]–[5]. However, most micromechanical resonators
have nonlinearities. These nonlinearities can be effectively
modeled with additional higher-order terms of mechanical
displacement in the governing equation [5]–[7]; hence, their
effect is negligible when the drive amplitude Vac —which
is proportional to the mechanical displacement—is small,
but it must be accounted for when Vac becomes larger. In
resonator-based oscillators, large Vac is preferred for better
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signal-to-noise ratio. Therefore, micromechanical resonators in
oscillator applications often operate in the nonlinear regime,
where the nonlinear effect is not negligible. Furthermore,
a conventional measurement method cannot observe some
operating points when a resonator is in the nonlinear regime
because instability arises. To address all of these issues, a
new measurement method must be developed for observing
the nonlinear Zm characteristic.
In this research, we first developed a nonlinear Zm model.
We then demonstrated an all-new closed-loop measurement
setup. The measurement results from the setup match the
developed model.
II. T HEORY
A. Nonlinear mechanical amplitude
The modeling starts with the partial differential equation
model of a single-anchored double-ended tuning fork (SADETF) resonator, shown in Fig. 1(a). The Euler-Bernoulli
equation for the differential beam, Fig. 1(b), is
∂2w
ĉ ∂w EI ∂ 4 w
q̂(t)
+
+
=
,
2
4
∂t
µ ∂t
µ ∂x
µ

(1)

where w(x, t) is the beam displacement in the z−direction, ĉ
is the damping coefficient per unit length, µ is the mass per
3
unit length, E is Young’s modulus, I = hb
12 is the second
moment of area, and q̂ is the net electrostatic force per unit
length. For a two-port electrode configuration,
"
2 
2 #
Vbias − vac
ε0 h
Vbias
q̂(t) =
−
,
(2)
2
d−w
d+w

Vbias=35V
Resonator
Beams

Anchor

b

+
–

Input
Electrode

Output
Electrode
Input
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(a) SA-DETF resonator diagram
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h

y x
z
d

Output Resonator
Input
Electrode
Beam
Electrode

(b) differential beam element

Fig. 1. Single-anchored double-ended tuning fork (SA-DETF) resonator and
its differential element
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−7

where ε0 is the dielectric constant of vacuum, Vbias is a
dc-polarization voltage applied to a resonator beam, vac (t)
is an ac-stimulus signal with amplitude Vac , and d is the
transduction gap. Applying the Taylor series expansion to Eqn.
(2) with respect to w with the assumption of Vac  Vbias and
w  d, we get


w
w3
ε0 hVbias
vac − 2Vbias − 4Vbias 3 .
(3)
q̂(t) ≈ −
d2
d
d

5

Mechanical amplitude [m]

4.5

Plugging Eqn. (3) into Eqn. (1), we obtain the governing
equation:
∂w
∂2w
∂ 4 w β1
β3
β0
+
c
− w − w3 =
+
α
vac ,
0
∂t2
∂t
∂x4
µ
µ
µ
ĉ
µ,

α0 =

2
4ε0 hVbias
d5

EI
µ ,

bias
β0 = − ε0 hV
, β1 =
d2

2
2ε0 hVbias
,
d3

(4)

2.5
2
1.5

0
1.3075

and

−7

11

Solving Eqn. (5), we get φn (x) = cosh(kn x) − cos(kn x) +
θn (sinh(kn x) − sin(kn x)), where kn l is a solution of the
characteristic equation cos(kl) cosh(kl) = 1 and
(7)

The characteristic equation can only be solved numerically,
and it has infinitely many solutions of kn l: for instance, k1 l ≈
4.7300 for the fundamental mode, and kn l ≈ 7.8532, 10.9956,
14.1372, 17.2788... for higher modes. We then assume that
w(x, t) ≈ φ1 (x)ξ1 (t)

1.308

1.3085

1.309
6

x 10

Fig. 2. Amplitude of the generalized coordinate, A in Eqn. (10), at various
Vac levels, shown in the legend. For each Vac , we used Eqn. (11) to estimate
A for a given range of a driving frequency Ω.

(6)

cos(kn l) − cosh(kn l)
θn =
.
sinh(kn l) − sin(kn l)

Larger drive
amplitude

Frequency [Hz]

(5)

∂4
β1
− .
∂x4
µ

116mV
145mV
175mV
204mV
234mV
263mV
292mV
320mV
348mV
376mV
404mV
430mV
456mV

3

0.5

with a clamped-clamped boundary condition [8], where
L , α0

3.5

1

β3 =
are defined to make expression concise. Note
that the w3 term from Eqn. (3) introduces nonlinearity.
Preparing modal analysis, we obtain the mode shape functions φn (x): φn (x) is the nth mode Eigenfunction for the
Eigenvalue problem
L [φn (x)] = ωn2 φn (x)

4

Normalized mechanical amplitude [m/V]

where c =

x 10

x 10

Larger drive amplitude
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1
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Frequency [Hz]

1.309
6

x 10

(8)
P∞

because in the general equation, w(x, t) = n=1 φn (x)ξn (t)
—where ξn (t) are the generalized coordinates— ξ1 prevails
over the other ξi when the driving frequency Ω is near the
fundamental natural frequency ω1 (Ω ≈ ω1 ) [9]. We now
apply modal analysis to Eqn. (4) by plugging Eqn. (8) into
Eqn. (4) and integrating along the beamR length l. Using the
l
orthogonality of the Eigenfunctions 1l 0 φn φm dx = δnm
(the Kronecker delta) [9] and the relation of c = ωQ1 and
vac (t) = Vac cos(Ωt), we obtain
d 2 ξ1
ω1 dξ1
+ ω12 ξ1 − γξ13 = q cos(Ωt),
(9)
+
2
dt
Q dt
Rl
where Q is the quality factor, γ = βµl3 0 φ1 (x)4 dx is the nonR
Vac l
linearity parameter, and q = β0µl
φ (x)dx is the forcing
0 1
parameter. Eqn. (9) describes the forced Duffing system [10],
and it is widely applicable to other types of resonators because
we will obtain an ordinary differential equation similar to Eqn.

Fig. 3. Normalized mechanical amplitudes ( VA ) at various Vac levels,
ac
shown in the legend. For each Vac , we normalized the result in Fig. 2 with
Vac .

(9) if we apply modal analysis to the model for other types of
resonators.
We obtain an approximate solution of Eqn. (9) by applying
the method of multiple scales with the assumption of a weakly
nonlinear system and a resonant excitation (Ω ≈ ω1 ) [10]. The
steady-state solution of Eqn. (9) is
ξ1 (t) ≈ A cos(Ωt − ψ),

(10)

where A is given by the solution of the frequency response
equation
"

2 #
4
3 2
2 ω1
2
A
+
γA − 2(Ω − ω1 )ω1
= q2
(11)
Q2
4
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TABLE I
PARAMETERS FOR NUMERICAL ESTIMATIONS
beam length: l

200µm

beam width: b

6µm

beam height: h

20µm

transduction gap: d

1.5µm

mass density: ρ

2329 kg/m3

Young’s moduls: E

169 GPa

Polarization voltage: Vbias

35 V

Quality factor: Q

8710

Feedthrough capacitance: Cf eed

40.36 fF

Plugging Eqn. (10) into Eqn.R (16) and defining the nonl
dimensional parameter Ln = 1l 0 φn (x)dx, we obtain
π
2AΩVbias ε0 hlL1
cos(Ωt + − ψ).
(17)
d2
2
To estimate the maximum amplitude of imotion , we substitute
Eqn. (13) into Eqn. (17) and use the definitions of q and β0
with the assumption of a resonant excitation (Ω ≈ ω1 ). We
then get
2

Vbias ε0 hlL1 Vac Q
.
(18)
Imotion,max ≈ 2
d2
mω1
imotion ≈

Note that Imotion,max is not a function of nonlinearities but is
2
proportional to Vbias
Vac Q, as in the linear case [4]. In addition
to imotion , the feedthrough current

and ψ is



−ω1
ψ = arctan
.
2Q (Ω − ω1 − (3γ/8ω1 )A2 )

(12)

Fig. 2 shows estimated A at various Vac levels. The Vac levels
are selected to match the Vac levels used for actual measurements shown in Fig. 8. Table I summarizes the parameters for
the estimation.
By taking the derivative of Eqn. (11) with respect to Ω and
setting dA
dΩ = 0, we can find the resonant frequency Ωr , which
results in the maximumamplitude Amax . The Ωr results in
3
2
2
4 γA − 2(Ωr − ω1 )ω1 in Eqn. (11) being zero [6], [10];
hence, Amax becomes
Z
|q| Q
ε0 hVbias Vac Q l
Amax =
=
φ1 (x)dx,
(13)
ω12
ω12 d2 m
0
where m = µl is the mass of the beam. Surprisingly, Amax
is not a function of nonlinearities, but is proportional to
Vbias Vac Q, as in the linear case [4], [11]. Fig. 3 shows the
normalized mechanical amplitude ( VAac ) estimated with Eqn.
(11) at many driving frequency Ω: it shows that AVmax
is not
ac
affected by the level of Vac as Eqn. (13) predicts, even though
the resonant frequency Ωr changes.
B. Nonlinear motional impedance
To estimate Zm , we start from the total surface charge Qs
at the two output electrodes of a DETF resonator:
Zl
Qs = −2Vbias ε0 h

1
dx.
d−w

(14)

0

Applying the Taylor series expansion to the above equation
with respect to w, we obtain
Zl
2Vbias ε0 h 
w
Qs ≈ −
1+
dx.
d
d
Using the single mode assumption in Eqn. (8), we get
dQs
2Vbias ε0 h dξ1
≈
dt
d2
dt

Zl
φ1 (x)dx.
0

but by using the above the assumption of Ω ≈ Ωr , |if eed | 
|imotion |, and we can simplify the expression for the minimum
motional impedance by using Eqn. (18):

2
Vac
1
d2
mω1
Zm,min ≈
≈
. (21)
Imotion,max
2 Vbias ε0 hlL1
Q
Zm,min is often called the motional resistance Rm since Zm
gets to the minimum when the motional inductance Lm and the
motional capacitance Cm cancel each other out. Comparing
Rm from the linear models to Eqn. (21), we find that nonlinear
Zm,min is not affected by nonlinearities and is similar to Rm
from the linear models [3]–[5].
Fig. 4 shows estimated Zm : for the estimation, we plug the
solutions of Eqn. (11) into Eqn. (10) and then into Eqn. (17)
to estimate imotion ; we use Eqn. (19) to estimate if eed ; we
then estimate Zm by using Eqn. (20). The result shows that
Zm,min is not affected by nonlinearities (or the level of Vac ),
as Eqn. (21) predicts. This result implies that the assumption of
|if eed |  |imotion | is valid. Table I summarizes the parameters
for the estimation.
III. E XPERIMENTAL SETUPS
A. Conventional open-loop measurement setup

(15)

0

imotion = −

dvac
= −Cf eed Vac Ω sin(Ωt)
(19)
dt
also contributes to the output current iout = imotion + if eed .
However, when the driving frequency Ω is near the resonant
frequency Ωr , we can often assume that |if eed |  |imotion |;
iout is thus approximated with imotion in this case.
The motional impedance Zm is generally given by
vac
vac
Zm =
=
,
(20)
iout
imotion + if eed
if eed = Cf eed

(16)

A conventional way to measure Zm is by using an
impedance analyzer (Fig 5(a)). An impedance analyzer provides input voltage signal vac and measures the output current
signal iout . By measuring this open-loop I-V characteristic, the
analyzer can measure the Zm in a given frequency range. This
impedance analyzer method is good for resonators that do not
have nonlinearities, but not for resonators with nonlinearities.
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Motional impedance measurement setups.
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4

Output current amplitude [A]

Fig. 4. Estimated |Zm | at various Vac levels, shown in the legend, for a
given range of the driving frequency Ω. For each Vac , we use Eqn. (20) to
estimate |Zm | .

To understand this limitation, we must check the frequencyto-amplitude relation of a resonator in the nonlinear regime.
Nonlinearities in a resonator result in the frequency-toamplitude relation exhibiting Vac -dependency (Fig. 2) [3], [4],
[6], [7], [12]–[14]. When Vac is larger than a critical value
(≈ 145 mV in Fig. 2), the frequency-to-amplitude relation
becomes indeterministic for some driving frequencies; hence,
the amplitude of a resonator can be uncertain for some driving
frequencies. This uncertainty leads to unstable states in the
impedance analyzer measurement. In the actual measurement,
the part of the Zm response curve that corresponds to the
unstable states becomes unobservable, though stable branches
in the response curve can be measured by alternating the
frequency sweep direction [4], [7], [12]–[15]. To summarize,
an impedance analyzer cannot measure the full characteristic
of Zm when a resonator is in the nonlinear regime.
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B. Novel closed-loop measurement setup
We propose a new Zm measurement method by using a
feedback circuit (Fig 5(b)). A feedback circuit provides gain
for continuous operation of a resonator. By comparing amplitudes of an input voltage signal vac and an output current signal iout , we can perform closed-loop I-V measurements. The
major difference between using a feedback circuit and using an
impedance analyzer is that a feedback circuit sets the phase
rather than the driving frequency Ω; in other words, in this
closed-loop method, phase is an independent variable. Unlike
the frequency-to-other relations, the phase-to-amplitude and
the phase-to-frequency relations are always deterministic in the
closed-loop measurement setup, regardless of nonlinearities.
(Fig. 6) [10], [16]. Since the amplitude and frequency are
deterministic for any given phase, instability cannot occur and

1.3075

−60

−40

−20

0

20

40

60

Phase [degree]

(b) Phase-to-frequency relation
Fig. 6.
Phase-to-other relations at the Vac levels that are used for the
estimation in Fig. 2. Eqns. (17) and (19) are used to estimate the output
current iout = imotion + if eed ; the magnitude of iout is then used to
estimate the output current amplitude; the phase difference between iout and
vac is used to estimate the phase. The peak amplitude occurs at non-zero
phase because of the feedthrough current if eed .

the measurement is not limited by nonlinearities unlike in the
open-loop measurement setup [10], [16].
If a feedback circuit has a fixed phase, however, we can
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Fig. 8. Measured |Zm | at various Vac levels, shown in the legend. For
each Vac , we used more than 25 Vphase values to measure nonlinear Zm
characteristics.

Circuit diagram of a variable-phase closed-loop feedback circuit

measure Zm only at one point, which corresponds to the fixed
phase, but not at many other points. Therefore, the feedback
circuit must perform phase sweep, just as an impedance
analyzer does frequency sweep, to measure many operating
points. For this reason, we need a variable-phase feedback
circuit. To implement the variable-phase feedback circuit (Fig.
7), we add a voltage-controlled phase shifter to an ordinary
fixed-phase feedback circuit. The first and the second stages
of the feedback circuit act as a trans-impedance amplifier
(TIA), which converts current to voltage. The third stage
employs an automatic level control, a variable gain amplifier,
and a RMS detector to maintain Vac at a desired level, which
is externally set by Vset . To implement a voltage-controlled
phase shifter, we use an all-pass filter with a voltage-controlled
resistor, implemented by a JFET: the resistance of the JFET
is externally set by Vphase . Then, this circuit is connected to
a resonator to form a closed-loop oscillator.
IV. E XPERIMENTAL PROCEDURE AND RESULTS
We used an SA-DETF type resonator for the experiment
(Fig. 1(a)). This resonator was fabricated with the process
detailed in [17]. The resonant frequency is about 1.3 MHz,
and the Q is about 8710. This resonator experiences first-order
electrical softening nonlinearity [13]. We connected a counter
to the output of the TIA to monitor the resonant frequency. We
also connected an oscilloscope to the output of the TIA and
the input to the resonator to measure the amplitude of input
and output signals (Fig. 7).
In order to measure Zm at many phase values and Vac levels,
we first set the phase of the circuit; we then estimated Zm by
measuring the input and output amplitudes at many Vac levels:
although we measured the voltage amplitude at the output of

the TIA, we can estimate Iout by using the known gain of the
TIA. Repeating this for many phase values, we could measure
Zm at many operating points.
Fig. 8 shows the experimental result. We set more than 25
phase values and 13 Vac levels. The Zm,min ranged from
121 kΩ to 115 kΩ. The curves show that our new method
could measure nonlinear Zm characteristics that an impedance
analyzer cannot measure. Since an impedance analyzer cannot
measure these characteristics, this is a remarkable result.
Our measured result for the nonlinear Zm characteristics
match well the estimation based on the model we developed.
Our model over-estimates Zm by less than 10% for the worst
case. We speculate that the difference stems from uncertainties
in dimensional and material parameters for the estimation. A
more noticeable difference between the estimation and the
measured data is the change of Zm,min with the change of
Vac . In the estimation, the Zm,min value is not a function of
Vac , and this is expected by the model in Eqn. (21): since we
used constant Q for the estimation, Zm,min must be constant.
In the measured data, however, Zm,min decreases by 5% as we
increased Vac for a given Vac range. Since Zm,min is inversely
proportional to Q, Eqn. (21), this result may imply that the
Q of the resonator increases by 5% when Vac increases for
the given range. However, it may also be an experimental
artifact or stem from assumptions we make when we derive
the Zm model in section II, such as a weakly nonlinear system.
Therefore, further research is necessary to find the source of
the Zm,min change.
V. C ONCLUSION
We developed a nonlinear Zm model and a new measurement setup, with which we can estimate and measure nonlinear
Zm characteristics of an electrostatic resonator. The Zm model
we developed can precisely estimate the Zm of a resonator that
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operates in the nonlinear regime with errors of less than 10%
in the worst case. Although the model was developed for a
specific type of resonators, the result of this study can be generally applied to other types of resonators because an ordinary
differential equation similar to Eqn. (9) can be obtained after
modal analysis is applied to the model for other resonators. In
addition, the new closed-loop measurement setup can be also
utilized to measure the nonlinear Zm characteristics of other
types of resonators. Therefore, this study is of broad relevance
to the resonator community.
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Abstract— T2L2 (Time Transfer by Laser Link), developed by
both CNES and OCA permits the synchronization of remote
ultra stable clocks over intercontinental distances. The principle
is derived from laser telemetry technology with dedicated space
equipment deigned to record arrival time of laser pulses at the
satellite. Using laser pulses instead of radio frequency signals,
T2L2 permits to realize some links between distant clocks with a
time stability of a few picoseconds and accuracy better than
100 ps. The T2L2 space instrument is in operation onboard the
satellite Jason 2 since June 2008. Several campaigns were done
to demonstrate both the ultimate time accuracy and time
stability capabilities. It includes some experiments implemented
in co-location to directly compare T2L2 time transfer residuals
with the direct link between stations, and some ground to
ground time transfer between ultra stable clocks. Important
works have been done, between OCA and OP, to accurately
compare T2L2 with microwave time transfer GPS and
TWSTFT. These comparisons are based on laser station
calibrations with a dedicated T2L2 calibration station designed
to accurately set the optical reference of the laser station within
the PPS reference of the microwave systems. Other experiments
are also planned in the future: 3D localization with the lunar
space vehicle LRO, T2L2 coverage extension over the Pacific
Ocean (Tahiti), DORIS comparison and a third international
campaign.

I. INTRODUCTION
T2L2 is a time transfer technique based on laser ranging
network at ground and a dedicated space segment. The
project, developed by CNES (Centre National d'Etudes
Spatiales) and OCA (Observatoire de la Côte d'Azur), has
been launched in 2008 on the Jason-2 satellite for a 5 years
mission [1], [2], [3].
T2L2 relies on the propagation of laser pulses between the
clocks to be synchronized. It is an evolution of current
radiofrequency time transfer systems profiting from
advantages of the optical domain such as higher modulation

978-1-61284-110-6/11/$26.00 ©2011 IEEE

bandwidth and insensitivity to ionosphere, and also from
advantages of the two way technique on a mono-carrier
scheme. All these elements permit to enhance the
performance of time transfer by one or two order of
magnitudes compared to existing microwave techniques such
as GPS and Two-Way Satellite Time and Frequency Transfer
(TWSTFT).
It provides the capability to compare today’s most stable
frequency standards with unprecedented stability and
accuracy [4]. Ultimate expected T2L2 performances are in the
100 ps range for accuracy, with a time stability of about 1 ps
over 1,000 s and 10 ps over one day [5].
II. PRINCIPLE
The T2L2 elementary block is a space to ground time transfer
between the ground clock linked to the laser station and the
space clock. The ground to ground time transfer between
several remote clocks at ground is obtained through such
individual space to ground time transfers. It can be obtained
in a common view mode, when the distance between the laser
stations is smaller than 5000 km, or in a non-common view
mode when the distance is larger.
The laser station includes a telescope, a pulsed laser, some
photo detection devices and two event timers connected to the
ground clock, one to time tag the start event, the other for the
return. The energy by pulse is between 400 µJ to 1 J and the
pulse width is in the range of 20 ps up to 200 ps. The laser
rate is between 5 Hz to 2 kHz. The laser stations range the
satellite every 2 hours, 5 to 7 times a day when the weather
conditions are favorable.
The space instrument (Fig. 1) includes a photo detector [6]
and an event timer [7], [8] linked to the space clock and a laser
ranging array (provided by the JPL) used to reflect the laser
pulse toward the laser station. The space clock is an ultra-
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stable oscillator (USO) fundamentally used by the Doris
equipment.
DORIS
USO

Dates
Event timer

Accumulation of several consecutive passes over the same
station permits to give a mid-term time transfer comparison
(Fig. 4). These mid-term monitoring will be used in the next
reduction evolution to make time transfer in non common
view configuration.

Energy
Photo
detection

LRA

Figure 1. T2L2 Space instrument principle

For a given laser pulse emitted by the laser station, one get a
start date and a return date at ground, and also an arrival date
at the satellite. From these 3 dates (which are called a triplet)
we can extract the time delay between the ground clock and
the space clock. T2L2 relies on the laser ranging network
which includes 40 international laser stations. Among them,
16 stations provide the full rate data needed for the triplets
extraction.
The first step in the T2L2 data reduction is the determination
of the ground to space time transfer for every passes acquired.
Fig. 2 is an example of what is got for a pass obtained with
the MeO Laser Station linked to an H-Maser at OCA.

Figure 2. OCA – DORIS time transfer. The red line (left scale) is the direct
time transfer. The global slope is coming from the large frequency offset
between DORIS and OCA. The blue dots (right scale) are the residuals.

The corresponding time stability is illustrated in Fig. 3.

Figure 3. OCA – DORIS Time deviation (black, left scale) and Modified
Allan deviation (red, right scale). Performances are in accordance with the
DORIS USO.

Figure 4. OCA – DORIS comparison over several consecutive passes (Direct
comparison, red, left scale; residuals, blue, right scale). Up to 7 passes,
giving an overall time comparison of 12 hours, can be acquired
consecutively.

III. ACCURATE GROUND TO GROUND TIME TRANSFER
T2L2 has been designed to realize ground to ground time
transfer with accuracy better than 100 ps. If one can neglect
the noise coming from the individual ground to space time
transfer, this accuracy requires the measurement of the laser
pulse start times with accuracy in the range of 50 ps.
Usual laser stations are only designed to measure time
difference between a start and a stop with an accuracy of the
start pulse of typically 100 ns. These 50 ps can only be
obtained with a special time calibration based on
simultaneous measurements between the usual chronometry
of the laser station and a dedicated calibration station. It
permits to measure the delay between the optical pulse at the
cross axis of the telescope and the electrical reference coming
from the time and frequency laboratory. The reference point
at the laser station level is the cross axes of the telescope
which is also the space reference for laser ranging. The
reference at the time and frequency laboratory is a given
output of the PPS (Pulse Per Second) distribution unit.
The calibration station gather inside an unique equipment all
the metrology required to perform measurements. The station
includes a SigmaTime STX301Event Timer and an optical
module to grab laser pulses from the laser station.
The event timer STX301 was developed in the T2L2
framework with 3 separate targets:
- to make the T2L2 calibration,
- to upgrade, if necessary, laser stations with no
proper chronometry,
- to have a versatile high precision laboratory
instrument.
The instrument has an internal frequency synthesis that can
be slaved on an external 5, 10 or 100 MHz clock reference,
two or four independent channels (electrical and optical: DC 20 GHz), and a high stability pulse generator. All these
metrology instruments are driven by an embedded Windows
7 computer able to control the hardware and to give to the
user a friendly Human Machine Interface permitting to
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measure both absolute start time and time interval, to sample
the frequency, and to determine the shape of a given
synchronous signal.

module is placed in front of the telescope at a precise distant
from the cross axes.
Time equation that permits to accurately time-tag laser pulses
is given by:
δT = δcal + δprg = δcal + δPPS – (δocx + δocf + δf + δdet),
where:
δcal is the difference between absolute measurement
(calibration) and station measurement and δprg the global
propagation between cross axes and the PPS unit (Fig. 7).

Figure 5. STX301-002R SigmaTime sub picosecond Event timer.

The global characteristics of the timer are given in table 1.
Parameters
Number of independent channels
Time Stability @ 1000s
Linearity
Thermal Sensitivity
Repeatability error Synchronous
Repeatability error Random
Dead time
High speed Acquisition
Continuous rate
Input bandwidth

Values
2 to 4
< 20 fs
0.3 ps rms.
< 200 fs/°C
< 600 fs rms
700 fs rms
130 ns
500 kHz
35 kHz
DC - 20 GHz

Figure 7. Definition of the propagation term through the telescope to the PPS
distribution unit

The term δcal is determined in two steps:
- PPS Synchronization of the SigmaTime
STX301 event timer
- Simultaneous acquisition of an ensemble of
laser pulses from the laser station and the calibration
station
The PPS synchronization is obtained from a Scan of the PPS
signal by the event timer that permits to determine the
reference threshold deduced from the inflexion point and the
synchronization of the timer with this reference threshold.
The term δprg depends on three kinds of parameters:
- δPPS ; δf coming from propagation in cables and
measured by the calibration station
- δocx ; δocf coming from propagation in free space and
determined form the geometrical distance
- δdet coming from propagation inside the detector
(optical-electrical) and deduced form a propagation model
(currently studied) [9].
The table 2 is an example of what we get for the MeO station

Table 1. Sigma Time STX301 main characteristics

Fig. 6 is a typical time deviation of the timer computed from
the modified allan variance.

Figure 6. Time deviation (black, left scale) and Modified Allan deviation
(red, right scale)of the SigmaTime STX301 event timer obtained from
electrical pulses generated with an independent frequency synthesis slaved
on a common clock

The optical module is made with a collimation optic
connected to a 50 m mono mode optical fiber (532 nm). The
delay inside the fiber is currently considered as a constant. In
the next future a special instrumentation will permit to
measure the variations that could be generated by some
temperature changes or constraint variations. The optical
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δ

Label/Ref

Value (ps)

Date

δcc

CCLune

12393

2010-07-01

δPPS

T2L2CalC2

9408

2006-08-06

δocx

RefAxe

12104

2010-07-01

δocf

T2L2MC2

58

2010-07-01

δf

T2L2CalF1

248300

2006-08-06

δstx

STX301-001

0

2010-07-01

δdet

NewFocus1454

660

2010-07-01

δcal

GioveB 100522

628721

2010-05-22

377007

2010-07-01

δΤ

Table 2. MeO Calibration

IV. T2L2 CO-LOCALISATION AT OCA
OCA has two laser stations (fixed: MeO and mobile: FTLRS)
that can be used together in order to realize a time transfer in
a co-location configuration (Fig. 8). Being both connected to
the same H-Maser, this configuration permits to directly
compare the time transfer deduced from the calibration
process and time transfer measured by T2L2.

1155 passes was obtained during the campaign; 650 in
common view configuration.
So far, only the link Grasse-Paris (Fig. 10) has been analyzed;
the others will be reviewed in the next future.

Figure 10. Left: Meo Station at Grasse built on a 1.54 m telescope; Right: the
mobile FTLRS station at Observatoire de Paris.

Table 4 is a summary of the instrumental configuration of
both laboratories for this Grasse-Paris link.

Figure 8. FTLRS (left) and MeO (right) connected to same HMaser reference
in order to realize a co-localisation time transfer

13 common passes have been obtained in 2009 during a
dedicated campaign (Fig. 9).

Location

Station

clocks

Grasse
OCA
Paris
OP

MeO

Fountain (OP)
H-Maser
Fountain HMaser

FTLRS
(OCA)

MW
Time transfer
GPS
TWSTFT
GPS
TWSTFT

Table 4. Clocks and Microwave time transfer systems

Figure 9. MeO – FTLRS T2L2 Time difference.

The time offset deduced from T2L2 Measurement is:
δTFtlrs – δTMeo = 157 019 ps ; σ = 330 ps
The time offset deduced from the T2L2 Calibration is:
δTFtlrs – δTMeo = 157 030 ps ; s = 26 ps
This gives a very good agreement within the given
experimental standard deviation.
V. SECOND INTERNATIONAL CAMPAIGN
The T2L2 international campaigns aim to achieve the best
possible time stability measurement between ultra stable
clock and the best comparisons between microwave time
transfer techniques [10],[11]. A first campaign was done in
2009 involving 4 laser stations. In 2010 one realizes a new 5
months campaign with 9 laboratories (Table 3).
Site

Clock

Time Transfer

Grasse-FRA

Fountain ; HM

GPS TWSTFT Eu

Paris-FRA

Fountain ; HM

GPS TWSTFT Eu

Borowiec-POL

HM

GPS TWSTFT Eu

Koganei-JPN

Fountain

GPS TWSTFT As

Simosato-JPN

Cs/Rb

GPS

Zimmerwald-CHE

Qx/GPS

GPS

Herstmonceux-GBR

HM

GPS

Matera-ITA

Cs ; HM

GPS

HM

GPS

Wettzell-DEU

The OCA laser station FTLRS was installed on a dedicated
platform at OP. Some special authorizations were obtained in
order to be able to range with a laser in Paris. The OP mobile
atomic fountain (FOM) was installed at OCA during the same
period. At OP, FTLRS, the atomic fountain and the
Microwave time transfer systems (GPS and TWSTFT) were
connected to the same H-Maser. At OCA, MeO, the mobile
atomic fountain and the time transfer systems were also
connected to a common H-Maser. Both OP and OCA have
been calibrated with the same T2L2 calibration station as
described in chapter 3. 56 passes in 114 days was recorded.
From each pass acquired, an equivalent point representing the
average value of the time difference and the average value of
the date is computed.
The first result extracted from these comparisons is the T2L2
time difference between H-Masers (Fig. 11, Fig. 12).

Figure 11. Direct T2L2 time differences between OP and OCA H-Masers
(red, left) and difference – order 2 polynomial (blue, right).

Table 3. Laboratories global configuration
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VI. 3D LOCALIZATION WITH LUNAR RECONNAISSANCE ORBITER
(LRO)

Figure 12. Time deviation (black, left scale) and Modified Allan deviation
(red, right scale) of the T2L2 H-Maser differences

With a modified Allan deviation in the range of 3x10-15 over
10 days, one concludes that the noise introduced by T2L2
over several days is significantly below the noise coming
from the H-Masers themselves.
The second important result is illustrated in figure 13. The
graph shows both the time transfer comparison between T2L2
– GPS (carrier phase based) – TWSTFT (code phase) and the
differences between Atomic fountains. The GPS analysis is
based on the PPP NRCan algorithm (carrier phase technique).
This is a preliminary result in which the absolute calibration
hasn’t been taken into account: an offset between each curve
was introduced to facilitate the graph reading. Regardless of
these absolute aspects, the global drift on the MicrowaveT2L2 time comparisons are better than 2 ns over 2 months
which is in accordance with the classical long term stability
of microwave time transfers.
The phase of the atomic fountain comparison is computed
from the frequency information between the fountain
interrogation and the H-Maser frequency reference. For some
technical reasons, the atomic fountains weren’t in operation
continuously during the whole campaign. This has probably
introduced a significant midterm noise: pink and red plots of
fig. 13. A more detailed analysis taking into account the real
operation period of the fountains, will be made in the future.

The primary objective of LRO (NASA project) is to conduct
investigations in order to prepare for future lunar exploration.
The orbiter has a laser altimeter called LOLA, fundamentally
made to measure the relief of the moon surface. This
altimeter has also been designed to be used from the earth
with a 2 cm aperture telescope oriented toward the earth
direction. This system permits to range the orbiter from the
laser station network at ground. The range is deduced from
the computation of the time difference between start time
recorded by the laser stations and the arrival time recorded by
altimeter. If one can range simultaneously LOLA with at least
2 laser stations one can resolve the 3D geometry from the
differential measurement onboard LOLA (Fig. 14). Because
the geometry is very sharp (distance between LRO >>
distance between laser stations) the time synchronization
between laser stations has to be very precise. Because T2L2
is based on the same laser ranging technologies which are
also used for LOLA, T2L2 is perfectly well suited to perform
this synchronization.

Figure 14. 3D localization of LRO with several laser stations at ground
synchronized by T2L2

Several simultaneous observations in common view have
already been acquired (Fig.15). So far, data hasn’t been yet
analyzed with T2L2: everything remains to be done on the
subject.

Figure 15. Simultaneous acquisition from Zimmerwal (CH) and MeO (FR)

VII. TAHITI CAMPAIGN

Figure 13. Microwave and T2L2 time transfer comparison and atomic
fountain differences. A time offset between each plot is voluntary introduced
to facilitate the reading of the graph.

A new dedicated campaign was started in April 2011 on the
OGT (Observatoire Geodésique de Tahiti) site (Fig. 16)
where a USA Moblass laser station is installed. The campaign
implies the installation of the mobile laser Station FTLRS, HMaser, a devoted T2L2 GPS receiver and the T2L2
calibration station.
The objective is four fold:
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- OneWay laser ranging on LRO between McDonald
(USA) and Tahiti
- Remote control of the onboard DORIS oscillator
over a region currently not observed
- T2L2 - DORIS Inter comparison
- T2L2 FTLRS -Moblass time transfer co-location

VIII. PROSPECTIVE-CONCLUSIONS
Four important developments are envisioned in the next T2L2
schedule:
- Ground to ground time transfer in a non common
view configuration based on an onboard oscillator model
fitted from an ensemble of referenced ultra stable clock at
ground.
- International T2L2 calibration campaign. It includes
the laser station calibration and also a relative GPS
calibration from a mobile GPS Receiver
- A third international campaign. As compared to the
standard laser station network, the campaign could be done
with two more lab: OP with FTLRS and PTB with TROS
(Chinese mobile laser station)
- DORIS comparison between ground to space time
transfer deduced from the DORIS frequency measurement
and T2L2
ACKNOWLEDGMENT
The authors wish to thanks ILRS and laser stations that have
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Figure 16. Mobile laser Station FTLRS at Tahiti
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Abstract— We are presenting a progress in a construction and
indoor tests of the photon counting detector for the European
Laser Timing (ELT) experiment. ELT is an optical link
prepared in the frame of the ESA mission "Atomic Clock
Ensemble in Space" (ACES). The objective of this laser time
transfer is the synchronization of the ground based clocks and
the clock on board the space station with precision of the order
of units of picoseconds and the accuracy of 50 ps. The
requirements put on the detector package are quite high –
temperature stability of the delay better than 20 ps peak to peak
within one satellite orbit, operation within a broad temperature,
absolute calibration of the photon to electrical signal delay with
precision 25 ps and others.

I.

INTRODUCTION

The laser time transfer link is under construction for the
European Space Agency (ESA) for its application in the
experiment Atomic Clock Ensemble in Space (ACES). The
device is expected to be launched toward the International
Space Station (ISS) in 2014. The objective of this laser time
transfer is the synchronization of the ground based clocks and
the clock on board the space station with precision of a few
picoseconds and the accuracy of 50 picoseconds [1].
Although the signal photon flux at the ISS orbit is of the
order of 1013 photons per square meter per one laser shot and
multi-photon signal strength may be obtained, the photon
counting approach to the optical signal detection has been
selected in order to reduce the systematic biases as much as
possible.
The project is a spin-off of the existing projects of laser
ranging to artificial Earth satellites [2] (SLR). The on-board
hardware consists of a Comer Cube Retro-reflector (CCR), an
optical receiver based on a Single Photon Avalanche Diode
(SPAD) and an event timing device connected to the local
time scale, see Fig. 1. The ultra short laser pulses fired
towards the satellite by a ground laser ranging station will be
time tagged with respect to the ground time scale T. They will
be detected in space and time-tagged in the local time scale E.
At the same time, the CCR will re-direct the laser pulse
towards the ground station providing precise ranging
information D and hence providing the information about the
ground-to-space signal propagation delay. This procedure
should provide, among others, the time transfer ground to

978-1-61284-110-6/11/$26.00 ©2011 IEEE

space with precision and accuracy outperforming the
radiofrequency techniques.
Because of the ISS is at low orbiter (400-500 km) the
signal photon flux at the detectors input optics is of the order
of 1013 photons per square meter per one laser shot and multiphoton signal strength may be obtained, the photon counting
approach to the optical signal detection has been selected in
order to reduce the systematic errors as much as possible.
Hence the requirements put on the detector optics are large
attenuation of the receiving signal and the compensation of the
radar equation. The input optics must not influence the timing
and stability properties.
It is required that the detection timing resolution must be
25 ps with the timing stability of 1 ps per day. The entire ELT
package must be able to operate at temperatures from -10 to
+40 °C and the maximum mass can not exceed 0.5 kg with
maximum power consumption 1 W. The ELT project is
planned for three years mission in space and there will be no
sun protection included.
The absolute calibration of the signal delays within the
laser time transfer signal chain is very challenging. Among
others the optical to electrical detection delay of the photon
counting receiver itself should be calibrated with the
uncertainty of 25 ps maximum.

Figure 1. The principle of the laser time transfer ground to space and vice
versa.
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II.

ELT CONSTRUCTION

The detector under construction is based on the Single
Photon Avalanche Diode (SPAD) having an active area of
100 µm in diameter. The detection chip is manufactured by
the K14 technology and is mounted in un-cooled socket and is
operated in active quenching and gating mode. Designing the
detector electronics with detection delay stability of 20 ps
peak to peak (with the goal of 10 ps) over one satellite orbit,
the operating temperature range of -10 °C to +40 °C and last
but not least the radiation stability in a near Earth orbit
environment were rather challenging. The classical schemes
used until now could not be used. The space qualified
electronic components had to be used whenever possible. The
electronics block diagram is in Fig. 2.
Figure 3. Bread board version of the active quenching and gating circuit.
Entire components are space qualified or their military specified pin to pin
compatible versions.

Two linear stabilizers provide the biases +5.0 V and
+3.3 V for the detector logic. The DC-DC converter provides
+35 V, 10 mA for the SPAD bias stabilizer. The SPAD bias
stabilizer is stabilizing the SPAD reverse bias according to the
detector temperature hence the detector delay temperature
dependence is compensated. The ultra-fast PECL comparator
is sensing the SPAD break down after a photon is detected.
The gate and quenching logic is based on LVDS and CMOS
circuits. The circuit enables to operate the SPAD chip 0.1 V
up to 2.0 V above its break down.
The photograph of the bread board (BB) version of the
active quenching and gating circuit is in Fig. 3. The detection
chip is connected in the centre from the bottom side of the
printed circuit board. The power, gating signal, and test
signals are connected via a multi-pin connector (left). The DCDC converter providing the SPAD bias voltage is in the lower
part, the SPAD bias stabilizing and temperature control circuit
is in the left. The +5.0 V and +3.3 V power stabilizers are on
the top, the fast comparator sensing the SPAD electrical
output is in the center with the gating and level converting
circuits on the right. The total board dimensions are 74 × 74
mm, its mass is 42 g.

Entire components which are used for ESA ELT mission
are space qualified and where approved by ESA except of the
fast comparator sensing the SPAD breaks down. Due to
extreme requirements on the propagation delay stability over a
broad temperature range the Analog Devices ADCMP 553
was selected for our purpose. The manufacturer claims
propagation delay of 500 ps with the temperature coefficient
of 0.2 ps / K. We were allowed to test the comparator by
ourselves by ESA approved radiation test procedure. The
comparator survived three times larger radiation dose then it
was prescribed and any of the comparator parameters had
changed.
III.

TEST PROCEDURE

The ELT detector package was tested in series of Time
Correlated Photon Counting (TCPC) experiments. The Block
diagram of the experimental setup is in Fig. 4. The gate pulse
opens the detector detection window and consequently it is
programmable delayed to trigger picoseconds laser. The
picoseconds optical pulses were generated using Hamamatsu
laser pulsar C4725, which provides optical pulses 42 ps long
at the wavelength of 778 nm. The emitted picoseconds laser
pulses are then spitted in to a strong signal and single photons
pulses. The strong optical signal triggers photo-diode working
in linear mode and the single photons are detected using ELT
detector and the first photon detection closed the detection
window. The time intervals between strong signal and single
photos detections were measured by CTU sub-picoseconds
Event Timer [3]. The recorded histogram corresponds to the
optical waveform. The typical timing resolution of this setup
was 18 ps rms.

Figure 2. The ELT detector eletronics block diagram.
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Figure 4. Time Correlated Single Photon Counting experimental setu.

IV.

THERMAL PROPERTIES

The electronics together with the detection SPAD chip
were installed into the housing of the engineering model. The
thermal properties of the detector were tested in TCPC
experiment where the internal temperature was monitored
using the build in temperature sensor sensing the board
temperature.
At first the temperature as a function after Power ON was
measured. The heat exchange to the surrounding environment
was minimized by thermal insulation of the entire package.
From the measurement one can conclude, that the normal
operation and high delay stability of the detector can be
achieved as soon as 5 minutes after Power ON, because the
delay stability is maintained for temperature range
6.5 °C peak-to-peak change. The detection delay in 80
minutes changed by 1 ps after 5 minutes after Power ON.
One of the most challenging requirements on the detector
design was its long term stability and stability versus operating
temperature changes. The detector is expected to be operated
within the temperature range of -10°C to +40°C. The ESA
requirements put on detection delay change is 20 ps with the
goal of 10 ps for the temperature variation, which is expected
during one ISS orbit. The estimation of the temperature
change is 6.5°C. The temperature variations of the detection
delay were tested in the TCPC experiment, where the detector
was installed inside the thermostat. The detections delay was
measured for a set of board temperatures, the results are in
Fig. 5. The measured characteristics was fitted with a linear
slope of 0.6 ps/K hence for 6.5 °C temperature range the
maximum detection delay change is 3.9 ps. This value is well
below the required 20 ps and much less to the 10 ps goal.

Figure 5. The detection delay temperature dependance, room temperature
up to 60 °C. The detection delay coefficient is 0.6 ps/°C.

V.

DETECTION LONG TERM STABILITY

The long term stability was tested in standard TCPC
experiment. The experiment was carried out during the
weekend in standard laboratory conditions where was no
special intention put on temperature stabilization of the room
temperature. The temperature changed during the experiment
by -4 °C. The measured time delays were plotted with a linear
fit with the slope of 280 fs/°C, see Fig. 6.
The experiment was repeated for different repetition rates
of measurement (10, 30, 100 and 300 Hz) with typical data
rates of 6 to 10 % and single shot jitter of 23 ps rms. The
entire experiment temperature changed was ±2 °C. The
resulting detection delay stability in the form of the time
deviation TDEV graph is plotted in Fig. 7. The detection timing
stability for repetition rate of 30 Hz was measured to be
400 fs/day. It should be mentioned here, that the long term
stability is influenced by a number of additional contributors:
laser source, CTU event timing unit, coaxial cables and
additional electronics stability.

Figure 6. Detection delay long term stability test, the Time Correlated
Photon Counting (TCPC) experiment was carried out during the weekend,
temperature changed by -4 °C. The detection delay change has slope 280
fs/°C.

386

VII. RECEIVER OPTICS
The ELT detector front-end consists of input aperture with
diffuse polycarbonate 3 mm in diameter, narrow bandwidth
interference filter, stack of pinholes and SPAD, as it is shown
in Fig. 9. Because the entire experiment will work only with
optical signal strength in single photon level, the impacting
energy level must be kept as constant as it is possible for
entire range of angles. It is not possible to range in angle
interval form 0 to 5 degree, hence the detector should be blind
in this angle interval otherwise the background photon noise
scattered from the Earth will undesirably increase the detector
effective dark count rate on the other side the angle interval is
limited by the SLR station minimum ranging elevation, in
most of the stations it is possible to range up to 60 degree from
the zenith in all directions.
Figure 7. The ELT detector package timing delay stability. The standard
TCPC experiment setup was used. The optical pulses 42 ps @778 nm, the
sub-picoseconds timing system by CTU. The data rate was 6 - 10 %, the
single shot timing jitter was 23 ps rms. The Tdev algorith Stable32 was used.
The operating temperature changed ±2 K.

VI.

ABSOLUTE DETECTION TIMING DELAY

We have developed the measurement technique and have
measured the absolute value of the optical to electrical
detection delay of the solid state photon counter. The
individual contributions to the photon detection delay with
rough estimate of their typical values are listed in Fig. 8. It
should be mentioned that all the listed contributions are
temperature dependent. The overall dependence of the change
in detection delay with temperature was measured in an
independent experiment, which was described in previous
paragraph. The photon counting is a quantum mechanical
process, the event of arrival of the photon of interest at the
detector input can be determined only indirectly. The entire
experiment is described in [4]. The absolute value of the time
interval between the time of arrival of the signal photon onto
detector input aperture and the time when the electrical output
signal is exceeding the predefined level was determined with
the precision of 10 to 12 ps. The acceptable mean values
reproducibility and entire experiment stability was achieved.
We have also demonstrated the dependence of the measured
detection delay and hence the final result on the recording
bandwidth.

Figure 8. The individual contributions to the photon detection delay with
rough estimate of the typical values.

When the previous limitations will be taken on account,
the detector optics Field of View (FoV) should be designed
from 5 to 60 degree. The main advantage, which should be
considered in designing the ELT optics, is that the signal must
be attenuated by the optics. The expected signal strength is to
be 1013 photons/m2 in pulse length of 10 to 100 ps FWHM and
the signal must be attenuated to the single photon level. The
main attenuation is set by the distance between front aperture
and SPAD.
The narrow bandwidth interference filter is used to
effectively filter the background photon noise scattered from
the Earth and coming from the sunlight. SLR stations work
with second harmonic Nd:Yag laser - 532 nm thus the
interference filter is centered at 532 nm with bandwidth of
3 nm. It should be pointed out, for several tests at CTU
laboratory picoseconds laser of wavelength 778 nm was used,
hence the 532 nm interference filter was replaced by 778 nm
filter. However the interference filter has narrow FoV in units
of degrees. The stack of pinholes is used for blocking the
signal coming from larger angels and which do not propagates
alongside the optical axis. The diffuse polycarbonate is used to
increase the detector FoV, but it still prefers the perpendicular
light. To increase the signal to noise ration the steal shield is
used to block out the scattered photons from the Earth
atmosphere. To minimize the angle dependency for angels
from 5 to 60 degrees the circular shield was improved with
conical cuts. The relative intensity varies only from 0.05 to 0.8
through entire interested interval with en-counted radar
equation. The construction overview of the ELT optics can be
find in [5].

Figure 9. Schematic drawing of the receiver front-end optics.
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VIII. CONCLUSION
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We have developed and constructed a photon counting
receiver, which is prepared for the European Laser Timing
(ELT) experi-ment in space. The photon detection probability
> 20 % at 532 nm wavelength, timing resolution better than 25
ps rms and the detection delay long term stability better than 1
ps were achieved. The detector package is capable to operate
within a temperature range of -10 °C up to +40 °C, the
detection delay change with the temperature is +0.6 ps/°C.
The delay between the event of photon absorption and the
appearance of the electrical pulse on the detector output was
determined. The newly developed experimental technique
permits to determine this detection delay within accuracy of
12 ps. The new configuration of the optical receiver should
maintain uniform sensitivity over a wide field of view of
±5 to 60 degrees from nadir. Several radiation tests according
ESA and ASTRIUM specifications were completed. The
detector passed the ESA Critical Design Review; recently the
engineering module is under construction.
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Abstract—A precise two-way satellite time and frequency
transfer (TWSTFT) data by using the Dual Pseudo-random
noise (DPN) signal was correspondingly compared with the
regular TWSTFT and GPS Precise Point Positioning (GPSPPP)
between the National Institute of Information and
Communications Technology (NICT) and Telecommunication
Laboratories (TL) in this study. Our result shows that the
frequency stabilities of DPN are competitive with those of the
GPSPPP. There was less obvious diurnal in the DPN time
transfer data. Since the DPN system has advantages of higher
precision and lower bandwidth cost when compared with the
regular TWSTFT, it is one of the most potential methods to
improve the international time transfer links.

I.

INTRODUCTION

International Atomic Time (TAI) and Coordinated
Universal Time (UTC) are generated based on the comparison
of atomic time scales between time-keeping labs around the
world. The Two-Way Time and Frequency Transfer
(TWSTFT) technique has been widely employed to achieve a
high precision of time comparison [1]-[4]. Two labs perform
TWSTFT for exchanging the time information by transmitting
and receiving the time signals by using two earth stations and
a limited bandwidth from a commercial satellite. Because the
two-way signal paths are almost reciprocal, the 1 ns
uncertainty of time accuracy and a few 10-15 frequency
stability can be achieved at the averaging time of one day
[3][4].
Based on code division multiple access (CDMA)
architecture, the pseudo-random noise (PRN) signal has been
employed for regular TWSTFT [5]. Recently, regular
TWSTFT employs PRN signal with chip rate 2.5 Mcps or 1
Mcps [6]. Each time-keeping lab can receive the desired PRN
signal from remote labs. In order to improve the precision, the
possible way is to increase the chip rate of PRN signal.
However, the link fee of bandwidth will be increased when
increasing the chip rate. To improve TWSTFT precision
without increasing the link fee, the National Institute of
Information and Communications Technology (NICT) has
developed the Dual PRN (DPN) signal [7], which is based on

the Binary Offset Carrier (BOC) signal that will be further
used on Galileo and GPS civil navigation systems. The first
zero-baseline DPN test has been performed through 2006 [8].
It is a common clock test through the JCSAT-1B satellite. On
this experiment, a software-defined radio technique was
employed and the resulting data were post-processed. In 2008,
another common clock DPN test with 500 m short baseline
has been performed via IS-8 satellite [9]. In 2010, the first
international DPN link was established by NICT and
Telecommunication Laboratories (TL) [10]. The DPN
TWSTFT experiment was performed to compare the
UTC(NICT) and UTC(TL) with a baseline longer than 2000
km. It used parallel computing technique to achieve near-realtime data processing.
The aim of this paper is to demonstrate the high precision
of the DPN data. We show the DPN data as well as those of
the GPS Precise Point Positioning (GPSPPP) [11] in the shortterm, and compare them with those of regular TWSTFT in the
long-term. Since DPN system has not been fully developed,
we list some challenges to be further overcome in performing
DPN experiment, and propose some methods to improve its
robustness and precision.
II.

The NICT in Tokyo and TL in Taoyuan have performed
the first oversea international DPN experiment for a
consecutive 9 months during 2010. The baseline between
NICT and TL is about 2113 km, and both use H-Maser as
their primary clock. This link was established via a geostationary satellite INTELSAT-8 (IS-8) as the signal relay.
Meanwhile, the regular Asia-Pacific TWSTFT experiment
was also conducted via the same satellite. The DPN modem
was developed by NICT, employing the software-defined
radio technology. Each lab had a DPN modem composed of
an Arbitrary Waveform Generator (AWG), an Analog-toDigital Sampler (SMP) and a personal computer. We used a
customized AWG to generate the time signal. The AWG’s
memory can store any data pattern digitalized voltage level,
and the data in memory can be periodically generated with a
fixed rate 204.6 MHz. On this experiment, the time signal was

This work is support in part by the Bureau of Standards, Metrology &
Inspection, Ministry of Economic Affairs, Taiwan under Grant number BSMI
100-1403-05-05-13.
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configured as the combination of two replica PRN signals
with a chip rate of 127.75 kcps and separated by 20 MHz. Fig.
1 shows the comparison of the signal spectra between the
DPN and the conventional PRN signals. The conventional
PRN signals with a chip rate of 2.5MHz occupied a bandwidth
of 4 MHz. The occupied bandwidth of DPN was only a double
of 250 KHz. But, the DPN’s cover of spectra can be a
bandwidth of 20 MHz.
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Figure 2. The time difference results of DPN (red line), GPSPPP (green line)
and regular TWSTFT (blue line).
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The time differences from MJD 55515 to 55532 are
compared in the Fig. 2. Three curves are in a good agreement
in a long term except a 0.9 ns jump on GPSPPP at MJD
55532. That jump reduces the performance, and it is regarded
as a month boundary because GPSPPP’s data are processed
every month. The diurnal effect is about 0.85 ns on regular
TWSTFT data, while that is 0.25 ns on DPN data.
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Figure 1. Power spectra of DPN (blue line) and regular TWSTFT (Red line).
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III.

RESULTS

Currently, two independent techniques, TWSTFT and
GPSPPP, are widely used for comparing precise time
difference between two time-keeping labs. TL performed the
regular and DPN TWSTFT experiments last year. In the
following, we demonstrate the experimental results of the
regular TWSTFT, DPN and GPSPPP, to compare
UTC(NICT) and UTC(TL).

MDEV

For the receiving signal, we used the SMP to digitalize it
and a series of sampled data stored in a buffer ring was fed.
The quantization level and the sampling frequency were set to
4 bits and 64 Msps, respectively. It was necessary to set the
first time tag carefully on the SMP so that all the samplings
had a unique and correct time tag. The customized SMP
needed manually set the first time tag, and the time tag can
automatically count up when external 1PPS trigger came in.
All the samples were fed to a personal computer. The
computer with a commercial GPU graphical card can provide
Compute Unified Device Architecture (CUDA) library for
parallel computation so as to reduce signal processing time.
The DPN software was developed by using parallel
computation to achieve near-real-time signal processing.
NICT and TL exchanged 1-sec data through the internet and
the time difference results can be derived.

DPN
PPP
Regular T WSTFT

1e-14

1e-15

1e3

1e4
Averaging T ime (seconds)

1e5

Figure 3. The modified Allan deviations of DPN (red line), GPSPPP (green
line) and regular TWSTFT (blue line)

The modified Allan deviations (MDEV) of these
experimental results are shown in Fig. 3. Among these results,
DPN performs as well as GPSPPP in comparing the frequency
stability. They could reach the 10-15 level for the averaging
times longer than 104 seconds. In order to avoid the time scale
discontinuity, the DPN data are aligned with the regular
TWSTFT. Therefore, its frequency stability is steered by
regular TWSTFT in long-term.
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Figure 6. The unexpercted variation around MJD 55384.2 and MJD
55384.5 caused by rain fade

The time deviations (TDEV) are shown in Fig. 4. From
this figure, the time stabilities of DPN and GPSPPP reach a
level of 10 ps in the short term. On TWSTFT, we can find the
diurnal exists both on regular TWSTFT and DPN results, for
the curves are bumped around the averaging time of half a
day.

Sensitivity to the rain fade is another instable source on
DPN experiment. The tracking process would be failed when
outdoor environment was in high humidity. In Fig. 6, there are
some the discontinuities of time difference data when the
tracking process suspended. To improve data discontinuity
due to rain fade, the integration time was increased from 4 ms
to 20 ms.

The diurnal effect of TWSTFT leads a bad performance,
and was discussed in many precious materials [12]-[15]. We
found the DPN resulting data are much less diurnal than
regular TWSTFT data. It can be well degraded by employing
the DPN technology. Although the diurnal effect always exists
in the TWSTFT system, its level should be affected by signal
design and receiver methodology.
IV.

UTC(NICT) - UTC(TL), nanoseconds

Figure 4. The time deviations of DPN (red line), GPSPPP (green line) and
regular TWSTFT (blue line)

CHALLENGES ON DPN

UTC(NICT) - UTC(TL), nanoseconds

In this section, we would like to discuss some deficiencies
that would affect the performance of the DPN experiment. In
Fig. 5, we observe that the time difference data are somewhat
noisy in the daytime. We found the AC power was not stable
because of its overloading. A UPS was helpful to filter
unstable AC power. After adding the UPS between the AC
power and the input power supply, the time difference data
became less noisy.
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Figure 7. The time difference results of DPN with alignment (red line),
without alignment (green line) and that of regular TWSTFT (blue line).

For power blackout, the DPN experiment had been
restarted for some times. The on-off power switching made
the time difference results piecewise continuous. The internal
delays of AWG and SMP would change whenever rebooting
their power. To avoid the discontinuity, internal delays of
AWG and SMP need to be externally monitored in the future
work. Nevertheless, regular TWSTFT data were helpful to
compensate this discontinuity on DPN results. Since regular
TWSTFT and DPN were performed on the same Asia-Pacific
link, their results should be consistent in long-term. In Fig. 7,
we aligned DPN data with regular TWSTFT in one-day
average. Thus aligned DPN results can be seen as a
combination whose performance was determined by DPN in
short-term and by regular TWSTFT in long-term.

Figure 5. The unexpercted jumps occurred from MJD 55287 to MJD
55287.4 caused by the AC power instabilities
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Abstract—From August 2010 to April 2011, NIST and OP
conducted an experiment of using surface acoustic wave (SAW)
filters in transatlantic two-way satellite time and frequency
transfer (TWSTFT) with 2.5 MChip/s pseudo-random noise
(PRN) codes. The SAW filters used in the experiment are 2.5
MHz band-pass filters with a center frequency of 70 MHz.
Instead of using 3.5 MHz bandwidth required for the 2.5
MChip/s signal, the use of SAW filters allows the 2.5 MChip/s
TWSTFT to use only 2.5 MHz bandwidth on a satellite
transponder. We evaluated the SAW filters. We compared the
time transfer instability of the filtered 2.5 MChip/s TWSTFT to
the 1 MChip/s TWSTFT with and without the SAW filters. This
paper presents the experiment results.

I.

INTRODUCTION

The timing information of TWSTFT signals is carried by
PRN codes [1]. The resolution of TWSTFT measurements is
proportional to the chip-rate of the PRN code being used. The
minimum bandwidth required for a TWSTFT signal is
approximately 1.4 times the chip-rate of the PRN codes [2].

Information and Communication Technology (NICT) in
Japan. Previous experiments were conducted in the AsianPacific TWSTFT network. The scheme takes advantage of
the high measurement resolution of the 2.5 MChip/s codes,
but limits the TWSTFT signal to 2.5 MHz bandwidth with
SAW filters. To study the performance of the filtered 2.5
MChip/s TWSTFT with SAW filters across a transatlantic
link, NIST and OP conducted an experiment from August
2010 to April 2011with the SAW filters kindly loaned to us
by TimeTech GmbH* of Germany. We show characteristics
of the SAW filters used in our experiment and the experiment
configuration in Sections II and III. Analysis of the 2.5
MChip/s TWSTFT with SAW filters is presented in Section
IV. Section V summarizes the experiment results.
II.

CHARACTERISTICS OF THE 2.5MHZ BAND-PASS SAW
FILTER

Figure 1 shows the spectrum of the 1 MChip/s code (in
red), main lobe of the 2.5 MChip/s code (in green) and the

The transatlantic TWSTFT network used 2.5 MChip/s
PRN codes with 3.5 MHz bandwidth, in Ku-band, from the
early 1990s, when the network was established, until a
satellite change in July 2009. The TWSTFT operation was
then changed to use 1 MChip/s PRN codes with 2.5 MHz
bandwidth. The chip-rate reduction was made because of the
significant increase in satellite subscription cost, and our
previous study [3] showed the time transfer instability, as
measured by the Time deviation (TDEV), of the 1 MChip/s
TWSTFT was about the same as the TDEV of the 2.5
MChip/s TWSTFT for averaging times of one day and
longer. The SAW filters were not available at the time of our
previous study. We acquired 2.5 MHz bandwidth on the new
satellite so we could do experiments on the 2.5 MChip/s
TWSTFT with SAW filters after the filters were made
available in early 2010.
The concept of 2.5 MChip/s TWSTFT with SAW filters
was proposed by colleagues at the National Institute of
This paper includes contributions from the U.S. government and is not
subject to copyright.
*Commercial products and companies are identified for technical
completeness only, and no endorsement by authors and organizations is
implied

U.S. Government work not protected by U.S. copyright
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Figure 1. Spectrum of the 1 MChip/s (in red), main lobe of the 2.5 MChip/s
(in green) and the filtered 2.5 MChip/s (in blue) TWSTFT signals.

filtered 2.5 MChip/s code (in blue). When comparing the
filtered 2.5 MChip/s signal to the 2.5 MChip/s signal, we see
that the SAW filter provides unity gain to the 2.5 MChip/s
signal in a range of about 2 MHz centered at 70 MHz. The
2.5 MChip/s signal is attenuated about 15 dB at the 2.5 MHz
boundaries. Because the main lobe of the 1 MChip/s signal is
bounded by 2 MHz, passing a 1 MChip/s signal through the
SAW filter does not distort the main lobe.
We evaluated the SAW filter’s characteristics by a loop
test using a SATRE* modem manufactured by TimeTech and
the SAW filter unit at NIST. The peak-to-peak variation of
the one-second measurements increases by about 50 ps for
each SAW filter added in the loop [4]. The use of the SAW
filter inserts a large signal path delay of about 5.2 µs. This
delay is sensitive to temperature variations, with a
temperature coefficient estimated to be 200 ps/°C. However,
the delay sensitivity to temperature can be compensated by
use of SAW filters in both the transmit (TX) and receive
(RX) paths. Figure 2 shows the SAW filter’s delay response
to frequency change. The measurements were made with
SAW filters in both TX and RX paths. We shifted TX and
RX frequencies from -10 kHz to +10 kHz in 2 kHz steps with
respect to 70 MHz. The delay dependence on frequency
varies between 184 ps/2 kHz and 289 ps/2 kHz.

Figure 3. SAW filter’s return loss (Trace 1, in yellow), insertion loss (Trace
2, in blue) and delay response to frequency change (Trace 3, in red) measured
by a vector analyzer

Although the large constant delay introduced by SAW
filters will be mostly canceled in the TWSTFT difference,
TWSTFT links using SAW filters should be recalibrated to
correct for the residual of delay difference of the two
directions. The frequency of the received TWSTFT signal
varies due to the daily satellite motion, or due to free running
internal oscillators in some transceivers. The SAW filter’s
delay response to frequency change will increase the
uncertainty of TWSTFT.
III.

EXPERIMENT CONFIGURATION

The regular NIST/OP 1MChip/s TWSTFT measurements
are made in a 2-minute session during even hours of
Coordinated Universal Time (UTC), 12 times a day. The
experiment measurements were made in three 2-minute
sessions during odd hours of UTC. Table 1 shows the
measurement schedule. The measurement of odd-hour 1
MChip/s TWSTFT without SAW filters was added in March
2011 to study the effect of SAW filters on the 1 MChip/s
TWSTFT. No other station, but NIST and OP, transmitted
signals during the three odd-hour sessions.
TABLE 1 TWSTFT measurement schedule
Figure 2. SAW filter’s delay response to frequency change of ±10 kHz with
respect to 70 MHz. Each step corresponds to the delay for a 2 kHz frequency
change.

The SAW unit at OP was also evaluated by use of a
vector analyzer. Figure 3 shows the measurement results of
return loss (Trace 1, in yellow), insertion loss (Trace 2, in
blue) and delay response to frequency change (Trace 3, in
red). These characteristics were evaluated for frequencies
from 68.9 MHz to 71.1 MHz. After correcting for the delays
and for the losses from the cables and adaptors used in the
measurements, the return loss is about 30 dB, which means
the SAW filters have a very good impedance match. The
insertion loss is about 0.4 dB for 70 ± 1 MHz. The delay
through a SAW filter is 4.842 µs at 70 MHz, which is about
360 ns different than the SAW filter unit at NIST. Figure 3
also shows the SAW filters’ delay response to frequency
change is not linear.

Measurements

Measurement
sessions

Measurement period

1 MChip/s without
SAW filter
(regular
transatlantic link)

2-minute in even
hours, 12 times a day

August 18, 2010 to April 11,
2011 (MJDs 55426 to 55662)

1 MChip/s without
SAW filter

2-minute in odd
hours, 12 times a day

March 25, 2011 to April 11,
2011 (MJDs 55645 to 55662)

1 MChip/s with
SAW filter

2-minute in odd
hours, 12 times a day

August 18, 2010 to April 11,
2011 (MJDs 55426 to 55662)

2.5 MChip/s with
SAW filters

2-minute in odd
hours, 12 times a day

August 18, 2010 to April 11,
2011 (MJDs 55426 to 55662)

Figure 4 shows a block diagram of the experiment
configurations at NIST and OP. Both NIST and OP used
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SATRE modems for all the TWSTFT measurements. A
TimeTech SAW filter unit contains two SAW filters, one for
the TX path and one for the RX path. The signals for the
TWSTFT with SAW filters went through the TX and RX
SAW filters at both NIST and OP.

55433 to 55662. The three differences are for the even-hour 1
MChip/s TWSTFT without SAW filters (in red), the odd-hour
1 MChip/s TWSTFT with SAW filters (in blue) and the oddhour 2.5 MChip/s TWSTFT with SAW filters (in green). The
frequency offset, drift and mean time difference are removed
from the direct NIST/OPH differences. The even-hour 1
MChip/s TWSTFT without SAW filter contains larger shortterm variations than the odd-hour 1 MChip/s and 2.5 MChip/s
TWSTFT with SAW filters until around MJD 55610. The
larger short-term variation might be introduced by
interference from other TWSTFT signals transmitted at the
same time with about the same frequency during even hours
[4]. The reduction of short-term variation after MJD 55610 is
partially attributed to a frequency offset in the NIST TX
signal introduced to mitigate the multi-signal interference.
Figure 5 also shows a big difference fluctuation when the
HM816 was used as the reference clock at OP.

Figure 4. Block Diagram of NIST/OP TWSTFT with and without SAW
filters.

At NIST, the same earth station and same radio-frequency
(RF) equipment were used for both TWSTFT with and
without SAW filters. A pair of power combiner and power
splitter was used to channel the TWSTFT signals between the
earth station equipment and the two modems. At OP, earth
station OP01 was used for TWSTFT without SAW filter, and
earth station OP02 was used for the TWSTFT with SAW
filters.
Reference signals for the NIST TWSTFT were derived
from the NIST time scale, UTC(NIST). During the
experiment, reference signals for the OP TWSTFT were
derived from two hydrogen MASERs, HM890 and HM816.
The HM816 was used for MJDs 55496 to 55593 (October 27,
2010 to February 1, 2011) during the maintenance of HM890.
The corrections for converting the OP reference signals to
UTC(OP) are available, but were not used in our analysis.
IV.

Figure 5. NIST/OPH TWSTFT differences for even-hour 1 MChip/s
without SAW filters (in red), odd-hour 1 MChip/s with SAW filters (in blue),
and 2.5 MChip/s with SAW filters (in green). Frequency offset, drift and
mean time difference are removed from the differences.

RESULTS OF THE 2.5 MCHIP/S TWSTFT USING
SAW FILTERS

We compared the 2.5 MChip/s TWSTFT using SAW
filters to the 1 MChip/s TWSTFT with and without SAW
filters. We also investigated the effect of SAW filters on the 1
MChip/s PRN codes by comparing the 1 MChip/s TWSTFT
with and without SAW filters. Because the NIST/OP link
with SAW filters is not calibrated with respect to the
NIST/OP link without SAW filters, we are not able to
estimate the delay change from use of SAW filters. We will
focus our analysis on the time transfer instability of the
TWSTFT using SAW filters. The experiment results are
shown in Figures 5 through 7.
Figure 5 shows the three TWSTFT differences between
UTC(NIST) and OPH (hydrogen MASER) for MJDs from

Figure 6. Time transfer instability of the NIST/OPH TWSTFT for MJDs
55433 to 55662.

TDEVs for the three differences are shown in Figure 6.
All of the TDEVs are 200 ps or less for averaging times less
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than 32 hours. The TDEVs are dominated by clock noise after
averaging times longer than 32 hours. For averaging times of
32 hours and less, the TDEVs of the odd-hour TWSTFT with
SAW filters contains less transfer noise than the even-hour
TWSTFT without SAW filter which reflects the larger shortterm variations in Figure 5. For averaging times from 2 hours
to about 16 hours, the time transfer instability of the filtered
2.5 MChip/s TWSTFT shows a small improvement when
compared to the filtered 1 MChip/s TWSTFT. This means the
change of measurement noise due to chip-rate change
between 2.5 MChip/s and 1 MChip/s is only a small
contributor to the short-term instability. The dominant shortterm instability for the transatlantic TWSTFT comes from the
sources described in a 2005 study [5].

ps, and it is higher than that of the 1 MChip/s TWSTFT
without SAW filters for averaging times of two hours and
four hours. Based on our loop test results, the high level of
TDEV at averaging times of two hours and four hours for the
1 MChip/s TWSTFT with SAW filters might come from the
noise contributed by SAW filters. The TDEV for the 1
MChip/s TWSTFT without SAW filter increases after
averaging longer than one day. That could come from the
instability of the NIST_SATRE #263/OP01_SATRE #77
link.

The frequency instability, as measured by the Allan
Deviation (ADEV) for the three differences are shown in
Figure 7. At averaging times of 1 day, the ADEVs are about 6
× 10-15 for the even-hour 1 MChip/s TWSTFT, and about 4 ×
10-15 for the odd-hour 1 Mchip/s and 2.5 Mchip/s TWSTFT
with SAW filters. The ADEVs are continuously averaged
down to about 2 × 10-15 at averaging times of about 2.5 days.
After that, the ADEVs demonstrate frequency instability
mainly from the OP HM816 clock, visible in Figure 5.

Figure 8 Comparison of 1 MChip/s TWSTFT with and without SAW
filters. The TDEVs are computed with TWSTFT difference for MJDs 55645
to 55662.

All the TDEVs in Figures 6 and 8 show a diurnal at and
below 200 ps. The diurnal is not from the use of SAW filters
because it is also visible in the TWSTFT without SAW
filters.
V.

Figure 7

Frequency instability of the NIST/OPH TWSTFT for MJDs
55433 to 55662.

The comparison of time transfer instability for the 1
MChip/s TWSTFT with and without SAW filters is shown in
Figure 8. Data used in computing the TDEVs were obtained
from the two 2-minute measurement sessions in odd hours
from MJD 55645 to MJD 55662. The measurements were
made in odd-hours to minimize the interference from other
TWSTFT signals transmitted at the same time with about the
same frequency. The measurements of 1 MChip/s TWSTFT
without SAW filters were obtained from the NIST_SATRE
#263/OP01_SATRE #77 link. The measurements of 1
MChip/s TWSTFT with SAW filters were obtained from the
NIST_SATRE #78/OP02_SATRE #321 link. The two
measurement sessions were seven minutes apart. The TDEV
for the 1 MChip/s TWSTFT with SAW filters is about 100

CONCLUSIONS

Our study shows the SAW filters can be used for 2.5
MChip/s TWSTFT with only 2.5 MHz bandwidth. The noise
from SAW filters contributes to the short-term time transfer
instability. The SAW filter’s frequency dependent delay can
increase the uncertainty of the TWSTFT. The 2.5 MChip/s
TWSTFT with SAW filters provides a small improvement,
about 10 to 20 ps in TDEV, over the 1 MChip/s TWSTFT
without SAW filter for averaging times from two hours to 16
hours. The TDEV and ADEV for the filtered 2.5 MChip/s
TWSTFT with SAW filters are about 100 ps and 4 × 10-15 at
averaging times of one day. The TDEV and ADEV could be
a little better if the TWSTFT differences had no diurnal.
Because of the noise introduced by SAW filters, the 1
MChip/s TWSTFT works better without the SAW filters.
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Abstract: The new station delay calibration system, to be
implemented in the VSL TWSTFT station, will perform a
complete calibration of the ground station delays. The
new dual-stage quad-mixer satellite simulator promises
improved repeatability and less susceptibility for
environmental influences. The true power of the system
is the multidirectional transceiver operation within the
satellite simulator. This allows including additional
measurement paths, enabling absolute measurement of
the path delays. Hence, the new station delay calibration
system is completely stand-alone and no additional, time
consuming, periodic VNA calibrations are required.
Introduction: Soon after the introduction of the first
primary time standards, the need of accurate time
comparison techniques for long distances was felt. The
TWSTFT has been a widely used technique for long
distance time comparison since the early 90’s [1].
Continuous developments and enhancements in time
generation is enforcing more stringent performance
from such comparison techniques as well. This text first
studies the sources of instability in the TWSTFT station.
In order to provide a compound solution for the
problems, the TWSTFT system at VSL is completely
redesigned. Resulting in a more stable and accurate
delay measuring system. In figure 1 the time scale
comparison principle is shown.

Figure 1 Principle of two way satellite time and frequency
transfer system using PRN codes

(1)

(2)

indicates the actual difference
The term
between the two compared time scales. However, to
calculate the difference other terms are to be known. In
[1] additional sagnac correction terms were included in
equations 1 and 2, resulting in the following equations:

(3)

TA
TI
ζtx
ζrx
ζup
ζdw
ζtrp
TCup
TCdw

: Time scale at station
: Time Interval Counter reading
: Transmission path delay
: Reception path delay
: Uplink propagation delay
: Downlink propagation delay
: Satellite transponder delay
: Sagnac correction in the uplink
: Sagnac correction in the downlink

978-1-61284-110-6/11/$26.00 ©2011 IEEE

(4)

The accuracy of the compared time scales is directly
linked to the accuracy of the delay components of the
above equations. This text focuses on measurement of
the transmitter and receiver path delays within the
ground station. Detailed description of the TWSTFT
principle can be found in [6],[1],[2].
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Satellite Simulator Principle: The primary function of a
satellite transponder is to provide a stable frequency
transformation between the respective receive and
transmit frequencies. A common additional function a
transponder provides is the gain to compensate for the
high signal path loss.

Dual-mixer architecture: A satellite simulator scheme
using two mixers is shown in figure 3. The two mixers
perform the similar frequency transformation as the
satellite transponder. Using two separate mixers driven
by 70 MHz (oscillator 1) and (fdiff - 70 MHz) (oscillator 2)
signals, the transmit and receive delay components can
be measured separately. The 70 MHz oscillator port is
also used to transmit and receive the PRN coded signals.
Due to non-symmetrical delay path for the 70 MHz signal
to the simulator's transmit and receive antennas, a
systematic offset is introduced [2]. In figure 4 the
spectrum transformations within the dual-mixer satellite
simulator are shown.

To measure receive and transmit delay components of a
TWSTFT station a satellite simulator concept is used [2].
In order to simulate a satellite transponder, it is essential
to provide a same frequency transformation between
the respective receive and transmit frequencies of the
satellite. This enables a measurement of the delay of
transmit and receive path as a single component. As the
satellite simulator is placed directly in front of the
transmitter and the receiver antenna, the reference
point of the delay component is a fixed point just in front
of the TWSTFT antenna. The signal path loss is low and
no additional gain is required from the satellite
simulator. To determine the transmit and receive delay
component separately additional measurements are
needed. The additional measurements require the
satellite simulator to receive and transmit PRN signals
independent of the receiver and the transmitter of a
TWSTFT station [2].

Figure 3 Dual-mixer satellite simulator concept

Figure 2 Single-mixer satellite simulator concept

Single-mixer architecture: In figure 2 the most simple
implementation of a satellite transponder, known as the
single-mixer satellite simulator , is shown [2]. Using this
scheme it is only possible to measure the transmit and
receive path delay as one component and it is not
possible to separate the respective delay components.
The main advantage of this architecture is its simplicity.
This concept is very useful to monitor relative delay
variation in a TWSTFT station.

Figure 4 Spectrum transformations of the dual-mixer satellite
simulator.
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Modified single-mixer architecture: A modified single
mixer satsim scheme is shown in figure 5 [2][4]. Using a
power combiner the two oscillator signals, as shown in
the dual-mixer concept, are combined and used to drive
the mixer at the same time. The advantage of this
architecture is the symmetrical delay path between the
receive and transmit antennas. The frequency
transformation is realized by utilizing the non-linear
voltage-current characteristic of a diode.

Figure 6 Dual-stage quad-mixer satellite simulator

Environmental sensitivities and biasing : To achieve a
sub nanosecond accuracy for TWSTFT station
measurements, sensitivity of the group delay towards
environmental influences for the equipment used in
TWSTFT station should be addressed adequately.
However, almost no information is available for the
equipment used in TWSTFT station and only a few
studies have addressed this issue with significance.

Figure 5 Modified single-mixer concept

Dual-stage quad-mixer architecture: The new proposed
concept of satellite simulator is shown in figure 7. To
make the satellite simulator delay measurements less
sensitive for environmental influences, it is partly moved
from the rooftop to the TWSTFT up- & down- conversion
room. The temperature and humidity are well controlled
in this room. Only a coaxial transfer switch ‘M’ remains
mounted in front of the TWSTFT antenna, as it serves to
set the reference point for transmit and receive delay
components. The dual-stage quad-mixer architecture
relies on four mixers for its multidirectional transceiver
capability. Mixer 1A provides down conversion from 14
GHz to 1.5 GHz. Mixer 1B provides either up conversion
from 1.5 GHz to 11 GHz or down conversion from 14 GHz
to 1.5 GHz. Both mixers use the same oscillator signal
and no frequency shifting is required. Similarly mixer 2A
provides down conversion from 1.5 GHz to 70 MHz and
mixer 2B provides either up conversion or down
conversion between 1.5 GHz and 70 MHz. Mixer 2A and
2B also use the same oscillator signal.

0.700
0.600

Delay [ns]

0.500
0.400
0.300
0.200
0.100
0.000
-2.0 -1.0 0.0

1.0

2.0

3.0 4.0 5.0
P(osc) [dBm]

6.0

7.0

8.0

9.0 10.0

Figure 7 Mixer delay for varying oscillator power level at room
temperature [22.0 ± 1.0 C]. Each measurement was performed
for at least one day, with 12 measurement cycles per day.

The temperature coefficient for devices used in a
TWSTFT station is typically less than 20 ps [7]. Diode-ring
based mixers tend to be one of the most sensitive
devices used in TWSTFT station. Another import aspect
when utilizing mixers is the stability of the oscillator
signal. In figure 7 the power level of the oscillator signal
was varied for a double balanced diode-ring mixer. The
delay decreases for higher power levels. This is caused by
the larger voltage generated across the diodes. In this
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region of biasing the mixer also exhibits higher group
delay sensitivity towards oscillator power level
variations. For lower power levels the magnitude of the
group delay component is somewhat larger, but less
sensitive to power level variations. Biasing the mixer at
lower power level also increases noise level, as the
conversion loss would be somewhat larger. Hence a
tradeoff is to be made between system noise figure and
group delay sensitivity to oscillator signal power level.
Depending on the location of the mixer, stability of the
environmental parameters, a proper setting of the
biasing power level can be selected.

with the satellite simulator receive and transmit ports,
hence the results from second set of measurement are
required.
Meas.

Automated delay calibration in a TWSTFT station: The
TWSTFT station at VSL is located at three separate
locations. Time scale generation, signal modulation and
up conversion to 70 MHz intermediate frequency (IF) is
performed in the Time & Frequency Laboratory. The time
scale is generated using high performance cesium
standards. For modulation and IF up conversion a SATRE
modem is used. The 70 MHz signal is then sent to the
TWSTFT up- & down- conversion room through 100
meter coaxial cables. In this room the required up- and
down- conversion is performed to the transmit and
receive microwave frequencies and sent to the rooftop.
Finally the signals are amplified to the appropriate power
level using a transmission amplifier and receiver LNA
(Low Noise Amplifier) mounted on the antenna. See
figure 8 for a layout of the present TWSTFT station at
VSL.
As the TWSTFT station is located at three separate
locations, three sets of delay measurements are
performed. The first set of measurements is performed
to determine the group delay components up to the
TWSTFT up- & down- conversion room. In order to
measure the delay component of the A and B cable, an
additional third cable, C, is introduced in the system,
shown in figure 8. This set of three cables allows three
different loop delay measurements. From these
measurements, the delay of the individual cables can be
derived using linear algebra. As no frequency
transformation takes place within these paths and all
devices involved are located within the building, very
stable delay measurements are achieved.
The second set of measurements is performed to
determine the delay components of the quad-mixer
satellite simulator itself, including delay paths up to the
transfer switch at the TWSTFT antenna. In the case, the
O1 and O2 ports in figure 6 are connected to the Rx and
Tx paths of the TWSTFT modem.
The third set of measurements is performed to
determine the delay of the TWSTFT transmit and receive
paths respectively. The measurements are performed

Components of the measured delays

AB

Tswitch-1 + Tswitch-2 +Tcable-A + Tswitch-A + Tpc +
Tswitch-B Tcable-B

CA

Tcable-A + Tswitch-C +Tpc + Tswitch-B + Tcable-B

CB

Tcable-C + Tamplifier +Tswitch-C + Tpc + Tswitch-A +
Tcable-A + Tswitch-2

M1

Tswitch-1 + Tswitch-2 + Tcable-A + Tswitch-A + Tup-con. +
Tcable-3 + TTx-amplifier + Tcable-1 + TSatsim,mix1A +
Tswitch-K + TSatsim,mix1B + Tcable-2 + TRx-LNA + Tcable4 + Tdown-con.+ Tswitch-B + Tcable-B + Tswitch-2

M2

Tswitch-1 + Tswitch-2 + Tcable-A + Tswitch-A + Tup-con. +
Tcable-3 + TTx-amplifier + Tcable-1 + TSatsim,mix1A +
Tswitch-K + TSatsim,mix2A + Tswitch-L + Tswitch-D +
Tswitch-C +Tpc + Tswitch-B + Tcable-B + Tswitch-2

M3

Tswitch-1 + Tswitch-2 + Tcable-A + Tswitch-A + Tup-con. +
Tcable-3 + TTx-amplifier + Tcable-1 + TSatsim,mix1B +
Tswitch-K + TSatsim,mix2B + Tswitch-L + Tswitch-D +
Tswitch-C +Tpc + Tswitch-B + Tcable-B + Tswitch-2

M4

Tswitch-1 + Tcable-C + TAmplifier + Tswitch-C + Tswitch-L
+ TSatsim,mix2B + Tswitch-K + TSatsim,mix1B + Tcable-2 +
TRx-LNA + Tcable-4 + Tdown-con.+ Tswitch-B + Tcable-B +
Tswitch-2

M5

Tswitch-1 + Tcable-C + TAmplifier + Tswitch-C + Tswitch-L
+ TSatsim,mix2B + Tswitch-K + TSatsim,mix2A + Tswitch-L
+ Tswitch-D + Tswitch-C +Tpc + Tswitch-B + Tcable-B +
Tswitch-2

M6

Tswitch-1 + Tcable-C + TAmplifier + Tswitch-C + Tswitch-L
+ TSatsim,mix2B + Tswitch-K + TSatsim,mix1A + Tcable-1
+ Tcable-2 + TSatsim,mix1B + Tswitch-K + TSatsim,mix2A +
Tswitch-L + Tswitch-D + Tswitch-C +Tpc + Tswitch-B +
Tcable-B + Tswitch-2

Table 1 Components of the measured delay paths

In table 1 components of the all measurements are
shown. The final receive and transmit delay components
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are calculated in equations 5 and 6. For simplification A,
B and C cable delays are excluded from both equations.
2
1

3

6 ⁄2

(5)

6

(6)

Figure 9 Final prototype of the new satellite simulator switch
box designed and assembled at VSL.

The TWSTFT station delay measurements are scheduled
for twelve measurement sessions per day (once every
two hours). In figure 10 the measurement results for AB,
CB, and CA delay paths are shown.
1.4

CA

AB

CB

Delay [ns]

1.2

Cable-4

Cable-2

M1

14 GHz

11 GHz

11 GHz

14 GHz

M2
M3
M4
M5
M6

14 GHz
14 GHz
-

11 GHz
-

14 GHz
11 GHz
14 GHz

14 GHz
14 GHz

0.6

0.2
55588

55598

55608

55618
MJD

55628

55638

Figure 10 Measurement results of AB, AC, and BC paths. The
delay values of the measurements are adjusted to be able to
fit the data on a single graph. Using three different path
measurements, delay values of A, B and C cables can be
calculated using linear algebra.

Measurement path
Cable-3

0.8

0.4

Figure 8 Diagram of the TWSTFT station with the automated
delay calibration system included. The AB, CB and CA delay
paths are not shown.

Meas.

1.0

Cable-1

The total fluctuation in time for the AB, CB, and CA delay
paths does not exceed 200 ps over the whole
measurement period (after correction of the offsets). In
figure 11 the time stability of the AB delay path is shown.
Time stability of 10 ps/s is achieved for averaging time of
1d. The 10 ps limitation is set by the noise floor of the
modem.

Table 2 New TWSTFT delay measurements

Design & Measurement results: In figure 9 the final
prototype of the satellite simulator is shown. Besides up& down-convertors all hardware required to perform the
TWSFTF station delay measurements is integrated into a
single unit. Only transmission amplifier, the LNA and
switch-M remain at the rooftop. External signal
generator are required to bias the satsim mixers. The
transfer switches are through RS485 interface.

After installing the new satsim unit a series of
measurements were performed to test the functionality
of the satsim unit. The measurements of the delay
component M1-M3 are shown in figure 12.
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1680.0
1679.6

1.0E-10

Delay [ns]

Time Deviation (s/s)

1.0E-09

1679.2
1678.8
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1.0E+03

1.0E+04

τ (s)

1.0E+05

1678.0

1.0E+06

1

These measurement results are not to be takes as final
values achievable by the delay measurement system, as
every delay path is yet to be optimized.

Delay [ns]
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Figure 13 Measurement results for M1 for C/N-ratio of 56
dB/Hz [dotted line] and C/N-ratio of 62 dB/Hz [solid line].

Figure 11 Time stability of AB path measurements

1672.0

11Measurement
21

Furthermore, the new satellite simulator was designed in
a way that the sensitive components can be placed indoors in a controlled environment.
Initial test measurements have started and are running
12 times per day (every two hours). The first results are
quite promising, but it is too early to draw conclusions
on the long term behavior. In future, for each
measurement path an optimum transmission power
level will be determined to achieve an optimal signal-tonoise (S/N) ratio.
Acknowledgements: Authors are greatly thankful to
Henk van Ulden for helping with assembling the satellite
simulator unit. Authors are also thankful to fellow
colleagues for many useful discussions.
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As the delay paths of M2 and M3 are almost identical,
the delay components were expected to be equivalent as
well. This is noticeable in figure 12 for M2 and M3.
Measurement results of M1 seem to be drifting.
However, the measurement period is rather short to
draw concrete conclusions regarding the stability. In
figure 13 the influence of C/N-ratio on the stability of
delay measurement is shown.
Conclusions: A new dual-stage quad-mixer satellite
simulator has been designed and assembled. With this
satellite simulator all delays in the TWSTFT station can be
determined in absolute terms. The implementation of
the satellite simulator in the TWSTFT station is such that
the delay calibration measurements are completely
automated.
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Carrier-envelope phase dependent photoemission
from a nanometric metal tip
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Abstract— We tightly focus ∼ 6 fs Ti:sa pulses onto a nanometric metal tip and record photoelectron spectra at laser intensities
of about ∼ 4 × 1011 W/cm2 . Here we present a strong carrierenvelope phase (CEP) dependent current modulation. In the high
energy region of the spectra the CEP modulation rises up to
100%, meaning that the CEP can switch the photocurrent fully on
and off. The metal tip resembles a record sensitive miniaturized
CEP sensor with a precision exceeding about 15 mrad in 20 s
measurement time. Even CEP-stabilizing a Ti:sa-oscillator with
the signal of the emitted photoelectrons of a tip seems feasible.

a) overview of experimental setup
f-2f-interferometer with RF-electronics out-of-loop
phase detector
~70mW ~140mW

6W cw pump
AOM1

Ti:sapphire
oscillator

tip-based
phase detector
~20mW

b) f-2f-interferometer with RF-electronics
SHG (PPLN)

I. I NTRODUCTION

AUX 1

The versatile use of femtosecond laser frequency combs relies on the possibility of CEP-stabilizing the pulses. Typically
this is done via f-2f self-referencing the comb [1], [2]. Experimental effort, comparably high costs and a complicated setup
are needed, especially if the CEP is kept konstant from pulse to
pulse. A potential alternative approach is discussed in t paper.
As already proposed and discussed in the IEEE Proceedings of
the same conference series by one of the authors and former
colleagues in 2006 [3], we report here on the experimental
observation of a strong CEP modulation in the photocurrent.
The pulse energy used is about 240 pJ. Such a low pulse
energy suffices because of optical field enhancement: boundary
effects (small tip radius) and collective electronic excitations
in the metal lead here to a up to six-fold increase in laser
electric field strength (mimicking a factor of 36 higher laser
intensity) [4].
The paper is organized as follows: In Section II we mention
results previously achieved in photoemission experiments from
sharp metal tips and on CEP effects in photoemission from
metals. Section III describes the experimental setup, which is
followed by Section IV describing the main results of this
paper. Section V concludes the article by a discussion of tipbased carrier-envelope (CE) frequency (fCEO ) stabilization of
the oscillator.
II. P HOTOEMISSION STUDIES -

objective PCF

AOM2

10MHz synchr.
counter

photodiode

~
~

70MHz LP
rf-shield

dichr. beamsplitter

~ 10MH synchr.
fAOM=50 MHz

PD

~
~
~

50MHz BP

~
ref. frequency
generator
loop filter fref=fAOM-fCEO

feedback signal to AOM1

Schematic experimental setup and CEP-stabilization scheme. a)
Fig. 1.
A large fraction of the power of the Ti:sa laser is needed for phasestabilization (70 mW) and out-of-loop monitoring of the phase (140 mW).
For the photoemission only a small fraction of light is needed (∼ 20 mW).
b) Detailed sketch of the CEP-stabilization setup. In the optical setup (left)
the pulses are spectrally broadened to span a full octave in a photonic crystal
fiber (PCF). Long and short wavelength regions are seperated by a dichroic
beamsplitter. In the long-wavelength arm the second harmonic generation
(SHG) is achieved with a periodically poled lithium niobate (PPLN) crystal.
Both green beams are superimposed onto a photodiode. The photodiode signal
is then RF-filtered and amplified in a RF-shielded box. This signal and a
reference frequency are superimposed in a phase detector (PD) yielding the
error signal. The feedback signal is generated and fed into the acousto-optic
modulator (AOM1) in a). The offset-frequency and phase are set via this
reference frequency generator. A 10 MHz signal is distributed amongst all
components to provide a common clock. LP and BP stands for low pass and
band pass filter. AOM2 shifts the frequency in one arm of the interferometer.
This way fCEO can be stabilized to 0 without being sensitive to DC drifts.

a) tip-based phase detector b) PPLN-based phase detector
E

vacuum
chamber

λ/2
OAP

tip

RELATED WORK
OAP

Nonlinear photoemission from planar metals has been studied in detail in various papers (for a review see [6]). CEP effects
in nonlinear photoemission are theoretically predicted [7], [8]
but experimentally hard to observe [9], [10]: In Ref. [9] recordshort 4 fs IR laser pulses were focused on a gold cathode
leading to a minuscule CEP modulation in the total current.
The difficulty in observing these effects is presumably caused
by two effects. First, the emission area in photoemission from
a planar surface is typically on the order of the focal spot

978-1-61284-110-6/11/$26.00 ©2011 IEEE

electrons

OAP

λ/2

PPLN

photodiode

spectrometer
grating

Fig. 2. The two out-of-loop CEP detectors. a) The pulses are focused onto
the tip with an off-axis-parabolic mirror (OAP). The photoemitted electrons
are then spectrally analyzed and detected. b) PPLN-based phase-detector [5].
The light is spectrally broadened and frequency doubled inside the PPLN. The
f-2f-offset beat is then detected in the green spectral region with a photodiode.
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We record electron energy spectra as shown in Fig 3a)
(blue solid curve) by focusing light pulses onto the tip. This
spectrum is averaged over CE-phases. Two main observations
can be made here. First, peaks are visible and separated
roughly by the photon energy (∼ 1.6 eV). These represent
above-threshold photoemission peaks [11]. Second, next to
the dominant main contribution a plateau-like high-energetic
region is found between 5 and 15eV. It is roughly two orders
of magnitude smaller in count rate than the low-energetic part.
It ends with a cut-off, i.e. a rather sharp decrease in count rate,
at about ∼ 15 eV. The green data points in Fig. 3a) indicate
the CEP-dependent current modulation depth at the respective

log(count rate)

0
20 0
Time (s)

2

2

100

1

75

20
0 0
Time (s)

3
4

50
5

1

6

7

8

25
0

Carrier-envelope phase offset (rad / π)

2

1

1

log (count rate)

b)

0

PHOTOEMISSION

1

15

2

Modulation depth (%)

IV. C ARRIER - ENVELOPE PHASE DEPENDENT

1

Count rate
(arb. u.)

The nanometric metal tip is an electrochemically etched
tungsten W(310) field emitter with a radius of curvature
of about 10-20 nm. It is placed inside an ultrahigh vacuum
chamber (base pressure of ∼ 3 × 10−8 Pa)(see Fig. 2a)). The
laser beam is tightly focused on the apex of the tip with a spot
size of ∼ 2.4 µm (1/e2 intensity radius). A small negative
voltage is applied to the tip resulting in a maximum d.c.
static electric field of ∼ 0.4 GV/m at the tip’s apex. The
emitted electrons are spectrally analyzed with a retarding field
spectrometer (for details see [11]). Typically not more than one
electron per pulse is emitted to avoid space charge effects.

3

10

0

A. Laser and phase stabilization

B. Tip environment

Energy (eV)
2

III. E XPERIMENTAL S ETUP
The setup consists of the laser with CEP stabilization and
a tip inside a vacuum chamber (see Fig. 1 a)). The laser
is a Kerr-lens mode-locked Ti:sapphire laser with 80 MHz
repetition rate at a center wavelength of ∼ 800 nm and pulse
duration of ∼6-fs. The CEP stabilization is achieved with
a homebuilt f-2f-interferometer. The feedback mechanism is
pump power modulation of the cw pump laser via an acoustooptic modulator (AOM1) [1]. Note that with another acoustooptic modulator in the f-interferometer arm (AOM2), it is
possible to lock fCEO to zero, meaning that CEP is constant.
We change the phase in discrete steps by changing the phase
of the reference frequency generator. We can monitor the
CEP change in the PPLN-based out-of-loop interferometer
(see Fig. 2b) [5]).

5

0

Count rate
(arb. u.)

a)

size. The observed signal is therefore usually integrated over
the spatial intensity profile. This intensity averaging may lead
to blurring of the electron spectra and hence washing out of
CEP effects. Second, on a surface there are typically several
hot spots with varying field enhancement that contribute to
electron emission and may also obscure CEP effects. One way
of circumventing those difficulties is to confine the emission
area to a single well-controlled hot spot. This is the basic idea
of using sharp metal tips, where the very localized optical
field enhancement leads easily to an emission site area down
to several 100 nm2 .

0

-1

-2
5

10
Energy (eV)

15

Electron spectra and observed CEP effects. a) Phase-averaged
Fig. 3.
measured electron spectra (blue line) in a logarithmic plot. A plateau-like
structure is visible from about 5 − 15 eV. The insets show the C-E phase
modulation in the photocurrent with the spectrometer acting as energy highpass filter at 3 eV and 11 eV (with the C-E offset frequency set to fCEO =
ϕ̇CE /2π = 0.2 Hz). The CEP-modulation depth (green points) rises from
few percent in total current up to near 100% for the high-energetic electrons
(see Ref. [12] for details). b) Color map plot of the CEP dependent spectra in
the high energy region. Clearly a modulation in the cut-off position is visible
(red line). Measured data range spans 2π and is extended to ∼ 4π for better
visibility.

energy. In this contribution we focus our attention on the highenergy electrons, since the CEP effects are most pronounced
in that energy region. Fig. 3b) shows electron spectra in this
high energy region for varying CE-phase. The position of the
aforementioned cut-off is strongly modulated with the CEP
(red line is sinusoidal fit in Fig. 3.). The amplitude of the
cut-off modulation is ∼ 1.3 eV. The CE-phase for the highest
cut-off energies is at −0.22π.
We modeled these observation theoretically using two approaches. In the first model we numerically integrated the
time-dependent Schrödinger equation. The basis for this is
a rather simple 1-D model of the potential as described in
Ref. [12]. We chose to calibrate the experimental CE phase
offset according to the behaviour of the cut-off in the TDSE
model. CE-phase of 0 means that the pulse is cosine-like,
with the electric field pointing away from the tip surface. It is
noteworthy that the phase of the driving field is expected to be
phaseshifted with the enhanced near-field at the tip surface due
to the collective excitation response of the metal [8], [13]. The
second model employs the Simple-Man’s model. Both models
give good agreement with the experimental parameters as pulse length and laser intensity [12]. We attribute the occurence
of the observed high-energetic electrons to rescattering taking
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Several means to bridge this apparently large gap might
be taken. Ideas include improving the collection efficiency
of the emitted electrons, or using higher repetition rate Ti:sa
oscillators [15], trying different tip materials or many emitters
in an array.

PPLN out-of-loop photodiode (arb. u.)

electron counts (arb. u.)

0,15

R EFERENCES

20

Time (s)

Fig. 4. Comparison between tip-based CEP-signal and PPLN-based signal for
an offset-frequency set to fCEO = 1 Hz. The lower curve (red) is the PPLN
based photodiode signal, the upper (black) the energy-filtered photoemission
current (E >∼ 6 eV ). The dashed curves are sinusoidal fits. From the fit
error one can extract a phase error of about 15 mrad for the photoemission
signal (for 20 s measurement time).

place at the metal surface.
Next, in a crude first study we study the sensitivity of the
tip-based CEP detector. For this we set fCEO = 1 Hz and
record signal of the high-energetic electrons (E >∼ 6 eV, see
Fig. 4). From sinusoidal fits we can extract the precision in
CEP determination of about 15 mrad for the photoemission
signal in 20 s measurement time.
V. O UTLOOK
The tip already represents a solid-state based CEP detector [14]. This contribution represents therefore the realisation
of the idea proposed in the proceedings of the same conference [3]; however there are more possible applications: As
an outlook one might ask whether it is feasible to stabilize
the offset-frequency of the Ti:sa oscillator using the CEPmodulation in the electron current as feedback. Under the
assumption that a signal-to-noise power ratio of 30 dB at
10 kHz resolution bandwidth is needed and assuming that the
detection may be shot-noise limited we arrive, after a short
calculation, at a minimum electron count rate of about 107 s−1 .
The maximum observed CEP-modulation amplitude is still 3
orders of magnitude smaller.
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Abstract— This work presents formation of molecular
monolayers on silicon surfaces of micromechanical resonant
devices and measurement of the mass of the deposited
monolayer using such. Thermally actuated single crystalline
silicon micromechanical resonators with resonant frequencies in
the 20-30 MHz range were used as highly sensitive mass sensors.
Monolayers of long chain amine molecules were formed by
reacting the amine groups with epoxide groups covalently
bonded to the silicon surfaces. As a result a consistent negative
frequency shift of ~100ppm was measured for the resonators.
Mass calculations based on the measured frequency shift show a
6.9% surface coverage for the monolayer. XPS surface analysis
shows existence of nitrogen atoms on the resonator surface
confirming that the measured frequency shifts are due to the
addition of the amine molecules.

I.

INTRODUCTION

Highly sensitive biosensors capable of detecting and
measuring smallest quantities of biochemicals in biological
samples are needed in various biotechnology and biomedical
applications. Most of the commercially available biosensing
and bioanalysis platforms, such as the biomedical diagnostics
micro-arrays are based on optical methods requiring costly
and sophisticated readout instrumentation with a very complex
and time consuming procedure including fluorescent labeling,
incubation and hybridization steps. Furthermore, such
techniques only show the end results and do not provide any
real-time information, e.g. about the reaction rates and effect
of different parameters on it. For example measuring the
affinity binding constant of the protein-protein reaction is
desirable to study the disease biochemical pathways that can
involve several millions of assays performed over several
months [1]. Therefore, label free biomolecular sensors with
fully electronic readout capable of real time monitoring of

molecular absorption events can be highly beneficial in state
of the art biomedical science and engineering.
Electromechanical resonant microbalances such as Quartz
Crystal Microbalances (QCM) [2,3] or surface acoustic wave
(SAW) sensors [4] are capable of label-free molecular
detection by direct real-time monitoring of the added mass to
their surfaces. However, such devices have relatively large
sizes and cannot compete with fluorescent microarrays in
terms of size, cost and throughput. In many cases their
sensitivity is not adequate either. Micro-electromechanical
resonators are smaller integrated versions of the same devices
and can potentially lead to highly sensitive label-free sensor
arrays with electronic readout capable of eliminating the need
for amplification process such as PCR [5].
In order to use such devices as a biosensor capable of
detection and concentration measurement of specific
biomolecules of interest, the resonators surface is modified by
attaching receptor molecules that can selectively absorb the
target molecules. Upon exposure to the target molecules and
absorption of such on the resonator surface, the added mass
leads to an electronically measurable change in the resonance
frequency of the resonator.
II.

Thermally actuated single crystalline silicon resonators
with piezoresistive readout [6] have been used in this work as
highly sensitive mass sensors. The simplicity and monolithic
structure of such devices makes them very robust and durable
and therefore suitable for sensory applications where the
device needs to be in direct contact with the surroundings.
Operation in liquid is generally a major challenge for

This work was supported by National Science Foundation (NSF) under grants
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microscale resonators due to large surface to volume ratio and
excessive viscous damping from the liquid. However, diskshaped thermal-piezoresistive resonators can be designed for
operation in liquid with relatively high quality factors [7].
Although all the measurements in this work have been
performed in air after drying the resonators, the eventual goal
is to perform direct analysis with resonators while immersed
inside a biological solution.
Fig. 1 shows the COMSOL finite element thermal analysis of
the resonator structures used in this work referred to as Ishaped resonators. Thermal actuation occurs by passing a
current between the two pads on the two sides of the structure
resulting in an ohmic power loss in the structure. The
fluctuating power loss by passing a combination of AC and
DC currents, results in a fluctuating temperature gradient and
therefore fluctuating thermal expansion of the structure. Due
to their higher electrical resistance, most of the heat gradient
is generated in the narrow beams in the middle of the
structure. The AC extensional force resulting from the
fluctuating temperature in the beams can actuate the resonator
in its in-plane extensional resonance mode. As the resonator
vibrates, the alternating tensile and compressive stress in the
pillars results in fluctuations in their electrical resistance (due
to the piezo-resistive effect). This results in fluctuations in the
DC current passing through the resonator that represents the
vibration amplitude (output signal) of the resonator.
(Fig.1.)[8].

Figure 1. COMSOL finite element analysis of a thermally actuated Ishaped resonator showing the vibration direction and the qualitative
distribution of AC temperature fluctuation amplitude (red being the
maximum and blue minimum).

The resonators were fabricated on low resistivity N-type
Silicon-On-Insulator (SOI) substrates. This was done using a
single mask micromachining process by patterning the silicon
device layer and undercutting the structures in hydrofluoric
acid (Fig. 2a). Fig. 2b shows the SEM view of a fabricated
array of resonators as well as zoomed in view of a single
resonator.

(a)

(b)

Figure 2. (a) Single-mask resonator microfabrication process. (b) SEM
view of the micro fabricated resonators.

III.

EXPERIMENTS AND MEASUREMENTS

A. Surface Linkage Synthesys and Frequency Measurements
The goal is to form a stable chemical linkage, via covalent
bonds, between the silicon surface and the amino groups
present in octadecylamine molecules (an amine molecule with
a straight chain of 18 carbon atoms), which is the target
molecule in this work. For this purpose intermediate
molecules containing epoxide groups, which are reactive
towards amino groups, are to be attached to the silicon surface
first. The previously fabricated device surfaces were activated
by oxidation in 1N HNO3 for 30-60 min followed by a rinse in
DI water, acetone, and ethanol for 5 min each. In order to
attach the epoxide groups to the silicon surface, the chips
were soaked for 5 h at 80~ in a solution consisting of 24 parts
xylene, 8 parts 3-glycidoxypropyltrimethoxysilane and 1 part
N,N-diisopropylethylamine (Fig. 3a). Excess reagents were
removed by three washes in acetone and ether. The first
frequency measurement was performed in this step after
drying the resonators.
After measuring and recording the resonator resonance
frequencies with different bias currents, octadecylamine
attachment was performed by immersing the chips in a 5mM
solution of octadecylamine in ethanol overnight (Fig. 3b). The
excess reagents on the chips were rinsed off in methanol and
ether. Device resonance frequencies were measured again
after drying the sample. Comparing the measured frequencies
before and after octadecylamine attachment shows a clear and
consistent frequency shift of ~100ppm for 3 out of the 4 tested
resonators (Table 1, Fig 4). The 4rd resonator shows a larger
frequency shift of 140ppm, which is suspected be due to
addition of contaminants during the several chemical synthesis
and rinsing steps, or absorption of airborne particles during
exposure of the sample to air (e.g. during testing or
transferring from one place to another).
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3-Glycidoxypropyltrimethoxysilane
N,N-Diisopropylethylamine
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Figure 4. SEM view of a 3-bar I-shaped resonator with different
resonator dimensions labeled on it.
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Figure 3. Surface Linkage Synthetic Scheme.

TABLE I.

SUMMARY OF MEASUREMENT RESULTS FOR DIFFERENT
FUNCTIONALIZED RESONATORS

L1, L2,W1,
W2,W3 (μm)

ƒ1(MHz)
Functionalized

ƒ2(MHz)
Octadecylamine

Δƒ
(Hz)

Δƒ
(ppm)

23,36,33,4,2

30.437427

30.434413

3014

99

23,36,33,4,2

29.891373

29.888322

3051

100

23,36,33,--, 2

23.809419

23.805919

3400

140

23,36,33,--, 2

27.001593

26.998914

2679

99

Figure 5. Consistent frequency shift for different resonator bias currents
before and after octadecylamine attachment.

Figure 5 shows the measured frequencies for a 30.4MHz
resonator before and after octadecylamine attachment at
different bias currents showing a consistent shift at each bias
current due to the added mass.
B. Surface Coverage Analysis
During the surface fictionalization, each crystal with a
lattice constant of 5.43A0 consists of eight open bonds on 100
silicon surface exposed to reaction reagents (Fig. 6).
Attachment of each epoxide group requires linking to three
silicon atoms on the surface (fig. 8). This means that if all the
available bonds are used for linking with 100% packing, 8.8
epoxide groups will be available in every nm2 of silicon
surface.
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Figure 6. (a) Model of a silicon crystal as seen on the 100 surfaces, The
2
area of every single silicon crystal is equal to 0.3nm ; (b) 8 silicon atoms
on the surface with open bonds in every single silicon crystal unit
available for surface linking .

SiO2
On the other hand, according to the device mass, reference
frequency value and frequency shift after octadecylamine
attachment, the added mass for the 1st measured resonator with
the resonance frequency of 30.4 MHz is:

∆

1.0

∆

∆

.

Therefore, considering octadecylamine molecular weight, the
added 1.0pg of octadecylamine is equal to 2.2x109 added
molecules on the on the surface. Based on the resonator
surface area of 3.6x10-9m2, we will end up having 0.61
molecules in every nm2 which is equivalent to 6.93% of the
calculated theoretical limit of the added molecules in 1nm2.

(a)

Epoxide

Figure 8. Each epoxide group links to the surface by bonding to three
silicon open bonds on the surface

C. Surface XPS Analysis
To make sure that the surface linking has resulted in the
attachment of the expected molecules and groups to the silicon
surface and that the measured resonator frequency shifts are
not a result of measurement errors or contamination, X-ray
Photoelectron Spectroscopy (XPS) was performed on samples
at different steps of the process. The elemental compositions
on the surface support the addition of the desired molecules
after each reaction. In silicon dioxide surface analysis a
considerable amount of carbon was detected which is most
likely due to the organic contaminants or residues (e.g.
solvents used to clean the surface or airborne particles) (Fig.
9a). The carbon concentration on the surface increased
significantly after the surface modification by linking the
epoxide groups (Fig. 9b). After octadecylamine attachment a
small amount of nitrogen (from the amine groups) could be
detected on the surface while the carbon concentration further
increased (Fig. 9c).
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(b)

receptors to the silicon surface to be used as molecular probes
for detection of complementary target molecules.

Octadecylamine
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IV.

CONCLUSIONS AND FUTURE WORK

Thermally actuated micro-electromechanical resonators
were functionalized successfully to form a monolayer of
octadecylamine. Using the resonators as ultra-sensitive
balances, the mass of the deposited molecular monolayer was
measured by measuring resonant frequency of the resonators
before and after addition of the amino-terminated carbon
chains. A consistent negative frequency shift of ~100ppm after
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The same surface linking chemistry can be utilized to
attach amino terminated DNA single strands or other bio-
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Abstract— The effect of liquid viscosity and density on the

characteristics of laterally excited microcantilevers is
investigated and compared to transversely excited
microcantilevers. When immersed into a viscous liquid
medium such as water from air, the resonant frequency of
laterally (in-plane) vibrating microcantilevers is shown to
decrease by only 5-10% as compared to ~50% reduction
for transversely (out-of-plane) vibrating microcantilevers.
Furthermore, as the viscosity of the medium increases the
resonant frequency of a laterally vibrating beam is shown
to decrease at a slower rate than that of a transversely
vibrating beam. The decreased viscous damping also leads
to increases in the quality factor of the system by a factor
of 4-5 compared to beams vibrating transversely. The
mass sensitivities of laterally vibrating beams are also
theoretically predicted to be roughly two orders of
magnitude larger in water for some cantilever geometries.
The increase in the quality factor and mass sensitivity
indicate that operating in the in-plane flexural mode
(lateral vibration) will decrease the limit of detection
compared to operating in the more common out-of-plane
flexural mode (transverse vibration). These improvements
in device characteristics indicate that microcantilevers
excited laterally are more suited for operating in media of
high viscosities.
I.

INTRODUCTION

Microcantilevers are microelectromechanical devices that
can be used as highly sensitive chemical sensing platforms.
When coated with a chemically selective layer, shifts in the
resonant frequency of these beams can be related to changes
in the ambient concentration of specific analytes in the
medium of operation. A change in mass in the range of
picograms has been detected using these devices, with
projected detection limits on the order of femtograms or
attograms [1,2]. However, when these beams are operating in

978-1-61284-110-6/11/$26.00 ©2011 IEEE

a viscous liquid medium as opposed to air, the increased fluid
damping and displaced fluid mass cause the resonant
frequency and the mass sensitivity of the device to decrease.
The increased fluid damping also causes the quality factor to
decrease drastically, which increases the frequency noise and
the limit of detection.
It was previously proposed that exciting microcantilevers
in the in-plane flexural mode (instead of the more common
out-of-plane flexural mode) would decrease the amount of
viscous damping and displaced fluid mass, making the device
a more appropriate platform for liquid phase sensing
applications [3]. In a previous work, a semi-analytical
expression for the hydrodynamic forces acting on laterally
vibrating beams was derived to analyze these in-plane
flexural mode cantilevers [3]. The expression predicts values
for the hydrodynamic forces that compare well with other
results presented in the literature [4].
In the present study, this semi-analytical expression for the
hydrodynamic forces will be used to predict the
characteristics of laterally vibrating microcantilevers
operating in media having higher viscosities than that of
water (e.g., up to 20% aqueous glycerol solution). The
characteristics of interest are the resonant frequency, the
quality factor, and the mass sensitivity of the device. The
predicted values for the resonant frequency and quality factor
will be compared to experimentally obtained values, and the
trends in these characteristics investigated. The predicted
mass sensitivity for these devices will also be discussed, both
as a function of the beam’s geometry and as a function of the
medium of operation. Finally, as the expressions for the
characteristics of microcantilevers vibrating transversely are
well-known, analytical expressions for the ratio of the
characteristics of laterally and transversely vibrating beams of
similar geometries will be determined. Such expressions will
help to indicate the geometries and characteristics of interest
for operation in the in-plane flexural mode.
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Re =

ρ L ω lat b 2 ,
4η

(4)

where ρL and η are the mass density and dynamic viscosity of
the fluid, respectively. It is assumed that the medium of
operation is infinitely large and incompressible. It is also
assumed that the velocity is continuous at the fluid-beam
interface and the deflections of the beam are small compared
to the dimensions of the beam. The beam’s length is also
assumed to be much greater than its width and thickness.
Since the microcantilevers investigated in this study are
composite beams made up of several layers, the Young’s
modulus, E, used in the theoretical predictions will be the
effective Young’s modulus
2

Figure 1: Geometry of a microcantilever of length L, width b, and
thickness h deflecting laterally

II.

Eeffective

THEORETICAL ANALYSIS

A. Resonant Frequency
The geometry of a laterally excited microcantilever is
shown in Fig. 1. The resonant frequency of a laterally
vibrating beam in a viscous liquid medium was previously
shown to be [3]
α 2 klat
(1)
f res,lat ,i = i
2π M lat
where αi is a constant dependent on the mode number
(α1 ≅1.875 for the fundamental in-plane flexural mode) and
the effective spring constant, klat, and effective mass, Mlat, are
given by
klat =

Eb 3 h ,
12L3

(1a)

M lat = (ρ B bhL + Lg 2,lat )
⎛ ⎛ g1,lat
(1b)
⎞ ⎛ ωlat ⎞ d ⎛ g1,lat ⎞ ⎞
⎜⎜ ⎜
⎟
⎜
⎟ ⎟⎟
⎟+⎜
ω
ω
res
lat
2
d
ω
,
g
⎝
⎠
⎝
⎠
⎛
⎞
⎝
⎠
⎠ 1,lat
+L⎝
⎜
ωlat ⎟⎠
⎞ ⎝
⎛
⎛ ωlat ⎞ d
⎜⎜ ρ Bbh + g 2,lat + ⎜
(g 2,lat )⎟⎟
⎟
⎝ 2 ⎠ dω
⎠
⎝

Here, ρB denotes the beam density and the variables g1,lat and
g2,lat are related to the amount of viscous damping and the
amount of displaced fluid mass, respectively, and are given by

g1,lat =
g 2,lat =

π
4

π
4

ρ L b Γlat , I (Re, h / b)ωlat ,

(2)

ρ L b 2 Γlat , R (Re, h / b) .

(3)

2

⎛ 2πL2 f 0 ⎞
⎟ ,
= 12 ρ B ⎜⎜
2
⎟
α
b
⎠
⎝ i

(5)

where f0 is the resonant frequency in vacuum. In this work,
we used the experimentally determined resonant frequency of
the beam in air instead, which has approximately the same
value as the resonant frequency in a vacuum. An effective
beam density, ρB, of 2330 kg/m3 will be assumed as the
density of each layer is approximately that of silicon.
Immersed in a fluid, the resonant frequency of a laterally
vibrating beam decreases from its value in vaccum, f0, [6] by
⎛
Δf = f 0 ⎜⎜1 −
⎝

ρ B Lbh ⎞⎟ .
M lat ⎟⎠

(6)

As the viscous damping or displaced fluid mass increases, the
total effective mass will increase, decreasing the resonant
frequency. Since the amount of viscous damping is smaller
when operating in the in-plane flexural mode compared to the
out-of-plane flexural mode, the resonant frequency is
expected to decrease by a smaller amount. The resonant
frequency of the fundamental flexural mode of a laterally
vibrating beam in a viscous liquid medium, fres,lat, can be
compared to the resonant frequency, fres,trans, of the same
beam vibrating transversely. Dividing (1) by the expression
for the transverse resonant frequency in [7], the ratio of these
two values is predicted to be

f res ,lat
f res ,trans

=

b M trans
h M lat

(7)

where Mtrans is
M trans = (ρ B bhL + Lg 2,trans )

The terms Γlat,R and Γlat,I are the real and imaginary parts,
respectively, of the hydrodynamic function, a normalized
version of the hydrodynamic force defined in [3] that depends
only on the aspect ratio h/b and the modified Reynolds
number (Re) of the medium. The modified Reynolds number
is a measure of the ratio of inertial forces to the viscous forces
acting on the beam, and is defined as [5]

⎛ ⎛ g1,trans
⎞ ⎛ ωtrans ⎞ d ⎛ g1,trans ⎞ ⎞
⎜⎜ ⎜
⎟
⎟
⎜
⎟+⎜
ω
ω ⎟⎠ ⎟⎠ ⎛ g
res
trans
,
⎝
⎠ ⎝ 2 ⎠ dω ⎝
⎞
⎝
+L
⎜ 1,trans ω ⎟
trans
⎛
⎞
ω
⎠
⎛
⎞ d
⎜⎜ ρ B bh + g 2,trans + ⎜ lat ⎟
(g 2,trans )⎟⎟ ⎝
⎝ 2 ⎠ dω
⎝
⎠

(7b)

and g1,trans and g2,trans are defined by [7]. Note that using
thinner beams (or beams with larger values for b/h) will result
in larger differences in their resonant frequency when
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operating in the in-plane flexural mode. Also note that as the
dynamic viscosity and density of the medium increases, the
ratio of effective masses increases.
B. Quality Factor
Microcantilevers operating in the liquid-phase suffer from
a drastic decrease in their quality factors. This decrease in the
quality factor increases the frequency noise (which is
proportional to fres,lat/Qlat when operating in an oscillator
configuration [8]), thus increasing the limit of detection in
biochemical sensing applications. The quality factor is
defined as 2π times the ratio of the maximum energy stored
in a resonating system to the amount of energy dissipated in
one cycle [9]. However, when a resonating device is used in
an oscillator configuration, the quality factor is commonly
obtained using the 3-dB bandwidth ∆f3dB of the device and is
given by

Qlat ,3dB =

f res ,lat

Δf 3dB

.

expression for the mass sensitivity of a laterally vibrating
beam is then the same as the expression for the transversely
vibrating beam [7], but with different values for the
hydrodynamic function, Γlat, and the moment of inertia Ilat. If
the thickness of the sensing layer is considered small enough,
then the mass sensitivity can be given as

S m = λm,lat f res ,lat
where

λm,lat =

−1

(9)

and, when Re>>1, the quality factor can be approximated as

Qlat ,approx = 2πf res ,lat

ρ Bbh + g 2,lat
g1,lat

.

(10)

The quality factor of laterally vibrating beams is predicted to
be higher than that of transversely vibrating beams due to the
decreased damping. The ratio of the quality factor of a
laterally vibrating beam to that of a transversely vibrating
beam of similar geometry is approximately given by

Qlat ,approx
Qtrans,approx

ρ bh + g 2,lat ΓI ,trans
.
= B
ρ B bh + g 2,trans ΓI ,lat

(11)

Note that the first fraction on the right hand side of (11) is
smaller than one (when b>h), as transversely vibrating beams
displace more fluid compared to laterally vibrating beams.
The second fraction is the ratio of the amounts of viscous
damping which is normally much greater than one for the
cases considered.
C. Mass sensitivity
The sensitivity of the resonant frequency to changes in the
beam mass, or the mass sensitivity, can be defined as [8]
Sm =

Δf .
Δm

⎛
⎛ω ⎞ d
(g 2,lat )⎞⎟⎟
2 M lat ⎜⎜ ρ B bhL + Lg 2,lat + L⎜ lat ⎟
ω
2
d
⎝
⎠
⎝
⎠

2

−

1
2 M lat

(13a)

When the damping is small, (8) represents a good
approximation to the exact definition [9]. The quality factor
of a laterally vibrating beam was previously derived as [3]

⎞⎞
⎟⎟
⎟⎟
⎠⎠

⎛ ωlat ⎞ d ⎛ g1,lat ⎞ ⎞ 2
⎛ g1,lat
⎞⎛ g1,lat
⎜
⎟
⎜
ω lat ⎟⎠⎜⎝
ω lat + ⎜⎝ 2 ⎟⎠ dω ⎜⎝
ω ⎟⎠ ⎟⎠ L
⎝

The second term in (13a) dominates the first term when
Re>>1. The mass sensitivity, Sm, can then be approximated as

(8)

⎛ ⎛
g /ω
Qlat = ⎜ 2⎜1 − 1 − 1,lat lat
⎜ ⎜
ρ B bh + g 2,lat
⎝ ⎝

(13)

(12)

S m, approx =

αi2
Eb 3 hL− 3 .
2π 4 3 (M lat )3 / 2

(14)

When the beam is operating in air or low viscosity media, the
effective mass can be approximated as the beam mass,
Mlat ≅ ρBLbh. In this case, the mass sensitivity has a
geometric dependence of h-1L-3. As the decrease in the
resonant frequency from air to water is small for laterally
vibrating beams, this geometric dependency mostly holds
when operating in a viscous liquid medium. Since the
chemical sensitivity is proportional to the mass sensitivity
multiplied by the volume of the sensing layer (e.g., Lbh2,
where h2 is the thickness of the sensing layer) the chemical
sensitivity is predicted to be proportional to (h2/h)*(b/L2). As
the resonant frequency is known to be proportional to b/L2
(e.g., [3]), beams with higher resonant frequencies are then
predicted to have higher chemical sensitivities.
The ratio of the mass sensitivity of a laterally vibrating
beam and that of the same beam vibrating transversely is also
dependent on the beams’ geometry. Using (14), this ratio can
be approximated as

S m,lat ,approx
S m ,trans ,approx

=

f res,lat M trans b ⎛ M trans
= ⎜⎜
f res ,trans M lat
h ⎝ M lat

⎞
⎟⎟
⎠

3/ 2

.

(15)

The effective mass of transversely vibrating beams is larger
than that of laterally vibrating beams. Thus, the increase in
the mass sensitivity when using lateral excitation compared
with transverse excitation will be equal to or greater than b/h.
Note again that thinner beams will benefit more when
operating in the in-plane flexural mode than thicker beams.
Also note that this ratio will be larger than the ratio of the
resonant frequencies by a factor of Mtrans/Mlat.

An analytical expression for the mass sensitivity can be
obtained using the same procedures described in [7]. The
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Figure 3: The predicted ratios of the first lateral and transverse resonant
frequencies as a function of the medium’s percent aqueous glycerol for a
200x60x6.7 μm beam

tend to be larger for shorter beams.
Due to the increased stiffness of operating in the in-plane
flexural mode, the resonant frequencies of laterally vibrating
beams will be higher than those of transversely vibrating
beams of similar geometry. When the effective mass can be
approximated by the beam mass (such as when operating in
vacuum or air), the predicted ratio of resonant frequencies of
laterally and transversely vibrating microcantilevers is
approximately equal to the ratio of their width and thickness.
When the beam is operating in a more viscous liquid medium,
this ratio of frequencies increases. The predicted ratio of the
resonant frequencies of a laterally and transversely vibrating
200x60x6.7 μm3 microcantilever is given in Fig. 3 as a
function of the percent aqueous glycerol in the operational
medium. This ratio is larger than the width to thickness ratio
of 8.95 due to the differences in the effective mass. As noted
before, the resonant frequency of a laterally vibrating beam
decreases with increasing percent aqueous glycerol. This
means that the increase in the ratio is due to the transverse
resonant frequency dropping more drastically than its lateral
counterpart as the viscosity is increased. Because a high
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The decrease in the resonant frequency of a 200x60x6.7
μm3 laterally vibrating beam due to the increase in the
viscous damping and displaced fluid mass as a function of the
percent aqueous glycerol is shown in Fig. 2. The theoretical
results calculated using (1) show similar trends; however, the
decrease in the experimentally determined resonant frequency
is smaller than the decrease in the theoretically predicted
resonant frequency. The predicted resonant frequency in
water is slightly different from the experimentally determined
value (1390.7 kHz vs. 1381.3 kHz, respectively). The
predicted decrease in the resonant frequency also has better
agreement with the experimental results for longer beams, i.e.
1000x90x10.9 μm3 beam. This suggests that the difference
could be due to effects that are not accounted for when the
assumption of a long beam is made. This assumption neglects
the effects of the shear and rotational inertia of the beam,
which cause the resonant frequency to be lower. These effects

18.5

res,lat

Experimental results for the resonant frequency and the
quality factor of laterally vibrating beams both in water and
aqueous mixtures of glycerol were obtained. The set-up used
to extract the experimental data is described in [10]. The
microcantilevers were laterally excited using thermal
excitation. The beam’s deflection as a function of excitation
frequency was obtained using a Wheatstone bridge fabricated
on the beam with the sensing resistors oriented so that the
bridge voltage could be related to the lateral deflection of the
beam. Solutions of varying aqueous percent glycerol (from
pure water to 20% w/w) were placed in a flow cell containing
the microcantilevers so that the beams were completely
immersed in the solution. The spectrum of each device was
then obtained and the resonant frequency and quality factor of
the first in-plane flexural mode were extracted. Several
microcantilevers were tested and sample results will be
discussed for selected geometries. The silicon-based
microcantilevers used in this work have a nominal silicon
thickness of either 4.8 or 9.0 µm and are covered with a 1.9
μm passivation layer on the top made up of alternating layers
of silicon nitride and silicon oxide (for fabrication details, see
[10]).
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Figure 2: Predicted and experimentally determined shift in the resonant
frequency of a 200x60x6.7 μm laterally vibrating microcantilever from
water to a solution of aqueous glycerol.
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Figure 4: Predicted and experimentally determined quality factors of a
200x60x6.7 μm laterally vibrating microcantilever as a function of percent
aqueous glycerol.
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assumption was made to neglect the edge effects near the end
of the beam in the lengthwise direction, and might not be
appropriate for the given geometry. It is noted that the quality
factors of longer beams (e.g. 1000x90x10.9 μm3) more
closely match the characteristics predicted by theory.
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Figure 5: The ratios of the quality factors of laterally (both predicted and
experimentally determined) and transversely vibrating beams (200x60x6.7
μm) as a function of percent aqueous glycerol (medium of operation).

resonant frequency is desired for sensing applications, it is
thus more advantageous to operate in the in-plane flexural
mode when operating in high-viscosity media.
The quality factor as a function of percent aqueous
glycerol for the same beam (200x60x6.7 μm3) is given in Fig.
4. The experimentally determined quality factors are larger
than the commonly obtained values for transversely vibrating
beams, which are usually on the order of 10 [11]. While the
experimental results show similar trends as the theoretically
predicted results, the experimentally determined quality
factors are larger than the theoretically predicted quality
factors. Calculated values for the quality factor using a
simpler expression given by [12] are also shown in Fig. 4.
However, this expression neglects the pressure effects of the
fluid on the smaller faces (of dimension h), i.e., it is based on
assuming only a Stokes-type fluid resistance on the top and
bottom faces of the beam. The theoretically predicted quality
factors would be smaller if the shear deformation and support
compliance effects were taken into account. Thus, these
effects are not the source of the discrepancy. Another
assumption made when the hydrodynamic forces were
estimated in [3] was that the beam was infinitely long. This

Regardless of the length used, the quality factor tends to
be higher when operating in the in-plane flexural mode
compared to the out-of-plane flexural mode. It is predicted,
when operating in air, that the quality factor of a 200x60x6.7
μm beam is a factor of 6.16 times larger for the in-plane
flexural mode than for the out-of-plane flexural mode. This
increase, unlike the resonant frequency, is expected to be
smaller when operating in a viscous liquid medium. Fig. 5
shows the predicted ratio of the quality factor of a
200x60x6.7 μm3 laterally vibrating silicon microcantilever
and that of a transversely vibrating microcantilever of the
same geometry as a function of percent aqueous glycerol. As
the experimental results show higher quality factor values
than the predicted theoretical results, this improvement is
expected to be higher when using the experimental results for
comparison. The improvement in the quality factor is also a
function of the beam’s geometry. For example, longer and
narrower beams will have a smaller increase in quality factor
when compared to shorter and wider beams. This is because
shorter and wider beams have higher resonant frequencies,
Reynolds numbers, and thus larger damping ratios.
The mass sensitivity was not experimentally determined
in this study. However, the mass sensitivity can still be
estimated for the 200x60x6.7 μm3 microcantilever as a
function of percent aqueous glycerol, and is given in Fig. 6.
While the predicted mass sensitivity is expected to decrease
as the percent aqueous glycerol increases, the rate of decrease
is much smaller than that of similar beams vibrating
transversely. For example, a 200x60x6.7 μm3 laterally
vibrating microcantilever in water is predicted to have a 3.26
Hz/pg mass sensitivity compared to a 0.0443 Hz/pg mass
sensitivity of the same beam vibrating transversely. When
the viscosity of the operational environment is increased to
1.734 cP (20% aqueous glycerol), the mass sensitivity of the
transversely vibrating beam decreases by 10.4% to 0.0397
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Figure 7: The ratio of the mass sensitivities of a laterally and a transversely
vibrating beam for a 200x60x6.7 μm microcantilever as a function of
percent aqueous glycerol in the operational medium.

Figure 6: Predicted mass sensitivity of a 200x60x6.7 μm laterally vibrating
microcantilever as a function of percent aqueous glycerol.
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frequency in air). When compared to transversely vibrating
beams, the predicted characteristics (i.e. the resonant
frequency, quality factor, and mass sensitivity) are shown to
be higher. Considering the resonant frequency and mass
sensitivity, this increase is larger for media with higher
dynamic viscosities. These improvements result in an almost
two orders of magnitude higher chemical sensitivity in
viscous solutions. Besides for chemical sensing, this is ideal
for biosensor applications where biofluids may have higher
viscosities than water. It is also shown that shorter and wider
beams will have higher quality factors and larger
improvements in their mass sensitivity compared to
transversely vibrating microcantilevers. This indicates that
the limit of detection of microcantilever bio-chemical sensors
operating in the in-plane flexural mode will be lower than
that of microcantilevers operating in the out-of-plane flexural
mode in liquid-phase sensing applications.
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Figure 8. The mass sensitivity of a laterally vibrating 200x60 μm
microcantilever in water as a function of beam thickness.
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Hz/pg, while the same beam laterally vibrating only decreases
by 2.76% to 3.17 Hz/pg. This indicates a further
improvement in more viscous fluid. The ratio of the mass
sensitivity as a function of percent aqueous glycerol is given
in Fig. 7.
The ratio of the chemical sensitivities, assuming the same
geometry and sensing layer, is the same as the ratio of the
mass sensitivities. If the thickness of the beam is decreased,
this ratio would be even larger, as the mass sensitivity is also
a function of the beam’s geometry. Shorter and thinner beams
are expected to have higher mass sensitivities. The predicted
mass sensitivity of a 200x60 μm2 silicon microcantilever in
water as a function of thickness is given in Fig. 8. Note that
the mass sensitivity is predicted to initially increase with
increasing thickness. This increase occurs because, for small
thicknesses, the fluid mass dominates the beam mass. It’s
noted that the stiffness is linearly dependent on the thickness.
When the beam mass dominates the fluid mass as the
thickness increases, the mass sensitivity decreases. However,
as discussed in [3], the quality factor will also increase with
increasing thickness. As the limit of detection is a function of
both the chemical sensitivity (which depends on the mass
sensitivity) and the quality factor, both must be considered
when choosing the appropriate thickness of a microcantilever
for a given application. However, increasing the width will
increase the quality factor while not greatly affecting the
mass sensitivity of laterally vibrating beams; and decreasing
the length will increase both the quality factor and the mass
sensitivity of laterally vibrating beams.
IV.

CONCLUSIONS

It is shown that laterally vibrating microcantilevers can be
excited and have relatively high (20 to 60) quality factors,
even when operating in media with higher viscosity than
water. The resonant frequency of laterally vibrating beams in
a viscous liquid medium is also observed to experience
relatively insignificant decreases (compared to its resonant
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Abstract— A phononic crystal device is investigated as a sensor
platform combining bandgap engineering with resonant
transmission. Here we apply a regular phononic crystal with a
solid matrix and liquid filled holes, fully immersed into the
liquid with incidence direction of sound normal to the plate.

I.

INTRODUCTION

Phononic crystals are periodic composite materials with
spatial modulation of acoustically relevant parameters like
elasticity, mass density and longitudinal and transverse
velocities of elastic waves. When applied as sensor, the
material of interest constitutes one component of the phononic
crystal, e.g., a fluid in the holes of a regular phononic crystal
having a solid matrix. If the value of interest, here the
concentration of one component in a liquid binary mixture,
changes acoustic properties of this mixture, the acoustic
properties of the phononic crystal will also change.
Transmission or reflection coefficients are appropriate
parameters for measurement and used to localize a
characteristic feature of the phononic crystal. For a sensor
application, a transmission peak within the band is the most
favorable feature since the respective frequency of
maximum/minimum transmission is easy to determine. The
sensor scheme therefore relies on the determination of the
frequency dependence of maximum transmission on the
physical or chemical value of interest.
The sensitivity of the sensor, Sf can be defined as the ratio
of frequency shift, Δf, and change of the input parameter, Δx:

Sf =

Δf
Δx

(1)

Similar to acoustic microsensors the sensitivity has been
found to be dependent on the probing frequency, f0. We
furthermore consider a certain frequency measurement
resolution by taking the peak half band width, fHBW, into
account. We define therefore a reduced sensitivity, Sfr, which
gives much better insights to the sensor capabilities:

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Sf =

Δf
Δx f 0 Δf HBW

(2)

We recently have applied the one-dimensional concept for
the first time with an arrangement of parallel solid plates and a
liquid-filled gap in-between to determine the concentration of
propanol in water [1,2]. This kind of realization is a reduction
of a phononic crystal to one dimension in its most simple
form. The difference of the acoustic impedance between
aluminum, the material the solid plates are made of, and the
liquid, the water-propanol mixture in the gap and pure water
surrounding the phononic crystal is large enough to create a
band gap sufficiently large for sensing purposes. We have
designed the phononic band gap that a broad transmission
window appears at the resonance frequency of the ultrasonic
transducers used for generation and detection of ultrasonic
waves. The narrow transmission peak sensitive to the
composition of the liquid mixture in the gap emerges in the
fist band gap below. The sensitivity Δf/Δx2 in the
concentration range between x2 = 0–0.035 of 1-propanol (0–
10%) is about 1.086 MHz, the reduced sensitivity is about
0.19 kHz-1. One can estimate a limit of detection of propanol
of about 0.1%, which has good practical relevance.
Although the one-dimensional approach can be reduced by
size, one always has to realize a certain aspect ratio between
radius of the plates/gaps and thickness of the plate/gaps.
Moreover, the sensor only probes bulk properties since only
longitudinal waves are useful.
We therefore go the next step and apply a two-dimensional
regular phononic crystal keeping the incidence of sound
normal to the plate. Still, a certain diameter of the plate is
required, however, more opportunities exist in miniaturization.
In addition, this realization features rich physics which can be
applied in different sensing schemes based on different modes
which are excited in the plate by the incoming longitudinal
wave. Here we concentrate on the most apparent feature, the
so-called extraordinary acoustic transmission phenomenon [3].
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II.

THEORY

Extraordinary acoustic transmission through plates has
been found for several geometries, e.g., through metal plates
with narrow gratings [4], sub-wavelength hole arrays [5-10]
and through plates coupled by pillars [11,12] or a plate having
linear gratings on both sides [13]. There are no generally
recognized theory or conceptual framework concerning EAT,
though the behavior of acoustic waves propagating through
these structures has been a subject of intensive research.
Extraordinary transmission has been attributed to the coupling
between the compositions of diffractive waves excited on the
surfaces of the grating and the Fabry-Perot resonant modes
inside the apertures [4]. Evanescent waves are assumed
altering Fabry-Perot resonance conditions and resonance can
occur in apertures less than half wavelength of the incident
wave. Resonance is smoothly linked to the surface-wave-like
modes induced by the periodic structure factor [5,6]. Several
transmission mechanisms are involved which produce a
complex interplay phenomena, specifically interaction among
holes arranged in an array and direct transmission through the
bulk material [7]. When varying the thickness of the plate, the
transition from the Fabry-Perot resonances (thick plate limit)
to the structure-factor-induced surface modes resonance (thin
plate limit) will take place. We have chosen a thin plate whose
thickness is smaller than the minimum half wavelength of the
scanned frequency range. The structure we have used consists
of a steel plate with liquid-filled holes in square arrays. The
lattice distance is 1.5 mm, the thickness of the plate is 0.5 mm
and the diameter of the hole is 0.5 mm.
The three-dimensional finite-difference time-domain
(FDTD) method has been applied to calculate the transmission
spectrum through the plate. The elastic wave equation in
homogeneous solids is given by equation (3) and (4):
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u (r ) is the displacement vector， λ (r ) and μ (r ) are the
K
Lame coefficients, and ρ (r ) is the mass density. One obtains
the relation equations of stress (T) and the velocity (v) by
using discretization of the equations in both space and time
domains. In the FDTD calculations, we have chosen a
computational cell with dimension 30×30×300 grid points,
corresponding to 30 grid points per lattice constant. A spatial
grid with mesh size Δx = Δy = Δz = 0.05 mm has been used.
The faces of the computational cell normal to x and y axes are
chosen to have Bloch boundary conditions, while the faces
normal to z axis (the top and bottom ones) have Mur’s
absorbing boundary conditions. For transmission spectrum
calculations, a broad band wave packet is launched to
illuminate the plate with a normal incidence. The transmitted
signal is recorded as a function of time. The frequency
dependence of the field at a particular point can be obtained by
fast Fourier transforming the time results. The transmission
coefficient is calculated by dividing the transmitted energy
flux by the energy flux of the incident wave.
COMSOLTM simulations have been performed revealing
further insights. We especially have been concentrating on
coupled elements: liquid confined in the holes, regular set of
portions of the plate surrounded by the holes and regular set of
holes with adjacent portions of the plate. Each of these
elements has their own set of modes and each of these modes
can support either transmission or reflection. Eigenfrequencies
of each of these elements depend on the boundary conditions
including rheological properties of the liquid, which may lead
to sensing schemes not considered so far.
III.

EXPERIMENTAL

Different liquid properties are obtained by gradually
changing the liquid in the holes and the surrounding from pure
DI-water to a series of liquid mixture with different molar
concentration of 1-propanol similar to [1,2]. Density and
sound velocity have been taken from [3]. Whereas density
decreases monotone with molar ratio of 1-propanol from
998 kg m-3 for pure DI-water to 804 kg m-3 (about 20 %)
speed of sound increases from 1483 m s-1 to a maximum of
1588 m s-1 at x2 = 0.056 (7 %) and decreases to 1220 m s-1 (for
pure 1-propanol (-25 %; with respect to water).
The transmission curves have been obtained using a
network analyzer (Agilent 4395A) together with an Sparameter test set (Agilent 87511A). Transmission S21 has
been measured with and without sample in place respectively.
The transmission amplitude is obtained by normalizing with
the amplitude of the equivalent setup without the sample.
Several stages have been used to fix and align the sample
parallel between two piezoelectric transducers with a central
frequency of 1 MHz having a half bandwidth of 45 kHz,
Fig. 1. Although the signal amplitude reduces considerably off
the resonance, the amplitude is still sufficiently above the
noise floor. The distance between the transducers and metal
plate is large enough to avoid the near field effect and multiple
reflections. A small tank contains the liquid. Porous plastic
discs have been placed in the container to reduce unwanted
reflection of the acoustic waves at the container walls.
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Figure 1. Photo of the experimental setup

IV.

Figure 2. Results of resonant frequency vs. molar concentration of 1propanol in the liquid mixture. The black curve with triangular symbols
reflects the FDTD simulation and the red curve with circular symbols
summarizes the experimental results. The maximum transmission peak
frequency corresponds to the extreme in speed of sound at molar ratio
x2 = 0.056. The inset reflects speed of sound of the liquid mixture.

RESULTS

We observed both in FDTD simulation and in experiment
that the frequency of resonant transmission peak significantly
changes with the molar ratio of 1-propanol in the liquid
mixture, Fig. 2. This finding resembles the results of
measurement and simulation of the one-dimensional
arrangement [1,2]. Specifically, the shift of the maximum
transmission peak frequency again reflects the difference in
speed of sound. The highest resonance frequency appears at a
molar ratio x2 = 0.056, corresponding to the maximum
acoustic velocity of the mixture. The sensitivity Δf/Δx2 in the
concentration range between x2 = 0–0.035 is about 3 MHz and
three times larger, the reduced sensitivity is about 0.065 kHz-1
and hence only 3 times smaller than in the one-dimensional
case. The major contribution for this decline in the reduced
sensitivity is the 8 times larger half band width of the
extraordinary transmission peak. Figs. 4 a-d (next page) reveal
another effect not yet understood, the decline of the peak
maximum. Viscosity changes of the liquid mixture are not
very likely, since this value has also passes an extreme
whereas the peak amplitude decreases monotone. Finally,
Fig. 4 exhibits also a systematic frequency difference between
simulation and experiment. Further analyzes reveal the reason
for the difference. We have found that only a slight difference
in the lattice constant between the fabricated sample and the
design can cause this shift whereas the peak frequency is
much less sensitive to similar deviations in the hole diameter
as well as in the acoustic velocity of steel.
Fig. 3 exemplarily shows acoustic wave propagation
through the device at the frequency of extraordinary
transmission. First of all, the calculations confirm earlier
findings, the sound pressure before and after the phononic
crystal is the same. The value is much higher in the hole, an
effect which does not appear having only one hole in the plate.
Fig. 3 also demonstrates the excitation of several modes in the
plate by the incoming longitudinal wave which very much
depend on the frequency. The extraordinary acoustic
transmission peak must therefore be attributed to ‘collective’
resonances of the liquid inside the holes.

Figure 3. Comsol Simulation of the extraordinary transmission of sound
through an array of sub-wavelenth holes

V. CONCLUSIONS
Regular 2-dimensional phononic crystals in an
arrangement with normal incidence of sound can be used as
sensor to determine acoustic properties of liquids like speed of
sound concentration of a component in a mixture with
sensitivities comparable to ultrasonic sensors. The sensing
effect is based on collective resonances inside the holes, hence
the principle can be used for very small volumes.
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Abstract—This work addresses the importance of ambient
conditions in the design of a sensor system for real-time
monitoring of contaminated water sites and groundwater in situ
for fuel and oil spills. The sensor system is based on shearhorizontal surface acoustic wave devices with chemically
sensitive polymer coatings for analyte sorption. In addition to
the use of a sensor array, evaluation of response time
(absorption time constant) is discussed as a tool for analyte
identification. The influence of relevant ambient parameters
(temperature, pH, salinity) on the sensor response is described,
and resulting requirements for the design of the sensor system
are discussed.

I.

INTRODUCTION

Various types of chemical compounds are known to pose a
demonstrable or potential health hazard through contamination
of groundwater. This has resulted in the introduction of legal
limits for a broad range of these compounds both for industrial
effluent and for drinking water [1]. Current methods for
monitoring contaminants include gas/liquid chromatography
and mass spectroscopy. Although these methods can be very
accurate, they often require samples to be taken to laboratories
for analysis, are very time consuming, and relatively
expensive. Moreover, vital information can be lost during
sample collection, transportation, and storage. Therefore, there
is a need to develop in-situ monitoring systems for rapid
analysis and characterization of samples. An ideal solution
would be a compact, portable sensor system that permits realtime monitoring of critical sites for contamination. Various
types of sensor systems have been proposed for this
application, including acoustic wave sensor devices [1]. It has
been demonstrated that shear-horizontal surface acoustic wave
(SH-SAW) sensor devices can be used to detect small
concentrations of chemical and biochemical analytes in situ in
liquid phase [2]–[4]. In addition, SH-SAW sensor systems can
be made small and portable [1]. This permits real-time,
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distributed monitoring of groundwater or contaminated sites
without the need to collect samples and analyze them off-site
in a laboratory. Consequently, such sensor systems show the
potential to reduce analysis time and cost. In addition, they
can be used to gain a more detailed and comprehensive
understanding of the distribution and dispersion pathways of
chemicals in contaminated sites.
In contrast to a controlled laboratory environment, this
approach requires a very thorough understanding of the ways
a changing environment will affect the sensor system. For
example, it has been shown that the responses of absorptionbased vapor sensors can be significantly influenced by
environmental parameters such as ambient temperature, which
affects the partitioning of analyte vapor into polymer sensing
films [5]–[7]. For in-situ measurements where ambient
parameters cannot always be controlled, it is crucial to
understand such effects and to compensate or correct for them
by appropriate system design.
In this work, the investigation of a SH-SAW sensor system
to detect aromatic hydrocarbons at trace levels in
contaminated water in situ and in real time is reported.
Aromatic hydrocarbons such as benzene, toluene,
ethylbenzene, and xylenes (the BTEX compounds) are major
components of gasoline and diesel fuels [8] and therefore are
important targets in groundwater and contaminated site
monitoring. In this application, temperature, pH, and salt
concentration of a particular monitoring site depend
significantly on various factors including geographic location.
Active control of the environmental variables would require
unacceptable increases in system complexity, size, and power
consumption. Therefore, the influence of temperature and
other ambient parameters such as pH or salt concentration on
the sensor response must be determined. Results can then be
used to develop a system for accurate in situ measurement of
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trace concentrations of aromatic hydrocarbons such as BTEX
in contaminated water.
II.

EXPERIMENTAL

A.

Sensor Design
The sensor platform used in this work consists of a
piezoelectric substrate (36° rotated Y-cut, X-propagation
LiTaO3) supporting a SH-SAW, and electrodes (interdigital
transducers, IDTs) with a periodicity of 40 µm. This
corresponds to a frequency of operation of about 103 MHz.
The entire device (including the IDTs) is coated with a
chemically sensitive polymer and immersed in the liquid to be
monitored. A schematic of the sensor device is shown in Fig.
1. For simplicity, Fig. 1 shows only a single SH-SAW sensing
channel; the actual device consists of a dual delay line design
where the second SH-SAW channel is coated with
poly(methyl methacrylate) (PMMA) baked for 120 min at 180
°C and serves as a reference line. It is noted that the treatment
of the PMMA, which results in a glassy polymer layer,
prevents analyte absorption. The purpose of the reference
channel is to compensate for signal drift due to secondary
effects such as changes in temperature.
Various polymers have been investigated as chemically
sensitive coatings. In this work, poly(ethyl acrylate) (PEA),
poly(epichlorohydrin) (PECH), and poly(isobutylene) (PIB)
have been used. The polymers were deposited from solution
by spin coating and baked for 15 min at 60 °C, resulting in
thicknesses ranging from 0.5 to 1.0 µm as indicated below.
The design of the SH-SAW sensor platform has been
described in detail in previous work [2], [4].
B. Materials and Instrumentation
Among the polymers used in this study, only PEA was
obtained as a solution (20% w/v in toluene, Sigma-Aldrich).
The other polymers were obtained in undissolved form from
Sigma-Aldrich (PECH, PIB) and Scientific Polymer Products
(PMMA), respectively. PECH and PIB were dissolved in
chloroform (99.8%, Sigma-Aldrich), and PMMA was
dissolved in 2-ethoxyethyl acetate (98%, Sigma-Aldrich). Spin
coating of the polymers was performed using a Specialty
Coating Systems 6708D spin coater. All chemicals were used
as received.
The BTEX compounds were obtained from Sigma-Aldrich
and had the following purities: 99.8% (benzene and toluene),

99% (ethylbenzene), and 98.5% (xylenes, mixture of isomers),
respectively. Only filtered and degassed DI water (Milli-Q)
was used throughout this study. For pH-dependent
measurements, pH was adjusted using potassium phosphate
dibasic and potassium phosphate monobasic (both 98%,
Sigma-Aldrich); all pH values were verified using a pH meter
(Corning 220). NaCl (99%) was obtained from Sigma-Aldrich
as well.
The experimental set-up consisted of a network analyzer
(Agilent 8753ES) and a switch/control system (Agilent
3499A) to switch between the two SH-SAW channels. The
sensor was placed inside a flow cell made in-house, and the
pump (Eppendorf EVA) was set to a sample flow rate of 0.4
mL/min. Temperature was held constant at 22.0 ± 0.1 °C; for
the temperature-dependent measurements, the temperature of
the flow cell and sensor device was varied using a Peltier
element (Custom Thermoelectric TEC module).
III.

THEORETICAL CONSIDERATIONS

Generally, the absorption of an analyte by a polymer
coating on an acoustic wave sensor device affects both the
velocity and the attenuation of the acoustic wave. For this
study, priority is given to the change in acoustic wave velocity
which is measured by a network analyzer as a proportional
change in frequency. Acoustic wave loss (attenuation) has
sometimes been investigated only for the purpose of
interpreting the observed frequency changes.
Absorption of the analyte into the polymer coating will not
only increase the mass loading on the sensor surface but will
also lead to swelling of the polymer, accompanied by changes
in its shear modulus. Both mechanisms will affect the
characteristics of the acoustic wave. The resulting change in
frequency, Δf, can be expressed as [4]:
Δf = ΔfC CAmb KP-L (1 / (ρP + CW) + β).

(1)

In this equation, ΔfC is the frequency shift due to the
coating (including water absorbed by the coating), CAmb is the
ambient concentration of the analyte, KP-L is the partition
coefficient of the analyte between polymer and liquid phase,
ρP is the density of the polymer, CW is the concentration of
water in the polymer, and β is a sensitivity coefficient which is
a function of device, polymer, and medium properties and
contains the viscoelastic contributions to the sensor signal.
Equation (1) implies that viscoelastic contributions in Δf are
linear with ΔfC and CAmb. Note that this applies only for small
coating thicknesses and low analyte concentrations.
For some polymers, partition coefficients have been
calculated for the liquid phase [9], [10]. For the BTEX
compounds, liquid-phase partition coefficients for PECH and
PIB are summarized in Table I.

Fig. 1: Schematic of the SH-SAW sensor device.

Various groups have performed calculations to determine
the effect of the viscoelastic parameters of a sensor coating on
both frequency and loss of an acoustic wave [3], [11], [12]. Li
et al. investigated the effect of the complex shear modulus of a
polymer coating, G = G’ + jG’’, and determined the influence
of a variation in G’ and G’’ on acoustic wave velocity, v, and

423

IV.

Table I: Calculated partition coefficients in aqueous phase, KP-L,
for two polymers, PECH and PIB [9], [10].
Analyte
Benzene
Toluene
Xylenes
Ethylbenzene

PECH
67
249
700
673

RESULTS AND DISCUSSION

Coated sensor devices were exposed to various
concentrations of BTEX compounds in water to evaluate the
performance of the various coating materials in the liquid
phase. Sample results are shown in Fig. 3 for the detection of
ethylbenzene using a 1.0-µm-thick PEA coating.

PIB
30
140
458
464

acoustic wave loss of a coated sensor device in liquid phase
[3], [12]. Results of these calculations are shown in Fig. 2.
While the exact dependence of the shear moduli of the
polymers used in this study as a function of temperature and
analyte concentration is not known, such calculations can
nevertheless serve as a guideline to the interpretation of
experimental observations. As Fig. 2b indicates, the influence
of shear modulus on acoustic loss is generally small for glassy
or moderately rubbery polymers but can rapidly increase as
the polymer gets softer. It is well known that the shear
modulus of a polymer depends on temperature in a complex
way [13], undergoing a rapid decrease around the glass
transition temperature, Tg, and changing at a lower rate in the
rubbery regime above Tg. The exact behavior of the shear
modulus in the rubbery regime depends on the type of
polymer [13]. The chemically sensitive polymers used in this
study have glass transition temperatures below the freezing
point of water (see Table II), and thus will be in the rubbery
state in groundwater monitoring applications.

Assuming non-specific sorption of the analytes into the
polymer, Henry’s law should be valid at low concentrations
[15], and the measured frequency shift should be linear with
concentration. For the coating, type of analyte, and
concentration range investigated in Fig. 3, this assumption
appears to be valid. Measurements were conducted for a larger
concentration range to test the limits of Henry’s law. Fig. 4
shows the result for benzene and a PEA-coated device.
In Fig. 4, no systematic deviation from a linear fit can be
observed (only a small and random scatter of the data due to
manual pipetting in sample preparation is noticeable). For this
example, as well as for other analytes and sensor coatings,
Henry’s law was always observed to be valid for

While exact data on the mechanical properties of our
chemically sensitive polymers in the rubbery regime are not
available from the literature, experimental observation shows
an increase in acoustic loss with temperature for all three
polymers around room temperature (data not shown). This
observation implies a further softening of the polymers as the
temperature is increased beyond Tg.

Fig. 3: Frequency response of a SH-SAW device coated with 1.0
µm PEA to various concentrations of ethylbenzene in water;
concentrations are indicated on the graph (1 ppm = 1 mg/L). The
analyte was flushed out with water between individual samples.
The signal was corrected for baseline drift.

Fig. 2: Calculated change in acoustic wave velocity (a) and loss
(b) as a function of polymer thickness for three different real parts,
G’, of the polymer shear modulus, G. The imaginary part was kept
constant at G’’ = 0.8 GPa.
Table II: Glass transition temperatures, Tg, for the chemically
sensitive polymers used in this study [12], [14].
Polymer
PEA
PECH
PIB

Tg (°C)
-25…-22
-22…-15
-73

Fig. 4: Equilibrium frequency shift of a SH-SAW device coated
with 1.0 µm PEA vs. benzene concentration in water (1 ppm = 1
mg/L). The blue line is a linear fit to the experimental data
(circles) with slope indicated on the graph.
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concentrations below 50 mg/L.
The ultimate goal of the design of the SH-SAW sensor
system is to identify and quantify a given analyte in the
presence of other contaminants. Therefore, the system needs a
certain degree of selectivity. Non-specific analyte sorption is
associated with partial selectivity, permitting analyte
identification using an array of sensors with different coatings
[16], [17]. An example of partial selectivity is reflected in the
data presented in Table I. However, it should be noted that the
partition coefficients depend on thermodynamic driving forces
based on two input variables: the affinity of the coating for the
analyte, and the solubility of the analyte in the liquid phase. In
order to judge the partial selectivity of a given coating for an
analyte, the measured frequency shift has to be divided by
analyte solubility. In addition, since the sensor response is
predominantly based on mass loading, the data should also be
normalized with respect to analyte molar mass in order to
compare data in terms of the number of molecules absorbed
into a coating. If both normalization procedures are applied, a
parameter is obtained which permits a thermodynamically
more meaningful comparison of different coating materials:
Δf (normalized) = (Δf / MW) / (ΔCAmb / CS).

(2)

In this equation, MW is the analyte molar mass, and CS is
the analyte solubility; the other variables are defined as in
Equation (1). Data for solubilities and molar masses of organic
hydrocarbons have been taken from the literature [18].
Experimental results have been collected for the detection
of 20 mg/L of the BTEX compounds and the three chemically
sensitive polymers investigated. The data have been
normalized according to Equation (2) and are presented in Fig.
5. Of the BTEX compounds, benzene is the most hazardous to
human health. Therefore, coating materials have been selected
with a focus on maximum partial selectivity for benzene, and
the data in Fig. 5 have been normalized to the respective value
for benzene for each coating material.
A useful concept to understand the interaction between
two substances is the Hildebrand solubility parameter [19],
which measures the cohesive energy density of a given
substance, i.e. the amount of energy needed to remove a unit

volume of molecules of this substance from their neighbors to
infinite distance. The cohesive energy contains various
contributions from polarity, polarizability, hydrogen bonding,
etc. Chemical substances with similar solubility parameters
will usually show good solubility in each other. Fig. 5
indicates that PEA shows the strongest partial selectivity for
benzene. This is in agreement with the fact that PEA and
benzene have almost identical Hildebrand solubility
parameters [19].
Fig. 5 also shows slightly different response patterns for
the investigated polymers, a fact that can be exploited for
pattern recognition. However, since this effect is not
pronounced, this study also investigates the potential of the
sensor response time to be an additional tool to identify a
given analyte. To use response time as an input parameter for
pattern recognition, an appropriate mathematical procedure
must be identified to extract this parameter from experimental
data. This has been done by modeling experimental response
curves with an exponential fit using a state-space model [4]:
y(t) = y0 (1 – exp(–t / τ)).

(3)

In this equation, y(t) is the frequency change as a function
of time, starting at the moment the analyte is added. The
response time, τ, has been determined for 20 mg/L of each
BTEX compound. Results are given in Table III for two
polymer coatings.
Note that the coating thickness has to be known because it
affects the value of τ. On the other hand, it was observed that τ
is independent of analyte concentration within experimental
error. Also note that benzene has a very short response time, a
fact that might be useful for rapid extraction of benzene
concentration from the sensor array response in the presence
of other contaminants. In light of these findings, both
equilibrium frequency change and response time were
evaluated for their dependence on ambient parameters.
Fig. 6 shows an example of the influence of ambient
temperature on the frequency response of a device coated with
0.5 µm PIB. The change in device loss is also presented, as it
will be helpful in the interpretation of the results. The
equilibrium frequency change is not much affected by ambient
temperature; however, the latter does affect both the response
time and the change in device loss. Fig. 6b shows that the
change in loss increases with temperature, a result which is in
agreement with the assumption that the polymer gets softer
with increasing temperature as discussed in section III. The
increase in softness is also expected to facilitate analyte
diffusion into the polymer, thereby reducing response time.
Table III: Response times, τ, extracted from experimental data for
the detection of 20 mg/L of the BTEX analytes with two polymer
coatings, 1.0 µm PEA and 0.6 µm PECH, respectively.
Analyte
Benzene
Toluene
Xylenes
Ethylbenzene

Fig. 5: Normalized frequency shifts for the BTEX compounds for
sensors coated with 1.0 µm PEA, 0.6 µm PECH and 0.5 µm PIB,
respectively. Data have been normalized as described in the text to
extract the effect of partial selectivity of the polymers.
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τPEA (s)
63
98
262
265

τPECH (s)
52
92
241
216

Table IV: Response times, τ, and equilibrium frequency shifts, y0,
extracted from the exponential fits shown in Fig. 7 for detection of
10 mg/L toluene using a device coated with 0.6 µm PECH.
TAmb (°C)
13
17
25

V.
Fig. 6: Frequency shift (a) and change in device loss (b) for
detection of 200 mg/L toluene for a sensor coated with 0.5 µm
PIB, measured at four different temperatures as indicated on the
graphs (in °C). The signal was corrected for baseline drift.

In order to quantify the effect of temperature on both
frequency shift and response time, response curves measured
at different temperatures were modeled with exponential fits
according to Equation (3), and data for equilibrium frequency
shift, y0, and τ were extracted. Results for the detection of 10
mg/L toluene using a device coated with 0.6 µm PECH are
shown in Fig. 7; the extracted fitting parameters are listed in
Table IV.
Table IV shows that while y0 is only slightly affected by
temperature, τ varies by more than a factor of two in the
temperature range investigated. Similar findings were made
for the other investigated chemically sensitive polymers.
An additional set of experiments was conducted where the
pH value of the aqueous phase was varied between 5.5 and 8,
and the BTEX compounds were detected at each respective
pH value. It was shown that pH had no significant impact on
either frequency shift or response time (results not shown). In
another set of experiments, the salinity of the aqueous phase
was varied by adding NaCl in concentrations of 0 to 3%.
Again, it was found that salinity has no significant influence
on either frequency shift or response time in BTEX analyte
detection. This is important if the device is to be used for
detection in contaminated ocean or brackish water sites.

Fig. 7: Exponential fits for the frequency-vs.-time responses
measured for detection of 10 mg/L toluene using a device coated
with 0.6 µm PECH, measured at three different temperatures as
indicated on the graph.

τ (s)
210
133
95

y0 (kHz)
-4.48
-4.45
-4.69

CONCLUSION

A system using polymer-coated SH-SAW sensor devices
was presented, which is under investigation for the detection
and monitoring of BTEX compounds in groundwater or
contaminated sites. It was shown that in addition to using the
partial selectivity of the polymer coatings, it will be useful to
evaluate the response time as an additional sensor parameter
for pattern recognition. Since the sensor system is going to be
used in situ, the influence of various ambient parameters on
both the frequency shift and response time of the sensors has
been investigated.
It is known that the temperature of groundwater and
contaminated water sites depends on geographic location. In
the US (Alaska and Hawaii not included), near-surface
groundwater temperatures vary between about 5 °C and 25 °C
[20]. In addition, the acidity and salinity of groundwater and
contaminated water can vary significantly. It was shown that
the influence of all three ambient parameters investigated on
the equilibrium frequency shift is small. Therefore, the latter is
regarded as a robust parameter under field conditions. Within
the relevant range, groundwater acidity and salinity also have
little influence on response time for the polymers investigated.
In contrast, it was shown that ambient temperature
significantly affects the response time of polymer-coated
sensors.
It was observed that both the baseline acoustic wave loss
and the change in loss upon analyte sorption increase with
temperature for the investigated chemically sensitive
polymers, indicating a softening of these polymers with
increasing temperature. Theoretical calculations [12] show
that a decrease in shear modulus of a polymer can under
certain conditions lead to a large change in acoustic loss but
only a minor change in frequency, in agreement with
experimental observations in this study. The softening of the
polymer is also consistent with the faster response times
observed for higher temperatures [21], [22].
The above findings suggest two alternative routes for the
design of a sensor system for monitoring of groundwater or
contaminated sites. A sensor array with pattern recognition
based solely on using equilibrium frequency shift data would
be the more straightforward approach because the influence of
all the investigated ambient parameters on frequency shift is
insignificant. However, such a system would have to rely on
the limited partial selectivity of the polymer coatings for
analyte identification. This might result in a decrease both in
reliability in analyte identification and in accuracy in analyte
quantification, and likely would preclude accurate analysis of
analyte mixtures.
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Therefore, a second approach is proposed that uses both
equilibrium frequency shift and response time as sensor
parameters for pattern recognition. It has been shown that
response time is a powerful parameter in analyte identification
(see Table III). In this case, the design of the sensor system
requires that ambient temperature be monitored and used as an
input parameter to compensate for the dependence of response
time on temperature. This could be achieved by adding a small
thermal sensor to the sensor array, and by modifying the
pattern recognition software to take into account this
additional parameter. It is expected that this approach will lead
to better performance of the sensor system in analyte
identification and ultimately will facilitate mixture analysis.
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Abstract—A novel surface acoustic wave flow sensor is

studied in this paper. ST-X cut quartz SAW delay line
device is chosen for its ultra-high temperature
stability. Test chamber is designed and built using
acrylic plate and the SAW device is mounted on the
chamber wall. Test Results show that SAW flow sensor
has a linear relationship between the passing flow rate
and system phase delay. The system has a response
resolution of 4.24Deg / kPa in terms of pressure or 1
degree phase change for flow rate change of every
11.8ml/min. The change of resonant frequency is
found to be not as obvious as phase change. The
system can be further integrated with wireless system
for remote on site monitoring.

I.

receiver.
The response of the ultrasonic wave, including resonant
frequency, magnitude and phase change depends on the flow
rate through the pipe. However, the power consumption of
these sensors makes them hard to be used in portable devices
or remote areas where power supply is a challenge.
For pressure driven laminar flow, as shown in Fig. 1, the
pipe wall is subject to pressure along the flow direction. The
pressure on the wall decreases linearly towards the exit.

INTRODUCTION

Fluid flow sensor has broad applications in various
industrial and research operation monitoring and control. It’s
especially important to have accurate flow measurement in
some aero-space technology applications and some of the
cutting edge research projects.

(a)

X2
p(X1)

There has been numerous flow sensors, some of them
already commercialized. Traditional mechanical flow sensors,
such as venturi flow meters [1] and pitot tube flow meters [2],
do not require power supply, and have simple structures.
However, the readouts of these traditional flow sensors are not
compatible with electronic system, making them unsuitable
for modern applications.
Modern electronic flow sensors can be divided into several
categories based on operation principles. One of the most
important types of flow sensor is thermal flow sensor [3],
including hot-wires anemometers, calorimetric flow sensors.
They usually have a heater and at least one temperature
sensing element to measure, e.g. the heat transfer from the
heater to the thermometer. These flow sensors can have broad
measurement range, from micro fluid measurement to
macroscopic petroleum transport pipes. It’s also convenient to
integrate these sensors into CMOS circuit same chip control.
The other important type of flow sensor is ultrasonic flow
sensor [4]. The sensing structure is clamped to the outside wall
of the pipe, where ultrasonic wave travels through the flow
and is reflected back through the flow and intercepted by the
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Fig. 1. Schematic view and Physics model of flow sensor. (a) schematic view
of the pipe and sensor. (b) Sensor is subject to linearly decreased pressure. (c)
Normal pressure can be simplified as uniform for small sensor surface area.
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When a sensor is mounted on the pipe wall, the sensor will
also be subject to linearly decreased pressure. For sensor with
small surface area compared to pipe dimension, the pressure
can be assumed to be uniform as shown in Fig. 1(c).
Previous research [5] showed that, for laminar flow, the
pressure difference between specific point on pipe wall and
flow exit depended linearly on flow rate. The normal pressure
and shear stress on the pipe wall can be calculated as equation
(1) and (2).

(1)

(a)

(2)
The calculated shear stress on the pipe wall is three order
magnitudes less than the normal stress thus can be ignored.
Since flow rate depends linearly on pressure, the flow
meter essentially functions as a pressure sensor.
To facilitate the integration of wireless module, surface
acoustic wave (SAW) is chosen as the sensing method. SAW
sensor has been widely used for its low power consumption
and easy operation and compatibility with wireless.
There has been some research on SAW pressure sensor
design and fabrication [6]. However, the fabricated sensor is
based on LiNbO3 and has two-layer chamber structure. Since
LiNbO3 is temperature dependant, the pressure sensor is
unstable without proper temperature compensation. The twolayer structure also makes it unsuitable for flow sensor
application.
ST-X cut quartz is selected for flow sensor due to its
excellent temperature stability. Plate structure is used for
fabrication simplicity.

(b)

Fig. 2. Two ports SAW sensor structure

Fig. 3. Simulation of the substration deformation under pressure.
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II.

DEVICE DESIGN AND ANALYSIS

A. Sensor Design
Traditional two port SAW sensor structure is used in this
study. As shown in Fig. 2, the excitation inter-digitaltransducer (IDT) generate SAW under alternate current, the
wave travels along the surface of the substrate and intercepted
by the receiving IDTs. Under normal pressure, the substrate
will bend and elongate. The elongation of the substrate will
cause the increase of the wave travel time. The travel time

(a)

(b)
Fig. 5. Designed and completed test setup.
(a)

(b)

paste is used to connect the IDT electrodes to the
measurement instrument. Fig. 4(b) shows the fabricated
sensors.

Fig. 4. Designed and fabricated Sensor top view

change can be measured using network analyzer, and the
travel time change will be further interpreted into phase
change. So phase change will be shown for different normal
pressure, i.e. different flow rate.
To determine the location of the IDTs and space between
the input and output IDTs, it’s necessary to simulate the
deformation under pressure by finite element method (FEM).
Ansys® is used to simulate the response of the substrate. As
shown in Fig. 3, the plate will bend under pressure.
Since SAW signal will damp significantly in water and
other liquids, it’s natural that IDTs are located on the back of
the substrate, thus SAW can propagate on the back of
substrate. As shown in Fig. 3(a), along the symmetrical line of
the substrate, the area close to the clamped end will be subject
to compression and the area on the center will be subject to
tension. The IDTs are finally selected in the manner that they
will have minimal deformation under pressure and the SAW
propagation path is entirely located on tension area. The
designed sensor has 70 pair of input and output IDTs and
3mm apart. The resonant frequency is calculated as 52.63MHz
assuming SAW velocity on ST-X cut quartz is 3158m/s. The
substrate under pressure is 2cm by 2cm. Fig. 4(a) shows the
sensor design over view.
B. Sensor Fabrication
A 50nm thick Cr layer was deposited on the Quartz wafer.
Then a 150nm thick Au layer was sputtered on top of Cr layer.
After that a 3um thick AZ4210 was coated on Au surface by
spin-coating at 3000rpm for 30 seconds. After patterning, the
Au and Cr on IDT area were kept and others were removed by
Au etchant and Cr etchant. The remaining photoresist is then
removed by acetone. Finally the wafer is cleaned using IPA
and DI water and then dehydrated for 30min at 120℃. Silver

C. Test Setup
A rectangular flow chamber is designed with dimension of
165.10 mm × 69.85 mm × 0.51 mm (L × W × H) and is
composed of 2 parallel acrylic plates. The schematic view of
the chamber, which includes a rectangular flow channel and
an inlet and outlet reservoir, a sensor mounting port, and an
inlet port and an outlet port, is shown as Fig. 5(a). Fig. 5(b)
shows the completed setup.
III.

EXPERIMENT RESULT AND DISCUSSION

The SAW flow sensor is tested under different flow rates
from 0ml/min up to 3500ml/min, which corresponds to normal
pressure of 0Pa up to 60kPa. Using the group delay
measurement function from network analyzer, the delay time
and the corresponding resonant frequency of the sensor can be
recorded simultaneously. When the flow rate increases from
stagnant, the delay time changes accordingly. This increase of
delay time is then converted into phase change after dividing
by the period of the SAW. From this aspect, the phase change
is linearly dependant on delay time change.
From Fig. 6, it can be seen that the phase change of the
sensor is linearly depending on the fluid flow rate at
1Deg/11.8ml/min, while the resonant frequency does not show
obvious change along flow rate change, probably because the
choice of IDT locations minimize the deformation of IDTs.
IV.

CONCLUSION

SAW flow sensor was built on ST-X cut quartz substrate.
FEM simulation was done to determine the deformation of the
crystal plate under flow pressure and guide the fabrication of
the IDTs. Test results show linear relationship between the
flow rate and delay time change, i.e. phase change.
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Abstract— The work reported here shows a direct experimental
comparison of the sensitivities of AlN solidly mounted
resonators (SMR)-based biosensors fabricated with standard
metal electrodes and with carbon nanotube electrodes. SMRs
resonating at frequencies around 1.75 GHz have been
fabricated, some devices using a thin film of multi-wall carbon
nanotubes (CNTs) as the top electrode material and some
identical devices using a chromium/gold electrode. Protein
solutions with different concentrations were loaded on the top of
the resonators and their responses to mass-load from physically
adsorbed coatings were investigated. Results show that
resonators using CNTs as the top electrode material exhibited
higher frequency change for a given load due to the higher
active surface area of a thin film of interconnecting CNTs
compared to that of a metal thin film electrode and hence
exhibited greater mass loading sensitivity. It is therefore
concluded that the use of CNT electrodes on resonators for their
use as gravimetric biosensors is viable and worthwhile.

I.

INTRODUCTION

Gravimetric sensing is a well known technique utilised to
detect the variation in a measurable parameter as a function of
the deposited mass on an active sensing area [1-3]. Quartz
crystal microbalances (QCM) resonating in the range of 5-20
MHz are one of the earliest, most successful examples of
gravimetric sensors. Historically, the emergence of the Quartz
crystal as a microbalance can be traced back to Sauerbrey,
who realised that a resonating quartz crystal could be used for
the microgravimetric measurement of sputtered thin films [4].
A few years later, King chemically sensitised a QCM to make
selective chemical mass measurements of 10-9g [5]. Since
then, there has been an increased interest in developing
gravimetric sensors with higher sensitivities for their use as
biosensors. Mass loading sensitivity is proportional to the

square of the operating frequency [4]; hence the emergence of
bulk acoustic wave resonator (BAW) technology, a nanoscale
version QCM with an operating frequency in the range of a
few GHz, offered great potential to improve the sensitivity and
detection limitation of gravimetric sensors. BAW resonators
offer the additional advantage of lower fabrication cost due to
the employment of microfabrication technologies and small
dimensions, which makes them suitable for the fabrication of
array of sensors for parallel or multi detection.
However, higher frequency and smaller dimensions cause
all environmental and boundary conditions to affect the
operation of the BAW resonators more strongly than the
QCMs, resulting in a higher noise level and lower quality
factors. It is for this reason that up to now, mass sensitivity of
BAW resonators is not significantly better than that of QCMs
[6-8].
Work has been carried out in the last few years towards the
improvement of the structural and electrical properties of
piezoelectric thin films for their use as the active material in
these devices [9-12], with the aim of improving the electrical
response of the resonators through the achievement of
materials with improved piezoelectric properties. Recently, it
has also been understood that the electrode material also plays
an important role in the resonator’s electrical response [1316]. Electrodes not only affect the growth of the piezoelectric
thin film but also provide the shape of the resonant area and, if
designed properly, can confine the acoustic energy between
the facets of the resonator thereby minimising losses and
maximising electro-mechanical transduction (hence Q).
Ideally, the electrode material should have low mass (in order
to minimise mass-loading effects) but high acoustic
impedance (in order to confine the acoustic waves within the
piezoelectric layer) and high conductivity (in order to
minimising the series resistance in the transmission of the
excitation signal). Aluminium (Al), molybdenum (Mo)
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A. AlN SMR fabrication
SMRs were fabricated by growing Ir/AlN/CNT stacks on
top of acoustic mirrors centred at a frequency of around 2
GHz and formed by five alternating low and high acoustic
impedance layers of porous SiO2, with an acoustic impedance
of 9.5×106 kg·m-2·s-1 [24], and Ir, with an acoustic impedance
of 138.0×106 kg·m-2·s-1 [25]. A seed layer of Ti/Mo (15-20 nm
thick) was used to improve the adhesion and crystal quality of
the Ir bottom electrode to the acoustic reflector. Ir slugs
(99.98% pure) were electron-beam evaporated at a base
pressure of less than 1×10-6 Torr to form bottom electrodes
120 nm thick. The AlN piezoelectric films were then
reactively sputtered from a 150 mm in diameter Al target in a
Leybold Z-550 sputtering system. Before AlN deposition, a 60
s soft-etch in an Ar discharge was performed to condition the
Ir bottom electrode. AlN films were sputtered with a 3:7 Ar/N2
admixture at a total pressure of 1.2 mTorr, a pulsed DC power
level of 1.2 kW, and a substrate temperature of 400º C. An RF
bias was applied to the substrates to tune the stress in the AlN
films and to improve their crystal structure and orientation.
These conditions yielded a deposition rate of 40 nm·min-1. The
thickness of the AlN layer was set to 1550 nm.
The crystal structure of the AlN and Ir films was assessed
by X-ray diffraction (XRD) through the measurement of the
θ/2θ patterns and the rocking-curves (RC) around the most
intense reflections, i.e. the AlN 00·2 at 18.02º (θ) and the Ir
(111) at 20.35º (θ). The surface of the different layers was
inspected by atomic force microscopy (AFM), which provided
the measurement of the surface roughness. Additional
information on the polar orientation was obtained by wet
chemical etching of the AlN layers.

The work reported here shows a direct experimental
comparison of the sensitivity of AlN SMRs biosensors with
standard metal electrodes and with CNT electrodes. SMRs
resonating at frequencies around 1.75 GHz have been
fabricated, some devices using a thin film of multi-wall CNTs
as the top electrode material, and some identical devices using
a top chromium/gold electrode. The CNTs were directly
grown on the AlN film from an iron seed layer at 650°C in a
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Biosensors with CNT electrodes will offer an additional
benefit compared to those with metal electrodes as it is
possible to post-growth functionalise them for direct bonding
to targeted molecules, thereby preventing non-specific binding
or the need of additional bonding layers. Hence the potential
exists to use chemically modified CNTs which would double
both as the electrode and the sensing layer. Recent advances in
chemical functionalisation of CNTs in sensing systems have
been reported in [18-23]. Furthermore, the surface area of a
thin film of interconnecting CNTs is significantly higher than
the surface area of a metal thin film electrode; hence the
binding area is increased without physically increasing the
size of the devices. Consequently, for the same concentration
of biological samples, a greater number of targeted molecules
can be bound onto the resonator’s surface compared to devices
with metal electrodes, and hence devices with higher
sensitivity can be realised.

EXPERIMENTAL METHODS

Ir 111

Figure 1. Density and acoustic impedance of commonly used
electrode metals

II.

AlN 00·2

Carbon nanotubes (CNTs) have been shown to be an
excellent material choice for BAW resonators [15-16]. They
possess low densities in the range of 1-2 g·cm-3, electrical
conductivities of up to 106 S·m-1 and exceptionally high elastic
moduli (hence high acoustic impedance), usually higher than 1
TPa [17]. Fig. 1 shows a comparison of densities and acoustic
impedances of some of the commonly used metals for
electrodes, and highlights that CNTs posses the highest
acoustic impedance and lowest density allowing
simultaneously low mass electrodes with high acoustic
impedance and low series resistance.

NH3 and C2H2 atmosphere, and possess very low density (<2 g
cm-3), high electrical conductivities (>105 S/m), and exhibited
excellent definition and adhesion to the surface. Bovine Serum
Albumin (BSA) solutions with different concentrations were
loaded on the top of the resonators and their responses to
mass-load from physically adsorbed protein coatings were
investigated.

Intensity (c.p.s.)

tungsten (W), gold (Au) and platinum (Pt) are the most
common metals utilised as the electrode materials. However
the low acoustic impedance of Al and high weight of Mo, W,
Au and Pt make them less ideal for their use as the electrode
materials.
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Figure 2. XRD patterns of AlN on Ir. The inset show the
rocking curve (RC) of the 00·2 AlN peak.
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XRD characterisation showed that highly c-axis-oriented
AlN films were successfully grown on (111)-oriented Ir
layers, provided these surfaces were etched with Ar+ ions
immediately before AlN deposition (see Fig. 2). The pretreatment of the Ir surface was essential to avoid the growth of
tilted microcrystals related to the degradation of the
piezoelectric response; AlN films with pure 00·2 orientation
and RC ranging from 1.8º to 3º, almost independent of the
texture and roughness of the Ir bottom electrode, were
obtained. No degradation of the piezoelectric quality of AlN
films with the texture was observed in the mentioned range.
Fig. 3 shows atomic force microscopy (AFM) images of
the surface of Ir electrode (before AlN deposition) and AlN
films. The roughness of the Ir electrode is around 4 nm and
that of AlN films is around 7 nm. The structure of the AlN
surface indicates a c-axis orientation of the microcrystals with
a basal plane diameter of around 50 nm.

200 nm
(a)

200 nm
(b)

Figure 3. AFM images of the surfaces of : (a) Ir bottom
electrode before AlN deposition and (b) AlN film.

Figure 4. Image of a fabricated SMR with CNT top
electrode

B. CNT growth and characterisation
CNT growth was carried out by thermal CVD. The
substrate was loaded into the chamber and heated up to 650 °C
at a rate of 4°C/min. Ammonia (NH3) was introduced into the
chamber to raise the pressure up to 5 mbar. It also helped to
maintain the catalyst metal surface activity by reacting with
the amorphous carbon. The system was maintained for several
minutes so as to break the catalyst layer into nanoislands, after
which acetylene (C2H2) was introduced into the chamber to
commence the growth. C2H2 is the source of carbon necessary
for CNT growth, and was introduced into the chamber through
a large, flat, stainless steel plate ‘showerhead’ configuration,
which ensures a uniform flow of gas over the whole area of
growth. Once the growth is finished, the gases were evacuated
and the system was left to cool down. This type of growth
produces a forest of interconnecting nanotubes that should
possess optimal electromechanical properties [17]. However if
no particular care is taken, CVD generally produces CNTs
with numerous defects. A high density of defects are favoured
when the growth occurs at low temperatures, dopants such as
N2 or B are present or a residual growth process continues
when the power is shutdown, but the gases are not turned off.

After AlN deposition, vias were formed through the AlN
for electrical connection to the bottom electrode by wet
etching the AlN in a warm (40°C) KOH solution through a
Mo mask. The top electrode was then patterned with a lift-off
photolithography process. At this point, a 10 nm of Cr layer
followed by a 90 nm of Au layer was evaporated on one set of
devices. A 7 nm of Fe layer, which acts as a catalyst layer for
the CNTs growth, was evaporated on another set of devices.
The CNTs were directly grown on the second set of the
devices, as explained in the following section.
Fig. 4 shows the top view of one of the devices fabricated
with top CNTs electrode. It can be seen that the definition of
the electrodes is excellent.

Figure 5. Conductivity of the CNTs layer vs. catalyst layer
thickness for growth temperature of 750 ºC
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The gas ratio C2H2 / NH3 and growth temperature were
optimised so as to avoid the presence of amorphous carbon,
which would decrease significantly the conductivity. The
catalyst layer thickness was varied in order to clarify its effect
on the conductivity of the CNT layer. It was found that the
conductivity increases with the catalyst thickness up to ~5nm,
and become less thickness dependent afterwards as shown in
Fig. 5.
The growth temperature was also changed in order to
maximise the conductivity. A higher growth temperature
produces CNT layers with a higher conductivity, as shown in
Fig. 6, due to lower number of defects. However when
growing the CNTs on top of an acoustic mirror, the Ir layers
on the reflector stack delaminate, damaging a large number of
devices. For this reason, when the growth temperature is 750
ºC, the yield is only around ~10%. Lowering the growth
temperature to 650 ºC decreases slightly the conductivity but
increases the yield to around ~20%. Growth does not occur at
temperatures below ~600 ºC under these experimental
conditions.

Figure 7. Typical frequency response of fabricated
devices with CNT top electrode, showing the main
resonance at f0 ~ 1.75 GHz.

The quality factor of the resonance peak was calculated
using the 3-dB method [26] from the equation:

Q3dB =

fr
f 2 − f1

(3)

where fr is the resonant frequency taken from the Sparameter and f1 and f2 are the frequencies at which the
insertion/return loss are +3 dB compared to the
insertion/return loss at fr.

Q was found to be higher than 2000 for the devices with
CNT electrodes and around 1000 for the devices with metal
electrodes. Generally devices with higher Q exhibit sharper
resonance peaks that allow tracking a smaller frequency shift.
Therefore, CNT electrode BAW resonators have the potential
to measure smaller frequency shifts, increasing the sensitivity
compared to the metal electrode devices.

Figure 6. Conductivity of the CNTs layer vs. growth
temperature

In this work CNTs were grown at 650 ºC with a catalyst
thickness of 7 nm. CNT layers obtained possess an electrical
conductivity of ~3.5 × 105 S/m.

III.

FBAR ELECTRICAL CHARACTERISATION

Electrical characterisation of the SMR devices was carried
out using an Agilent E5061B network analyser. An
automation measurement routine was written with LabView to
continuously monitor and record the resonance spectrum of
the SMRs. Devices resonating at around 1.75 GHz, with
resonance spectra that were free from significant spurious
modes, were achieved and a typical response of the devices
with CNT electrodes is shown in Fig. 7. It was also found that
the resonant frequency of the devices covered with CNT
electrodes is slightly higher due to the lower mass of the CNT
electrodes compared to the Cr/Au electrodes.

IV.

PREPARATION OF BIO TARGETS ON DEVICES AND
BIOSENSING RESULTS

The resonant frequency of unloaded resonators was
tracked over 30 min and was found to be stable with changes
of less than 2 kHz. Bovine Serum Albumin (BSA) solutions
with different concentrations (62.5, 125, 250, 500 and 1000
μg/ml) were then placed on the top of different sets of
identical SMRs both with metals and CNT electrodes, and
allowed them to physically adsorb onto the SMRs’ surface for
15 min, after which they were rinsed by buffer and dried with
N2. Measurements were subsequently carried out on loaded
devices when they are completely dried to monitor the
frequency shift (compared to unloaded devices), and results
are shown in Fig. 8 as a function of BSA concentration. The
frequency shift was of the order of hundreds of kHz, and has a
distinct linear relation with the solution concentration over the
range measured. The absolute frequency changes observed on
the SMRs with CNT electrodes are significantly greater than
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those with metal electrodes, demonstrating
performance and great potential for use.
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Figure 8. Frequency shift observed as a function of protein
concentrations
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V.

[14]

CONCLUSIONS

BAW resonators with CNT electrodes have been shown to
have many advantages for the development of acoustic wave
based biosensors. AlN SMRs with a top CNT electrode
resonating at around 1.75 GHz were microfabricated and
exhibited a significantly large unloaded quality factor
Q>2000, much greater than the identical devices fabricated
with metal electrodes, which is a direct consequence of the
low density and high acoustic impedance of the CNT
electrodes. Devices with higher Q possess higher sensitivity
due to sharper resonance peaks which facilitates tracking
smaller frequency shifts. Furthermore, protein solutions with
different concentrations were loaded on the top of the
resonators and their responses to mass-load from physically
adsorbed coatings were investigated. It was found that
resonators using CNTs as the electrode material exhibited
higher frequency change for a given load due to the higher
surface area of a thin film of interconnecting CNTs compared
to that of a metal thin film electrode.

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

VI.
[1]

[2]

[3]
[4]

[23]

REFERENCES

S.W. Wenzel and R.M. White, “Analytic comparison of the sensitivities
of bulk-wave, surface-wave and flexural plate-wave ultrasonic
gravimetric sensors,” Appl. Phys. Lett. Vol. 54 (20), pp. 1976-1978,
1989
D.S. Ballantine, R.M. White et al., “Acoustic wave sensors: theory,
design and physico-chemical applications,” R. Stern, M. Levy (Eds.),
Applications of Modern Acoustics, Academic Press, San Diego, 1997
M.D. Ward, D.A. Buttry et al., “In situ interfacial mass detection with
piezoelectric transducers,” Science, Vol. 249 1000–1007, 1990
G. Sauerbrey, “Erwendung von schwingqarzen zur wagung dunner
schichten un zur mikrowagung,” Z. Physik, Vol. 155, pp. 206-222,
1959

[24]

[25]

[26]

436

W.H. Jr. King, “Piezoelectric sorption detector,” Anal. Chem. Vol. 36
(9), pp. 1735-1739, 1964
J. Weber, W.M. Albers et al., “Shear mode FBARs as highly sensitive
liquid biosensors,” Sens. & Actuat. A: Phys., Vol. 128 (1), pp. 84-88,
2006
G. Wingqvist, J. Bjurstrom et al., “Immunosensor utilizing a shear
mode thin film bulk acoustic sensor,” Sens. & Act. B: Chem., Vol. 123
(1), pp. 466-473, 2007
G. Wingqvist, V. Yantchev et al., “Shear mode AlN thin film electroacoustic resonant sensor operation in viscous media,” Sens. & Act. A:
Phys., vol. 148 (1), pp. 88-95, 2007
P.B. Kirby, M.D.G. Potter et al., “Thin film piezoelectric property
considerations for surface acoustic wave and thin film bulk acoustic
resonators,” J. Eur. Ceram. Soc., Vol. 23, pp. 2689-2692, 2003
E. Iborra, M. Clement et al., “Optimization of thin AlN sputtered films
for X-band BAW resonators,” IEEE Ultrason. Symp. In press, 2010
G. Ferblantier, F. Mailly et al., “Deposition of zinc oxide thin films for
application in bulk acoustic wave resonator,” Sens. & Act A, Vol. 122,
pp. 184-188, 2005
S-H. Choi and J-S Kim, “Study on the c-axis preferred orientation of
ZnO film on various metal electrodes,” Ultramiscroscopy, Vol. 108, pp.
1288-1291, 2008
T. Yokoyama, T. Nishihara et al., “New electrode material for low-loss
and high Q FBAR filters,” IEEE Ultrason. Symp., pp. 429-432, 2004
S. Tanifuji, Y. Aota et al., “Spurious vobration suppression by film
thickness control FBAR” IEEE Ultrason. Symp., pp. 2193-2196, 2008
M. Dragoman, A. Muller et al., “High performance thin film bulk
acoustic resonator covered with carbon nanotubes,” App. Phys. Lett.,
Vol. 89, 143122, 2006
L. Garcia-Gancedo, F. Al-Naimi et al., “Fabrication of High-Q Film
Bulk Acoustic Resonator (FBAR) Filters with Carbon Nanotube (CNT)
electrodes”, IEEE Ultrason. Symp. 2010
M. Mann, Y. Zhang et al., “Controlling the growth of carbon
nanotubes for electronic devices,” Microelectronic Engineering, Vol.
87 (5-8), pp. 1491-1493, 2010
S. Liu, Q. Shen et al., “Chemical functionalization of single-walled
carbon nanotube field-effect transistors as switches and sensors,”
Coord. Chem. Revs., Vol. 254, pp. 1101-1116, 2010
A. Star, J.P Gabriel et al. “Electronic detection of specific protein
binding using nanotube FET devices,” Nanoletters, Vol. 3, pp. 459-463,
2003.
P. Qi, O. Vermesh et al., “Toward large arrays of multiplex
functionalized carbon nanotube sensors for highly sensitive and
selective molecular detection,” Nanoletters, Vol. 3, pp. 347-351, 2003.
J.F. Lu, L. Gu et al., “Advances in bioapplications of carbon
nanotubes,” Advanced Mat., Vol. 21, pp. 139-151, 2009.
A. Modi, N. Koratkar et al., “Miniaturized gas ionization sensors using
carbon nanotubes,” Nature, Vol. 424, pp. 171-174, 2003.
J. Li, A.M. Cassell et al., “Carbon nanotubes as AFM tips: Measuring
DNA molecules at the liquid/solid interface,” Surf. & Interf. Anal., Vol.
28, pp. 8-11, 1999
A. Devos, E. Iborra et al., “Picosecond ultrasonics as a helpful
technique for introducing a new electrode material in BAW technology:
the iridium case,” IEEE Ultrason. Symp., pp. 1433-1436, 2007.
J. Olivares, E. Wegmann et al., “Sputtered SiO2 as low acoustic
impedance material for bragg mirror fabrication in BAW resonators”,
IEEE Trans. Ultrason. Ferr. Freq. Control., in press.
K. J. Coakley, J. D. Splett et al., “Estimation of Q factors and resonant
frequencies,” IEEE Trans. Micro. Theo. & Tech., Vol. 51, pp. 862 –
868, 2003

A History of the Development of CMOS Oscillators:
The Dark Horse in Frequency Control
M. S. McCorquodale and V. Gupta
Silicon Frequency Control, Integrated Device Technology, Inc.,
Sunnyvale, CA 94085 USA
{michael.mccorquodale, bhusan.gupta}@idt.com
Abstract—Microelectronic technologies developed over the past
decade to replace quartz crystal resonators (XTALs) and oscillators (XOs) are discussed. A new figure-of-merit (FOM) is proposed to compare these emerging technologies. It is shown that
CMOS oscillators (COs) have been an underestimated technology amidst these efforts as the performance of COs is comparable to existing and emerging technologies and continues to scale.
Motivations and concepts behind COs are presented along with
native and package-induced frequency drift mechanisms. Design
and packaging approaches that minimize drift are demonstrated.
A brief history of CO product embodiments is presented. Stateof-art CO performance is reported where better than ±25ppm
frequency drift is achieved over 0 to 70°C and less than 950fsRMS
phase jitter integrated from 12kHz to 20MHz is realized.

I. INTRODUCTION
Quartz crystal resonators (XTALs) and oscillators (XOs)
serve as the de facto frequency reference in nearly all electronic platforms. Yet quartz cannot be integrated into microelectronic form. Achieving that goal would likely enable
frequency control devices with a smaller form-factor, lower
cost, greater flexibility, higher reliability and a myriad of
unforeseen potential benefits. Consequently, efforts to replace
quartz with such a technology date back to the 1960’s. In
1967, a transistor was presented with a mechanically resonant
gate [1]. Similarly, the frequency stability of solid-state oscillators, such as that in [2], was also explored. Those efforts
were limited as the net performance of frequency control
devices based on these technologies was inferior to that which
could be achieved with quartz.
In 1980, silicon was presented as a viable mechanical
material [3]. Since then, and particularly in the 1990’s to the
present, several researchers have aimed to develop technologies leveraging silicon microelectromechanical systems
(MEMS) to replace quartz. In [4], one of the first MEMS
oscillators (MOs) was presented. These results spawned a
variety of academic and commercial efforts in the field. However, as these efforts captured the limelight, radio frequency
(RF) CMOS became mainstream [5]. With this development,
the possibility of high-performance, self-referenced, LC
CMOS oscillators (COs) became a reality. As opposed to XOs
and MOs, COs are electrically resonant and entirely solidstate. In this manuscript, a brief history of the development of
this technology will be presented up to the state-of-the-art. It
will be shown that COs now achieve performance that rivals
both MEMS and quartz technology on several dimensions.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

II. PERFORMANCE BENCHMARKING AND A PROPOSED FOM
MEMS resonators can be fabricated in a batch silicon process and typically exhibit a high quality (Q) factor, which is
what makes the technology interesting for frequency control
[4]. In [6] and [7], efforts to benchmark the performance of
XO, MOs and COs were presented. Several performance metrics were reported including frequency stability, timing and
phase jitter, single sideband (SSB) phase noise power spectral
density (PSD) and power dissipation. In that work, it became
clear that the native high-Q of MEMS resonators was not realized in the complete device. This is due, predominantly, to the
fractional-N phase-locked loop required for frequency-trimming and temperature-compensation of the resonator. Additionally, other work has shown that non-linear transduction of
the resonator results in upconversion of flicker noise in MOs
[8]. Nevertheless, the native high-Q of MEMS resonators continues to be cited as a critical performance metric despite the
fact that frequency control devices referenced to MEMS resonators do not exhibit performance consistent with high-Q.
Addressing these efforts to benchmark different technologies while avoiding use of less relevant metrics, the authors
propose a figure-of-merit (FOM) to capture the multi-dimensional nature and aggregate performance of frequency control
devices. The radar plot in Fig. 1, adapted from that in [9],
illustrates the concept that the best-performing frequency con-
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Figure 1. Radar plot illustrating the performance dimensions of a complete
frequency control device. Dimensions in bold are considered significant and
technology-dependent. The figure is adapted from [9].
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trol device achieves high-performance across all dimensions
simultaneously. As shown, XOs typically achieve high-stability, low-noise and low-power. Emerging technologies for
quartz replacement are generally inferior along these dimensions, but performance continues to scale and these technologies are positioned to offer benefits over quartz including
smaller size and shorter lead-times.
In this work, the authors consider the three most significant and technology-dependent performance metrics: frequency stability, phase jitter (integrated from 12kHz to
20MHz) and power dissipation. The goal is to define a measure that is frequency and technology-independent while capturing trade-offs in the embodiment of the device. To begin
with, frequency stability is frequency-independent by definition. Similarly, phase jitter over the bandwidth presented is
approximately frequency-independent. In emerging technologies, high frequency stability is often achieved through active
temperature-compensation due to the fact that the native temperature coefficient of frequency (TCf) of the reference resonator is high, particularly compared to quartz. Consequently,
power is often a penalty in achieving high stability.
Considering these factors, the proposed FOM is computed
by plotting the value of each metric along mutually-orthogonal axes and solving for the volume (VFOM) of the irregular tetrahedron defined by these points. The volume is then
normalized to 1ppm-psRMS-mW and taken in dB. Thus, lower
FOM indicates better performance. Such an approach equallyweights all three metrics. Fig. 2(a) illustrates ideal performance, which is a single point at 0ppm-psRMS-mW. COs have
traditionally demonstrated performance similar to that in Fig.
2(b) where low-power is achieved, but with poor stability and
phase jitter. Fig. 2(c) illustrates the opposite case where highstability and low-noise are achieved through increased power.
The proposed FOM is particularly useful in benchmarking
various technologies. Table I presents the performance of a
TCXO, XO and several generations of MOs and COs. Consistent with Fig. 1, the FOM shows that the TCXO and XO
achieve performance superior to the emerging technologies.
Further, it is interesting to note that the performance of several
MOs and COs are comparable. One of the MOs achieves stability and phase jitter that is comparable to the TCXO, but at
the expense of power, which is captured by the FOM.
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Figure 2. Visualization of the proposed FOM for frequency control devices.
(a) Ideal. (b) A device exhibiting low-power, but with poor stability and phase
jitter. (c) A device exhibiting high frequency stability and low phase jitter at
the expense of power.

III. CMOS OSCILLATOR TECHNOLOGY
A. Motivations and Concepts
A high-accuracy, low-noise and low-power CO would
enable frequency control devices to be migrated to a standard
and batch silicon manufacturing process with nearly infinite
capacity. This would enable the lowest possible cost structure
while introducing the possibility of complete microelectronic
integration of the frequency source. However, CMOS technology does not include high-Q components. For example, and
despite the advent of RF-CMOS, the Q-factor of an integrated
inductor is in the range of 10-20. However, CMOS technology
supports the design of high-frequency oscillators. Thus, the Qfrequency (Q-f) product in COs is high. Consequently, COs
can achieve low-noise, despite the low-Q of the resonator
compared to MOs and XOs [10]. The remaining challenge
involves minimizing frequency drift and achieving high frequency stability.
B. Native Frequency Drift Mechanisms
Native frequency drift mechanisms in COs have been presented and discussed in [10]. The natural resonant frequency
of an LCO is ω o = 1 ⁄ ( LC ) where L is the net tank inductance and C is the net tank capacitance. Due to resistive losses
in both the inductor and capacitor, the actual resonant is given
by,
2

CR L – L
ω 1 = ω o -------------------,
2
CR C – L

(1)

TABLE I. BENCHMARKING THE PERFORMANCE OF VARIOUS FREQUENCY CONTROL DEVICES BASED ON DIFFERENT TECHNOLOGIES
Metric

TCXO
(TCF4)

XO
(SG-210)

MEMS
(SiT8002)

MEMS
(SiT5002)

MEMS
(DSC1121)

CMOS
(Si500)

CMOS
(IDT3CP02)

CMOS
(IDT3LV04)

Stability (ppm)

2

50

50

2.5

10

150

100

50

Phase jitter (psRMS)

0.25

0.25

250

0.6

1.7

2

2

1

Power (mW)

3.6

3

73

58

50

25.2

3.6

10.8

FOM (dB)

2.6

15.6

59.6

19.4

29.3

38.8

28.6

27.3
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2

ω 1 ( T ) ≈ ω o 1 – CR L ( T ) ⁄ L ,

(2)

where it is clear that the native TCf is negative and concavedown.
In [10], additional drift mechanisms were presented and
include harmonic work imbalance and the TCf of both the
fixed capacitance and the variable capacitance presented by
the transistors in the sustaining amplifier. A closed-form solution for drift arising from HWI was presented in [10] and is
dependent on the spectral content of the current delivered to
the tank by the sustaining amplifier. These additional drift
mechanisms are small compared to the drift induce by loss in
the tank. However, these mechanisms can introduce non-linearity in the temperature-compensated response of the CO.

Normalized frequency stability δf /fo (ppm)

where RL and RC are the losses in the coil and the capacitor
respectively. Typically, RL is significantly larger than RC. Consequently, (1) can be simplified to,

Temperature (°C)
Figure 4. Measured absolute frequency stability of 40 randomly selected COs
from production test. No device exceeds ±75ppm error from -20 to 70°C.

C. Design Approaches
In [10], an orthogonal frequency-trimming and temperature-compensation approach was presented. Referring to Fig.
3, an array of switched thin-film capacitors, Cf [X:0], serves to
trim the nominal frequency against process variation. Temperature-compensation is achieved with an active approach.
Here, either the power-supply or a temperature-dependent
voltage, vctrl(T), is applied to a switched array of varactors,
Cv[Y:0]. When the varactor is biased to the power supply, it
does not vary whereas when switched vctrl(T), the TCf is compensated. The number of active varactors sets the amount of
compensation.

Referring to (1), it is clear that if a loss, RC, is deliberately
introduced to the tank capacitance, C, the drift due to the loss
in the coil, RL, can be cancelled. This observation led to the
development of the passive compensation approach in [11],
which is illustrated in Fig. 3. This approach has enabled COs
to achieve total frequency stability under ±100ppm over -20 to
70°C, all operating conditions and lifetime while dissipating
less than 4mW. Fig. 4 presents the TCf of 40 devices which
were selected randomly from the production test flow. No
device exceeds ±75ppm frequency error against temperature.
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Figure 3. Simplified schematic illustrating frequency-trimming and active and passive approaches to temperature-compensation of the CO.
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D. Package-Induced Frequency Drift
The work in [10] and [11], among other work, presented
different design approaches to contain the native frequency
drift of the CO. However, in [11], it was shown that fringing
electromagnetic fields emanating from the die can be perturbed by the surrounding package or environment and induce
frequency drift. Referring to Fig. 5(a), the B-field that radiates
from the coil can extend beyond the boundary of the package.
Consequently, if the field is modulated by a permeable material or terminated with a metal, the frequency will drift. Similarly, a parasitic capacitance is created by the stray E-field
from the device. Any changes in the permittivity of the molding compound of the package can induce frequency drift. Left
uncontained, each mechanism can induce frequency drift
exceeding hundreds of ppm.
A post-processed wafer-scale Faraday shield was developed in [11] to contain these package-induced frequency drift
mechanisms. Fig. 5(b) illustrates the latest rendition of this
shield. A thick dielectric mesa is photo-patterned on top of the
die, excluding the bond pad windows. Next, metal is electroplated over the mesa. The metal is patterned such that it
encapsulates the mesa and contacts the over-glass layer of the
die which creates a hermetic seal. Additionally, the backside
of the die is metallized. Metal thicknesses are selected to contain the known strength of the fields. As illustrated in Fig.
5(b), the shield terminates the fringing B-field on both sides of
the die. Additionally, the hermetically-sealed dielectric material presents a constant permittivity to the fringing E-field.
This approach enabled the devices in [11] to achieve ±300ppm
stability over all operating conditions including a panel of
industry-standard stress and reliability tests. This latest generation of the Faraday shield, pictured in Fig. 6, enables COs to
achieve ±100ppm frequency stability over the same tests.
Molding Compound

Bond
pad

B-field
from coil

E-field stray
capacitance

Die surface

Lead

Molding Compound

Lead

Dielectric mesa

Backside metallization

A. Hard Intellectual Property Macro
In [10], a hard intellectual property (IP) macro of a CO
was presented. The macro was embedded in a USB bridge
controller and was fabricated in a 0.35μm 2P4M CMOS process. The CO occupied 0.22mm2, dissipated 31mW and maintained ±400ppm stability from -10 to 85°C. The device was a
commercial success where tens of millions of units have
shipped in production. However, and as discussed in [11], IP
is difficult and expensive to support due to costly re-targeting
of the macro to various foundries and technology nodes.
In [11], a silicon die as a frequency source was presented
for XTAL resonator replacement and in an effort to address
the challenges associated with IP while also demonstrating
significant differentiation of COs when compared to MOs and
XOs. As described in [11], this device utilized the passive
temperature-compensation approach shown in Fig. 3. Further,
the ability to deliver the device in unpackaged form was
enabled by the development of the Faraday shield presented
previously. The device achieved ±300ppm total frequency stability over all operating conditions including industry-standard stress and reliability tests. Further, it dissipated under
4mW while achieving 2psRMS phase jitter integrated from
12kHz to 20MHz.

Lead

Front-side metallization

IV. COMMERCIALIZATION OF CMOS OSCILLATORS

B. A Silicon Die as a Frequency Source

Bond
pad

(a)

Bond
pad

Figure 6. Micrograph of the post-processed Faraday shield at the wafer-level.

Bond
pad

Lead

(b)
Figure 5. (a) Illustrated cross-section of the CO assembled in a standard plastic package. Electromagnetic fields fringe from both sides of the die. (b) Illustrated cross-section of the post-processed wafer-scale Faraday shield for
containing and terminating the fringing fields.

This device has achieved the greatest commercial success
to date as it is well-suited to wireline applications such as
USB, S-ATA and PCIe where stability requirements do not
exceed ±300ppm. The die frequency source can be assembled
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with a chip-on-board (CoB) process, as shown in [11], or it
can be stacked in a multi-chip package (MCP) as shown in
Fig. 7. In the latter case, the final assembled device appears as
if it contains the hard IP macro in [10]. However, the die frequency source is fabricated in a fixed technology node, thus
overcoming the challenges associated with IP development
while achieving the same goals of IP integration.

CO

C. Standard Components

Wireline
controller

Though COs can be integrated as IP and assembled in an
MCP or with a CoB process, that does not preclude the device
from being assembled as a standard component. COs have
been assembled in standard plastic packages that are pin-compatible with XOs and MOs. The frequency stability data
shown in Fig. 4 were captured from these standard devices.
Historically, these devices have had modest commercial success due to the fact that frequency stability was inferior to that
of quartz. However, as Fig. 4 shows, the stability of these
devices now rivals XOs. Consequently, commercial traction
has increased substantially and is growing exponentially.
D. Reliability

Figure 7. The CO presented in [11] assembled in a 48-pin QFP MCP atop a
wireline controller. The MCP eliminates the need for an external XTAL. To
the end-user, the device appears to include a hard IP macro. The Faraday
shield has been dissolved with the package. The CO die was fabricated in a
1P6M 0.13μm CMOS technology and measures 920μm × 880μm × 250μm.

Initial reliability data for COs was presented in [11]. Since
then, several enhancements have improved the performance of
COs markedly. For example, Fig. 8 shows the measured frequency stability of a population of over 200 COs. It is shown

Figure 8. Measured frequency accuracy of COs assembled in standard plastic packages before and after JEDEC MSL1 preconditioning and 700 temperature
cycles from -55 to 125°C. All devices maintain ±100ppm frequency stability after stress. The corresponding lifetime is 29 years. Other industry-standard stress
tests yield similar results.
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that ±100ppm frequency stability is maintained for the entire
population after MSL1 pre-conditioning and 700 temperature
cycles from -55 to 125°C, which corresponds to a lifetime of
29 years. Other stress and reliability tests yield similar results.
E. State-of-the-Art Performance
The latest generation of COs leverages a frequency-trimming and temperature-compensation approach that is a hybrid
of the approaches presented in Fig. 3. Further, a next-generation Faraday shield has also been developed, though it is not
shown here. With these advances, state-of-the art performance
has improved significantly. In Fig. 9, the temperature-stability
of 40 devices selected at random is less than ±25ppm from 0
to 70°C. Further, referring to Fig. 10, the phase jitter integrated from 12kHz to 20MHz is less than 1psRMS, which is a
significant achievement because this meets the requirement
for optical networking.
V. FUTURE DIRECTIONS AND CONCLUSION
Significant efforts continue in developing frequency control technologies to replace quartz. Given these various technologies, a new FOM was proposed to facilitate
benchmarking. As shown, the performance of COs continues
to improve to the point that the technology now rivals the performance of XOs and MOs. The temperature-stability of stateof-the art COs is under ±25ppm while phase jitter is less than
1psRMS integrated from 12kHz to 20MHz. Additionally, CO
technology has enabled several new embodiments of frequency control devices including IP, singulated die and standard components in plastic packages. Many of these devices
have achieved significant commercial success. It is expected
that further enhancements to CMOS process technology, new

Figure 10. Measured SSB phase noise PSD of the a next-generation CO.
Phase jitter, integrated from 12kHz to 20MHz, is 942fsRMS. The device maintains <1psRMS phase jitter over the same bandwidth over all process corners.

design approaches and new post-process technology will
enable CO performance to continue to scale into the future.
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Abstract—A highly stable all silicon Self-Compensated Oscillator
(SCO) reference source is presented. Self compensation across
temperature is achieved using a newly discovered phenomenon
in LC-tanks named the Temperature Null (TNULL) which has
been described and briefly analyzed. A quadrature oscillator
architecture has been used to implement the SCO in a 0.18μm
CMOS technology. The SCO has on-chip infrastructure
facilitating low cost trimming and frequency calibration at room
temperature. Excellent frequency stability of ±50ppm has been
measured across temperature (0 – 70oC), 3.0 – 3.6V supply and 1
– 15pF load. The SCO has a programmable frequency range of 1
– 133MHz, consumes 7.1mA at 25MHz and has an RMS period
jitter of 2ps at 125MHz.

I.

INTRODUCTION

The demand for clocks has been continuously fueled by
increased consumption of many feature rich consumer
gadgets. A clock is generated from a reference frequency
source which has to date been dominantly based on a quartz
crystal. This industry de-facto of quartz crystals has been
rightfully earned through reliable performance of quartz
crystal oscillators (XO) in terms of excellent frequency
stability across temperature, low power consumption and low
noise. Moreover, quartz crystals enjoy very high
manufacturing maturity that has been gained over the past
decades which has helped sustain a steady, yet slow, decrease
in the price of quartz crystal-based products. As new
applications emerge, a need for new reference frequencies
arise which unfortunately require long lead times of up to 14
weeks to be developed in quartz crystals leading to longer
development cycles and slower market deployment. There has
been always a need, thus great value, in decreasing the size of
any solution through higher levels of integration while adding
more features and functionality. The initial trend of decreasing
package footprint and thickness has gained acceptance and
interest. However, the benefits of having a monolithic CMOS
timing solution are unbeatable. Such a solution will benefit
from the continuously decreasing price of CMOS technologies
that can produce thousands of reference clocks from a single
wafer in comparison to hundreds of quartz crystals from a
panel. This is directly translated into lower cost and very high
volume capability.
The dominant deterring factor in clock selection for very
high volume consumer products will be price as long as the
required performance is secured. The most important

performance metric is frequency stability across temperature,
supply, load and aging. A total frequency stability of
±100ppm across a temperature range of 0 – 70oC and -20 –
70oC is considered the critical threshold that gives access to a
large percentage of the market with heavy emphasis on very
high volume consumer applications. Aggressive price
reduction can only be achieved through a quantum reduction
in the cost structure of clocks which requires the search for
alternative technologies to quartz. The cost of an XO is
composed of: Quartz Crystal, CMOS die, Ceramic Package,
Assembly and Test. A programmable reference clock based on
a silicon micro-electro mechanical system (MEMS) resonator,
[1], [2] has merits in lowering the lead time but fails to address
higher integration levels. The cost of a MEMS resonator is
lower than a quartz one owing to very high number of
resonators on a single MEMS wafer yet still requires wafer
level packaging to conserve its performance and reliability.
Expensive ceramic packaging is also dropped to low cost
plastic packaging [3], [4]. However, the assembly cost of a
MEMS-based solution requires stacking of the wafer level
packaged MEMS die and CMOS die. In addition, the CMOS
die in a MEMS-based solution is larger, compared to the die in
an XO, thus more expensive. Furthermore elaborate
production testing is required to trim each part to the required
performance. Overall, the cost benefits of a MEMS-based
solution is not evident thus cannot easily compete in the price
sensitive lower performance consumer market.
Another alternative technology is an all silicon CMOS
reference clock using an on-chip LC-tank. Recently several
solutions have been reported [5], [6], [7] and commercialized.
Such solutions are by definition highly integrated and have
short lead times due to their programmability. Furthermore,
the cost structure is very promising since it has been reduced
to: CMOS die, low cost plastic package, simple assembly and
production testing. The die in this case is still larger than the
one found in an XO yet smaller than the die in a MEMS-based
solution. It is then obvious that such a solution is conceptually
of lowest cost as long as the production test cost is low. This
work presents a new all silicon CMOS reference clock that
uses an on-chip LC-tank designed to operate at a very specific
low temperature-sensitivity phase operating point thus self
compensating across temperature. The part is trimmed using a
low cost single insertion at room temperature test procedure.
Such a solution is promising very low cost and has achieved a
total frequency stability of ±50ppm that can address a large
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Figure 1. Temperature dependence of an LC-tank resonance frequency.

Figure 2. Generic block diagram of open loop temperature
compensation.

percentage of high volume consumer applications such as
SATA, PCI-E, HDD, LCD TV, printers and many others.

Similarly the temperature compensation algorithm may be
implemented using analog or digital circuitry and can generate
analog or digital controls which may be converted back to
analog signals to control the oscillator.

II.

TEMPERATURE COMPENSATION TECHNIQUES

The frequency stability of classical LC-tank based
oscillators is highly dependent on temperature and typically
may have a temperature coefficient ranging from -50ppm/oC
to 100ppm/oC. The main source of temperature dependence
comes from the LC-tank and in particular the inductive part.
Fig. 1 shows simulation results of the frequency variation of
an LC-tank across a 0 – 70oC temperature range of ~4000ppm
which is not acceptable as a reference source. This large
temperature dependence of LC-tanks has been the main
challenge in designing an LC-tank based reference which
requires sophisticated compensation techniques to neutralize
the frequency variation. There are two main types of
compensation techniques; either an open loop technique or a
closed loop technique. Closed loop techniques are commonly
used in oven-compensated oscillators where the ultimate
objective is to tightly control the oscillator temperature by
placing it in a temperature controlled oven and in turn
stabilizing its frequency. Alternatively, one may opt to design
the frequency determining element of the oscillator, the
resonator mainly, to be temperature insensitive thus the
oscillator becomes self-compensated.
A. Open Loop Compensation
An open loop temperature compensation technique aims to
negate the temperature generated frequency shift of the
oscillator by imposing a frequency shift in the opposite
direction of equal magnitude. To achieve this one can modify
the oscillation frequency using one or more frequency tuning
controls of the oscillator. Alternatively one can follow the
oscillator with a frequency multiplier and control the
multiplication factor such that the output frequency is
temperature independent. In all cases one must measure the
temperature accurately using a suitable sensor and use it to
generate the temperature dependent control(s) of the oscillator
or frequency multiplier. To successfully achieve the required
accuracy in compensation it is imperative not just to have an
accurate temperature measurement but to also have precise
knowledge of the oscillator frequency across temperature and
its frequency tuning control(s). Fig. 2 shows a generic block
diagram of an open loop compensation system indicating
different variations of where the temperature sensor analog
output may be directly used or converted to a digital word.

Clearly this is a knowledge based process since exact
cancellation of the temperature dependence will require
deterministic knowledge of the complete system behavior to
build an effective compensation algorithm. Otherwise one
must rely on characterization of the system performance
across temperature for every oscillator unit to generate the
required data. However, this may still not provide perfect
cancellation of frequency shifts unless the system has the
ability of synthesizing controls with high accuracy. Inevitably
this adds to the overall system complexity that may be
translated into cost due to a large die size and/or long
production test times using two or more temperature
insertions. Nonetheless, open loop compensation has been
used to compensate MEMS-based clocks [3] which uses a
fractional-N Σ-Δ PLL frequency multiplier that is digitally
temperature controlled. On the other hand, a CMOS LC-tank
based reference oscillator reported in [6] uses a digital open
loop compensation technique that utilizes an integrated
microprocessor and [5] uses analog temperature dependent
circuitry to control the behavior of the oscillator across
temperature. All open loop techniques will require the storage
of calibration coefficients on-chip during the calibration
process for future retrieval during the lifetime of the oscillator.
B. Self Compensated Oscillator
A self-compensated oscillator across temperature has
intrinsically low temperature sensitivity. Such oscillators do
not require any real time compensation and temperature
sensors and are thus simpler. Usually self compensated
oscillators have a specific temperature range where the
oscillation frequency has tolerable variation. An excellent
example of a self compensated oscillator is an XO built using
a quartz crystal. An AT-cut quartz crystal if designed and
manufactured correctly can exhibit low temperature
sensitivity. This is achieved by selecting the exact cutting
angle that achieves lowest temperature sensitivity. This was
made possible by excellent control on the manufacturing
process of quartz crystals which is today a very mature and
stable technology. Similarly there have been trials for
producing MEMS resonators that are self compensated by
designing stiffness compensated and geometric compensated
resonators as noted by [1] and summarized in Fig. 3. Such

444

(a)

(b)

Figure 3. Frequency stability over temperature of self-compensated
AT-cut quartz crystal and MEMS resonators.

designs depend on materials with opposite temperature
coefficients to cancel. However, the manufacturing accuracy
and purity of the materials may impact the overall temperature
dependence resulting in a wide variation in performance that is
not industrially accepted. Such resonators end up with very
non-linear temperature dependence of wide variation that
make the use of open loop compensation techniques to correct
them very challenging. In effect commercially viable self
compensated MEMS resonators up to date are not available.
III.

LC-TANK TEMPERATURE NULL CONCEPT

Building an oscillator operating at the LC-tank resonance
frequency with variation over temperature shown in Fig. 1

(a)

(c)
Figure 5. (a) Simple first order model of an LC-tank, (b) Global Null
of an LC-tank and (c) Frequency deviation at GNULL phase.

would result in very poor frequency stability. This may be
easily understood by studying the tank impedance ZTank phase
versus frequency at different temperatures shown in Fig. 4(a).
A classical oscillator operates with almost zero phase across
the tank. A zero phase intersection with the tank phase curves
over temperature results in a large frequency variation Δf1.
However, studying the tank impedance phase curves carefully
one can notice that tank phase curves across temperature
intersect at a negative phase where frequency variation across
temperature is minimized by a factor of ~100 to be
ΔfNULL=47ppm as shown in Fig. 4(b). This phenomenon of
minimum temperature sensitivity of frequency will be named
as the LC-tank Temperature Null (TNULL) and the phase
across the tank as ϕNULL. This non-traditional phase operating
point is very desirable since it is an example of a Self
Compensated Oscillator (SCO) across temperature. The
challenge is to design an LC-tank with a TNULL that exhibits
good frequency stability and to successfully oscillate at ϕNULL.
The TNULL phenomenon may be mathematically derived
using a simple first order model of an LC-tank shown in Fig.
5(a) where the only temperature dependent element is r, the
ohmic losses of the inductor with a first order temperature
coefficient α. The tank impedance phase ϕTank is given by:
ω rC ⎞
⎛ ωL ⎞
−1 ⎛
⎟ − tan ⎜
⎟
2
⎝ r ⎠
⎝ 1 − ω LC ⎠

ϕ Tank = ∠ Z Tank = tan −1 ⎜

fNULL=47ppm

(b)

(1)

The Global Null (GNULL) is defined across a temperature
range of interest as the intersection of the tank phase curves at
the temperature extremes as shown in Fig. 5(b). The operating
phase ϕGNULL is the point of minimum temperature sensitivity
across this temperature range. For a temperature range of 2ΔT
around T0 using the simple first order tank model GNULL
phase and frequency are given by:

Figure 4. (a) LC-Tank impedance phase versus frequency for
different temperatures and (b) frequency variation at TNULL.

ωGNULL =
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⎛ 1 − α 2 ΔT 2 ⎞
1
⎟
1 + ⎜⎜
2
⎟
LC
⎝ L Cro ⎠

−1
, ϕGNULL = − tan (2r0CωGNULL ) (2)

Fig. 5(c) shows the frequency deviation across temperature at
the GNULL phase. Since the simple first order model does not
take into consideration many second order affects one can
note the difference between plots in Fig. 4(b) and Fig. 5(c) yet
the TNULL concept is evident.
IV.

SCO IMPLEMENTATION BASED ON TNULL

This section illustrates the architecture of the SCO based
on the aforementioned LC-tank TNULL concept. The SCO
functional block diagram is shown in Fig. 6. The main
objective of the architecture is to operate the LC-tank at
precisely the TNULL phase. The oscillator is formed of a
transconductor stage and a phase shift stage. At steady state,
the transconductor and phase shifter provide a phase that is the
negative of the required TNULL phase. Thus, at steady state,
the LC-tank is forced to oscillate at the required non-zero
TNULL phase. One of the most important design aspects of
the phase shift circuitry is to provide a phase that is accurate
and temperature independent, otherwise frequency deviation
will increase. Phase magnitude is controlled via a digital phase
control signal (ϕControl) the accuracy of which will determine
how close the final operating point to the GNULL will be. The
value of ϕControl is trimmed to tune the phase operating point
and is stored on chip.
Fig.7 illustrates one of the methods of injecting a positive
phase into the oscillator loop using a quadrature oscillator
architecture with variable coupling m between the two
oscillators in quadrature. Two identical LC oscillator tanks are
forced to oscillate at the same frequency but in quadrature
phase with respect to one another. Transconductor stages a
and c inject two quadrature currents gm*V and gm*V∠90 into
their respective tanks I and Q while stages b and d couple the
oscillators together by injecting m*gm*V∠90 and –m*gm*V
currents into tanks I and Q respectively. The value of the
coupling factor m is variable and is controlled via a digital
control word. A gain block produces a 180 degrees phase shift
to force both oscillators to be in quadrature. Therefore, the
tank total current phase shift ϕ is a simple function of the
coupling ratio m and is given by:
ϕ = tan −1 (m ) = −ϕ GNULL

(AAC) block. The AAC block senses the oscillation amplitude
of both tanks and compares it to a reference voltage (VREF).
The amplitude level is adjusted such that at steady state
oscillator amplifiers or transconductor stages operate at a
fairly linear region. This minimizes the oscillation harmonic
content and the impact of this harmonic content on frequency
stability. The AAC block controls all four amplifier stages to
ensure that all stages have a tracking gain and a constant
coupling ratio m during operation.
The SCO is trimmed using a low cost room temperature
only (RTO) trimming and frequency calibration algorithm.
The algorithm modulates the temperature of the LC tank using
on-chip resistors, varies the value of m and detects the phase
with minimum oscillator temperature sensitivity (zero slope)
which may be related to the required GNULL phase. The
trimming and calibration routines are done only once during
production testing and the value of m is stored on chip. At
power-up, the value of m is loaded to operate the oscillator at
the TNULL to become a self-compensated oscillator.
V.

MEASURED PERFORMANCE

The SCO architecture described has been fabricated in a
0.18μm CMOS process with thick aluminum top metal. A set
of programmable dividers produce a CMOS output frequency
from 1 to 133MHz. The chip has been packaged in a standard
4-pin package. A large number of parts have been tested and
characterized. Tests include total frequency stability across
temperature, supply and load, single side band (SSB) phase
noise, current consumption and period jitter.

(3)

The value of m is varied by scaling the bias current of the
transconductor stages and the dimensions of the active
devices. This guarantees producing a stable temperature
independent coupling ratio and phase across both tanks.
The architecture includes an automatic amplitude control

Z Tank =

1 − jϕ
e
gm

Figure 7. Block diagram of an SCO implemented using a
quadrature oscillator architecture.

Figure 6. SCO functional block diagram.
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aging would increase the frequency stability by ±25ppm.
Overall SCO performance is very competitive in terms of
frequency stability and period jitter. Current consumption may
be lowered by migrating to a smaller feature size technology
such as a CMOS 0.13μm and use of higher quality factor
copper integrated inductors will help decrease current and
improve phase noise.

Frequency Stability of 20 Samples, Fout=25MHz, Vdd=3V, 3.3V, 3.6V
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Figure 8. Frequency stability of 20 randomly selected samples.
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Figure 9. Phase noise measurement of a 125MHz output clock

Parts were randomly selected from a single wafer, trimmed
and calibrated to a frequency of 25MHz at the CMOS output.
Parts were inserted in a temperature chamber where the
frequency was measured from 0 to 70oC in steps of 10oC. The
power supply was varied by ±10% relative to a nominal 3.3V
value. The measured total frequency stability for 20 parts is
plotted in Fig. 8. Results show very good correlation between
measurements and simulations indicating the robustness of the
architecture and validity of the TNULL concept. Frequency
stability across a capacitive load varying from 1pF to 15pF
was tested and showed a maximum frequency variation across
temperature of <10ppm. Frequency stability measurements
illustrate clearly a very tight performance spread across the
measured parts with an overall frequency stability of better
than ±50ppm. It is to be noted that further improvements in
the trimming and calibration routines can improve the initial
accuracy to achieve an overall tighter frequency error of
±25ppm. The no load current consumption of the oscillator is
7.1mA at a 25MHz output frequency. The phase noise of a
125MHz output frequency was measured and is shown in Fig.
9 indicating a phase noise of -82dB/Hz at an offset of 10kHz.
Processing the phase noise measurements yields 0.75ps RMS
integrated phase jitter from 1MHz to 20MHz and a period
jitter of 2ps. The performance of the SCO performance is
compared to other all silicon CMOS LC-tank based
commercially available oscillators in Table I. It is to be noted
that the reported SCO frequency stability does not include
aging while the other clocks include aging. It is expected that

±150ppm

±50ppm

9.7mA @ tri
state o/p
1ps @
200MHz

7.1mA @
25MHz
2ps @
125MHz

CONCLUSION

Self-compensation found in quartz crystals through precise
selection of a mechanical cutting angle is analogous to the
electrical TNULL phase. The LC-Tank TNULL concept has
been analyzed, verified in simulation and validated by
measurements. A Self Compensated Oscillator (SCO) has
been successfully implemented based on the TNULL concept
using a quadrature oscillator architecture which facilitated
accurate temperature independent tank phase control and
successful low cost trimming and calibration. The overall
achieved frequency stability of ±50ppm across temperature (0
– 70oC), supply and load is very competitive with reported
performance of all CMOS oscillators and may be further
improved to achieve ±25ppm. Period jitter, phase noise and
current consumption are reasonable and there is room for
improvement by going to a smaller feature size technology
such as a CMOS 0.13μm process with copper metal layers.
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Abstract—In this paper, a 4.6 GHz frequency synthesizer
integrated circuit for Cesium-based miniature atomic clocks is
presented. Based on a fractional-N phase-locked loop (PLL)
with sigma-delta modulator, the chip features a frequency
resolution below 10-3 Hz at its output, allowing a tuning
resolution of 10-13. This value was measured on the circuit which
is integrated into a 130 nm CMOS process. It consumes 15 mW,
features an output phase noise of -76 dBc/Hz @ 1 kHz offset
from the 4.6 GHz carrier, and provides a programmable output
power from -10 to 0 dBm.

I.

INTRODUCTION

Modern wireless communication and navigation systems
depend heavily on stable frequency references for
synchronization and positioning. Atomic clocks are mostly
used for this purpose, however they are large devices (~
100 cm3), power-hungry (~ several Watts) and too expensive
to be deployed in a large scale or used in portable applications,
such as GNSS receivers and future mobile communication
devices. Recent efforts for miniaturization have led to the socalled miniature atomic clocks, offering reduced dimensions
(~ 10 cm3) and power consumptions (~ hundreds of mW) [1]
as well as high precisions and capabilities of low-cost mass
productions.

dissipation during the operation, leading to very low energy
efficiency and high power consumption.
Fractional-N phase-locked loop (PLL) integrated
frequency synthesizers are widely used in communication, and
have proven high frequency tuning resolution and low phase
noise ([6]-[8]). With the objectives of miniaturization, lowpower operation as well as low phase noise level, this paper
presents the design and realization of a 4.596 GHz frequency
synthesizer integrated circuit, fabricated into a 130 nm CMOS
process. Compared to [9] and [10], the chip features an uncommon frequency resolution of about 10-13, which allows its
use in high-performance Cesium-based atomic clocks.
The paper is organized as follows: in Section II, the circuit
general architecture is presented, as well as the detailed design
of the main blocks. Section III highlights the realization and
experimental results of the chip, while Section IV concludes
the paper.
II.

A low phase noise, high resolution frequency synthesizer
is a needed block to implement atomic interrogation. For
miniature systems, low power operation is also required.
Previously, several papers discussed about different topologies
of frequency synthesis for atomic interrogation. One
traditional technique is depicted in [2], employing frequency
multiplication with step recovery diodes (SRD). Ref. [3]
describes a topology realized by a frequency chain using
sampling mixers to avoid narrow-band filtering, while [4] and
[5] utilize non-linear transmission line (NLTL) circuits instead
of SRD during the frequency multiplication. However, the
disadvantage of frequency multiplication is the large energy

This work was funded by the EU 7th framework program FP7, under
contract no. 224132.
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CIRCUIT DESIGN

Fig. 1 illustrates the general architecture of the frequency
synthesizer, which includes the PLL blocks (a phase and fre-
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Figure 1. Systematic diagram of the frequency synthesizer.

quency detector, a charge pump and a loop filter), a voltage
controlled oscillator (VCO), a power amplifier (PA), a divide
by two prescaler, a programmable divider controlled by a
sigma-delta modulator, a PTAT reference for generating the
bias currents, and a serial peripheral interface (SPI) to access a
register bank for controlling the chip.
A. Voltage Controlled Oscillator
The VCO is a challenging block in the design of frequency
synthesizers because its phase noise has a big impact on the
performance of the whole chip. A LC tank VCO is naturally
selected for its relatively good quality factor and low power
operation. However, to improve the noise immunity of this
sensitive structure, a fully-differential scheme is chosen for all
elements, including the varactor, permitting to reduce the
common-mode noise and to maintain a symmetrical topology
of the circuit as shown in Fig. 2.

(a)

The VCO LC tank consists of a fully differential inductor
with a varactor load for frequency fine tuning, and a 5-bit
capacitor bank for coarse tuning. NMOS transistors form the
cross-coupled pair to feature the function as a negative
impedance convertor for sustaining the oscillation. PMOS
transistors are used to construct the current biasing block. In
comparison to NMOS transistors, they can provide lower
flicker noise. Filtering capacitors are connected between the
PMOS gate and VDD to stabilize VGS in order to reduce the
noise influence from the voltage supply.

Figure 2. Schematics of (a) the fully differential VCO and (b) the coarse
tuning capacitor bank.

Several other measures are taken to improve the VCO
performance. The symmetry in the varactor allows to improve
its linearity. For the switches of the capacitor bank, bias
resistors are added to control the DC voltage at the switch
terminals to ensure a minimal and constant parasitic
capacitance of both the source and drain diffusions.

Figure 3. Schematic of the divide-by-2 prescaler.

The varactor dimensioning is the result of a trade-off: on
one side, it should be large enough to ensure continuous
frequency tuning between successive coarse tuning codes and
to allow an operation in the middle of its dynamic range,
where the linearity is optimal. On the other side, the varactor
value should be minimized to reduce phase noise degradation
due to circuit noise (substrate, etc.) coupling into it. A
compromise is selected with a varactor tuning range
corresponding to three coarse tuning steps.
Concerning the cross-coupled transistors, the minimal
length is chosen to reduce the parasitic capacitance, while the
width is calculated to get sufficient transconductance gm for
sustaining the oscillation, according to Barkhausen’s criterion.
For the current biasing transistor MS, its size is selected to
limit the flicker noise as well as to mitigate the layout
mismatch influence.
B. Frequency Prescaler
The divide-by-2 prescaler, shown in Fig. 3, is directly
connected to the RF output of the VCO; therefore, it requires a
high frequency operation and symmetrical structure. To meet
these constraints, a current-mode logic (CML) D-flip-flop is
used since its reduced switching amplitude allows the circuit
to be operated in high-speed conditions.

(b)

Figure 4. Circuit diagram of the programmable divider.

The two complementary outputs of each D-flip-flop are used
to drive a CML-to-CMOS converter so that the power of these
four quadrature signals is exploited, thus enhancing the power
efficiency. This also provides an equal load to both D-flip-flop
outputs that improves the symmetry of the circuit.
To improve the output dynamic swing, the tail current
transistor which is normally found in this circuit is suppressed.
Instead, a bias current is applied to a single transistor which
provides the two functions of switching and biasing.
C. Programmable Divider
A programmable divider is needed for the design of a
fractional-N synthesizer. Fig. 4 shows the architecture of the
circuit which comprises three stages: a dual-modulus divider
10/11, a programmable counter (divide-by-11) and a modulus
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Figure 5. Schematic of the sigma-delta modulator structure.

control (A-counter). The dual-modulus divider divides the RF
signal either by 10 or 11 depending on the modulus control input from the A-counter. Its output signal is divided by certain
ratio (<11) again after passing the programmable counter to
obtain the wanted output frequency, which is also used to reset
the A-counter for restart. The A-counter is reduced by 1 each
time it is triggered by the clock and sends different modulus
signals to control the division ratio of the dual-modulus
divider. Considering the high operating frequency of 2.3 GHz,
the circuit of this block is realized with dynamic logic.
In this chip, the programmable divider takes the 2.3 GHz
signal from the divide-by-2 prescaler and further divides it
with an average ratio of about 114.9 to get the desired 20 MHz
feedback frequency. Its integer division ratio varies from 111
to 118, controlled by a 3-bit word provided from the sigmadelta modulator.

Figure 6. Microphotograph of the die with an active area of about 2 mm2.

D. Sigma-Delta Modulator
The sigma-delta modulator (SDM) is used to modulate the
programmable divider to achieve a fractional division ratio.
Fig. 5 shows the schematic of a 3rd-order, MASH SDM
structure made with three 40-bit accumulators, which are built
of a Brent & Kung adder and a 40-bit register for each. The 3bit carry outputs C1, C2 and C3 are combined to calculate the
SDM output dN[2:0].
The designed SDM is simulated and provides a low power
spectrum density within the PLL bandwidth (up to 250 kHz).
Above, the noise rises rapidly but can be filtered out by the
PLL loop filter.
III.

CIRCUIT REALIZATION AND EXPERIMENTAL RESULTS

The frequency synthesizer integrated circuit is
implemented into a 130 nm RF CMOS process. It occupies an
active area of about 2 mm2. The chip microphotograph is
shown in Fig. 6. The total power consumption of the chip is 15
mW at the nominal supply voltage of 1.2 Volt.
The tuning range of the RF signal is measured to be from
4.07 GHz to 5.17 GHz, well centered on the 4.6 GHz nominal
frequency. The KVCO is measured from 113 MHz/V to 203
MHz/V, which is around three times larger than the expected

Figure 7. Curve of the synthesizer phase noise.

value. The reason is due to an over-estimation of the varactor
value (no model available).
The phase noise curve is shown in Fig. 7, giving a noise
level of -76 dBc/Hz @ 1 kHz offset and -83 dBc/Hz @ 100
kHz offset from the carrier. This noise is higher than the ex-
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TABLE I. CRITICAL EXPERIMENTAL RESULTS OF THE CHIP COMPARED TO
THEIR EXPECTED VALUES.
Expected Values

Experimental Results

PLL BW

120 kHz ~ 300 kHz

100 kHz ~ 400 kHz

Freqency
Resolution
Power
Consumption
Phase Noise at
1 kHz offset
Phase Noise at
100 kHz offset

10-13

10-13

15 mW

15 mW

-77 dBc/Hz

-76 dBc/Hz

-89 dBc/Hz

-83 dBc/Hz
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CONCLUSION

A 4.6 GHz frequency synthesizer implemented into a 130
nm RF CMOS process for Cesium-based miniature atomic
clocks application is presented. A 3rd-order, 40-bit sigma-delta
modulator is used to provide the fractional ratio for the
synthesizer to generate the 4.596 GHz signal with a frequency
resolution higher than 10-13. The power consumption of the
circuit is less than 15 mW and the chip occupies an active area
of 2 mm2. The measured phase noise is -76 dBc/Hz @ 1 kHz
offset and -83 dBc/Hz @ 100 kHz offset. These performances
allow using this chip in chip-scale atomic clocks with
stabilities in the order of 5×10-11. For better stabilities, the
phase noise needs further improvements. This can be done by
using a smaller varactor and decreasing the on-chip digital
noise.
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Abstract— Injection mode-coupled voltage-controlled SAW

oscillators (VCSOs) are versatile performers in low-noise
frequency synthesizers, both as high-frequency sources and as
reference oscillators. A novel high frequency digital synthesizer
is reported with the intent of lowering following: size, cost,
power-consumption, phase noise, jitter, and vibration sensitivity.
The measured phase noise is typically better than -100 dBc/Hz, 115 dBc/Hz, -129 dBc/Hz, -133 dBc/Hz at 100 Hz, 1 kHz, 10 kHz,
and 100 kHz offset frequencies respectively from the carrier
frequency of 5200 MHz. The reported synthesizer can generate
frequencies from 5 GHz to 5.3 GHz in steps of 100 kHz with
typical spurious of -65 dBc and the power consumption is less
than 300 mill watt for a given 5 dBm output power.

I.

INTRODUCTION

Frequency synthesizers come in many shapes and sizes.
They range from tiny system-on-a-chip (SoC) devices and
modules to rugged military-grade rack mount systems and
bench-top instruments [1]-[20]. They are also based on a
wide array of technologies, from analog to digital in nature,
starting with many different signal sources, including
voltage-controlled oscillators (VCOs) and surface-acousticwave (SAW) resonators. One of the more novel approaches
combines both analog and digital techniques: a frequency
synthesizer based on an injection mode-coupled voltagecontrolled saw oscillator (VCSO) circuits. The novel VCSO
using injection mode-coupling approach is part of a
frequency synthesizer capable of typical measured phase
noise of -152 dBc/Hz offset 10 kHz from a 1-GHz carrier,
with less than 6 fs RMS jitter for a given power consumption
of 60 mill watt (DC bias operating condition: 5V, 12 mA).
Historically synthesizer designers have relied on crystal
based multiplied reference oscillator featuring excellent phase
noise performance at 1GHz and above frequencies. Although,
frequency multiplier crystal oscillator can offer low phase
noise performance at 1 GHz and above frequencies but at the
cost of large size, high noise floor and high powerconsumptions. The most dramatic change will occur when
optimum loop bandwidth extends to a few megahertz, where
adaptive injection mode mode-coupled VCSO’s phase noise
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performance becomes competitive or supersede the
performance of the conventional multiplied crystal oscillator
at 1GHz and above. Furthermore, these characteristics,
accompanied with the low cost, low power consumption and
compact size inherent to the VCSO topologies, are likely to
secure their domination in the foreseeable future at higher
frequency synthesizers and reference frequency standards.
II. STATE-OF-THE-ART SYNTHESIZER TOPOLOGIES
A typical phase-lock-loop (PLL) synthesizer consists of a
reference phase detector, loop filter, VCO and VCO divider
(N divider) as shown in Fig. 1. The PLL is typically available
as an integrated circuit (IC) with a reference divider, phase
detector or phase frequency detector (PFD) with charge
pump, and the VCO divider. The relationship between the
output frequency ‘fout’ and reference frequency ‘fref’ can be
described by [14]
(1)
As shown in Fig.1, the PFD compares the two input
signals (fref /R) and (fout /N) produces an error voltage
proportional to the phase difference between them. The loop
filter attenuates the high-frequency noise components from
the PFD output and limits the bandwidth of the error signal.
The filtered error voltage is applied to the tuning port of the
VCO; the error signal drives the VCO frequency, fout higher
or lower in frequency until the error voltage at the PFD
output is zero.
VCO
FREF

÷R

Phase
Detector

Loop
Filter

Power
Divider

FOUT

Single Chip
E.g. ADF4106
÷N

Fig.1. This simplified block diagram shows a simple, single-loop integer-N
PLL module.
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Typically, the VCO divider is implemented as a dualmodulus counter to obtain large continuous division of the
VCO output. To vary the output frequency fout of the
synthesizer, the value of N is changed, and it can be seen
from (1) that the minimum frequency step (defined as the step
size) obtained at the output is given by fref /R.

2275 MHz

Smaller step size can be obtained by operating the PFD at
low frequency - i.e., by increasing the R value (and thus
increasing N). The problem with increasing the N value is the
noise of the PFD increases. The close in phase noise of the
synthesizer is estimated by noise of the synthesizer itself
(provided by the manufacturer), PNSYN and adding 20logN
(where N is the N divider value) and 10log (fPFD) [14]:

2900 MHz

1600 MHz

(2)
From (2), to minimize the phase noise, the value of N
should be kept small. But for fine tuning resolution, the PFD
must operate at low frequency, requiring a high value for N
and resulting poor noise performances.
The conflict eliminates the conventional PLL design for
use in low-noise, high-resolution applications. The loop filter
in a PLL synthesizer design also limits switching speed. A
higher loop bandwidth yields faster switching speed but with
excessive noise. A narrow loop bandwidth lowers phase noise
but sacrifices switching speed. The tradeoff is between phase
noise and switching speed. Typical phase noise for a
conventional PLL synthesizer operating from 500 to 1200
MHz in 500-kHz steps includes switching time of less than 5
ms and better than -70 dBc spurious levels with a 10-MHz
reference (Fig. 2).
To improve the performance of an integer-based PLL (as
shown in Fig. 1) the ‘N’ divider can be implemented as a
fractional divider instead, rather than an integer divider. This
enables the use of higher PFD frequency and lower N values,
thus improving the phase noise performance of the
synthesizer.

850 MHz

Fig.3. This plot shows the typical measured phase noise for a fractional-N
frequency synthesizer,

But a fractional-N divider also introduces spurious at the
output of the synthesizer. In addition to this, even with the
fractional N the step-size of the synthesizer cannot go below
1 Hz. Typical fractional-N synthesizer performance from
1600 to 2900 MHz with a 10-MHz includes better than 1-ms
settling time and spurious levels of -60 dBc or better (Fig. 3).
Multiloop synthesizer architectures with direct-digital
synthesizers (DDSs) have been used for tuning resolution
better than 1 Hz. Figure 4 shows a typical dual-loop
synthesizer where a DDS module combines with a
conventional PLL synthesizer. The DDS clock is fed by a
selectable frequency synthesizer which provides a fixed set of
frequencies based on the parallel select lines.
Unfortunately, the DDS approach can generate high
spurious output levels. But these spurs can also be predicted
and shifted by proper choice of clock frequency. If spurious
products fall within the loop bandwidth, by switching the
clock frequency, the spurs can be shifted to a band where
they can be attenuated. In this dual-loop approach, the output
synthesizer’s PFD can be high to improve phase noise while
still delivering 1-Hz resolution with a 10-MHz reference.
Spurious levels are typically better than -70 dBc from 1100 to
2500 MHz with 1-Hz step size, better than 1-ms switching
speed, and low phase noise characteristics (Fig. 5).
As briefly discussed above, designers have often relied on
multiplying a low-noise crystal oscillator based VCO to
achieve higher-frequency (1 GHz and higher) output signals.

500 MHz

1200 MHz

Fig.2. This plot shows the typical measured phase noise for an integer-N
frequency synthesizer.

Fig.4. This simplified block diagram shows a DDS-based dual-loop
frequency synthesizer.
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Fig. 6 shows a typical block diagram for an adaptive
injection mode-coupled VCSO optimized for low phase and
noise with 400 kHz tuning require for compensating the
frequency drift due to temperature and ageing, while Fig. 7
compares its phase noise at 1 GHz to that of a commercially
available multiplied crystal oscillator circuit.

2500 MHz

An adaptive mode-coupled VCSO combined with a
digital PFD can be used to form a low-cost, low-power
synthesizer module. The digital PFD has a wide capture
range, although with high noise floor. An analog PFD has
lower noise floor, but narrow capture range. To create a lownoise synthesizer with a wide capture range, a digital PFD
can be used in parallel with an analog phase detector. The
digital PFD is used for initial acquisition, and the analog
detector for final tuning.

1100 MHz

1800 MHz

Fig.5. This is typical measured phase noise for a DDS-based dual-loop
frequency synthesizer

The crystal oscillator multiplier VCO approach can
provide excellent phase noise, but such synthesizers tend to
consume a great deal of power, generate high levels of noise,
and are large in size. Commercially available crystal
oscillators at 100 MHz and below are available with phase
noise of -160 to -176 dBc/Hz offset 20 to 100 kHz from a
100-MHz output. When multiplied, the phase noise translates
to -140 to -156 dBc/Hz offset 20 to 100 kHz from 1 GHz but
degrades the noise floor by as much of 20 dB.
The availability of low-cost, low-noise VCSOs clears the
way for small, low-noise synthesizers. Part of using these
sources involves modeling the surface acoustic wave
resonators under large signal drive conditions for the better
insights about noise dynamics at close-in phase noise, then
developing manufacturable methods for producing highpurity and temperature stable oscillators in chip form.
Noise feedback
DC-Bias
Vsupply

Base

3-Terminal BJT/FET
(Active-devices)

Noise-Filtering
N/W

For example, within a DDS architecture, the VCSO
module can be used to create a synthesizer (Fig. 8) with fast
switching speed (about 200 µs). The DDS is used as the
feedback divider for high resolution and flexibility in
choosing a reference frequency. From 530 to 630 MHz,
spurious levels are better than -75 dBc with low phase noise
(Fig. 9). Since the analog phase detector has a low noise
floor, the synthesizer bandwidth was kept large for fast
switching time with low phase noise.
III.

FRQUENCY SYNTHESIZER USING ADAPTIVE INJECTION
MODE-COUPLED VCSO CIRCUIT

A high-performance synthesizer based on an adaptive
mode injection-locked VCSO and multiple loops, including a
sampling PLL, is shown in Fig. 10.
The main PLL (Fig. 10b) achieves a coarse lock to the
desired output frequency using a 120-MHz reference signal,
which can be derived from an internal OCXO or low-noise
800-MHz VCSO.

RFout
Buffer
Amplifier

Collector

Slow-Wave
Network

Progressive-Wave
Network

Wave Coupling
Network

Mode-Coupling
N/W

Multiplied 1 GHz Crystal Oscillator
Injection-Locking
N/W

Thermal Drift
Compensating N/W

VCSO 1 GHz

High Q Energy Storage Network
Fig.6. This block diagram shows the functional parts of an adaptive injection
mode-coupled VCSO for low cost high performance synthesizer circuit.

Fig.7. This phase noise plot compares the performance of a 1-GHz VCSO
with 1-GHz achieved by multiplying a crystal oscillator.
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Fig.8. Shows the typical block diagram of DDS based high performance fast
switching synthesizer.
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Fig.9. This plot shows the phase-noise of the DDS-based fast-switching
frequency synthesizer.

The fine lock is achieved by switching to a fine loop with
a reference from PLL1 and fine RF signal from the sampling
PLL (Fig. 10c). The sampling PLL features a sampling phase
detector with low noise floor. It synthesizes frequencies 120
to 300 MHz away from a desired output frequency by
multiplying a reference input signal (from the OCXO or
VCSO).
Software is used to choose the appropriate reference for
best output spurious performance. The fine RF signal is the
difference between RF output and the sampling PLL output
(generated by mixing the two and filtering the difference).
The fine reference to the main PLL is generated from PLL1.
The software determines the PLL1 output frequency and
appropriate division ratio (M divider) to achieve the desired
output frequency. The synthesizer generates 5000 to 5300
MHz in 100-kHz steps (Fig. 10d) with better than -65 dBc
spurious (Fig. 11) and exhibits low phase noise characteristics
(Fig. 12).

9:1

Amp

LO

Loop Filter
(1MHz BW)

CP

Sampling
Phase
Detector

(c)

(d)
Fig.10. This synthesizer architecture (a) uses a sampling PLL with a VCSO
providing reference signals, with a (b) main PLL and (c) sampling PLL as
part of the design (d) layout and package of the synthesizer module (1.2 x 0.9
inches).
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The main PLL is basically a loop that translates a lownoise reference to higher frequencies from 4.5 to 11.5 GHz.
The programmable divider (divide-by-M or M-divider) can
divide by 4, 5, 6, 7, 8, or 9 for frequencies ranging from DC
to 15 GHz. The divider output is fed to the translational loop
where this signal is mixed with the 1-GHz low-noise
reference and fed as a reference to a PLL chip. The reference
from the reference generator is applied to the RF port of the
PLL chip. A required frequency is obtained at the output by
means of proper reference (R) and divider (N) settings.
It can be seen from Table 1, the division ratios required to
implement a high frequency output is low leading to very low
phase noise performance of the synthesizer. The advantages
of this topology are: design is simple and small enabling
small size packaging, performance over size ratio delivered
by the architecture is very high, and architecture uses
comparatively low cost components.

Fig.11. The spurious for the VCSO-based synthesizer with sampling PLL is
specified better than -65dBc over the frequency bands (5000-5300MHz)

The drawbacks of this topology are: phase noise is limited
by the noise floor of the digital PFD, and even though the
division ratios used in the design is low, the noise floor of the
dividers degrades the phase noise characteristics.

(a)

Fig.12. The phase noise for the VCSO-based synthesizer with sampling PLL
is specified better than -130 dBc/Hz at 100 kHz from the carrier over the
frequency bands (5000-5300 MHz).

Adaptive mode-coupled VCSOs can also be used in lowspurious synthesizer designs for applications that may require
stabilized signals with low levels of spurious noise (Fig. 13).
In such a frequency synthesizer design, the reference
generator multiplies a reference frequency (such as 10 MHz)
to 1 GHz through a 1-GHz VCSO-based PLL. This 1-GHz
signal is mixed with a signal (20 to 150 MHz) from a DDS or
flying-adder-based synthesizer to produce a reference signal
for the main PLL from 1020 to 1150 MHz [7]-[11].

(b)
Fig.13. (a) Shows the block diagram main PLL, and (b) the reference
generator for the main PLL.
Table1. Describes various settings for different output frequencies
DDS/FA
Output
output
RF Divider
N
Frequency
R divider
frequency
(UXM15P)
divider
(GHz)
(MHz)
4.5
4
62.5
2
17
5
4
83.33
3
13
8
7
71.428
2
15
9
8
62.5
2
17
10
8
83.33
3
13
11
9
111.11
3
15
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IV. CONCLUSION
By the use of a high performance adaptive synthesis and
injection mode-coupling mechanism, low cost, high
frequency, and high performance digital frequency synthesizer
module is reported in compact package without compromising
the phase noise performance, jitter and vibration
characteristics.
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Abstract— This paper presents new 2-IDT double-mode SAW
(DMS) filters with the decreased insertion loss and advanced
functionalities: low input and output impedances, balanced
operation and impedance conversion on 42º YX LiTaO3, 64º YX
and 41º YX LiNbO3. To decrease the input and output
impedances and resistive losses of the IDT electrodes the parallel
connection of the 2-IDT DMS filters in the different acoustic
tracks is used simultaneously reducing the aperture of each
track. For an impedance conversion a series connection of the
output IDTs in the 2 parallel acoustic tracks of the filters is used.
To increase the selectivity of the filters the cascaded connection
and phase weighting are employed. The constructional and
topological optimization of the SAW filters is provided with a
computer simulation using an equivalent circuit model. The 240367 MHz samples of the balanced SAW filters have shown an
insertion loss of about 1 dB, stopband attenuation of about 20
dB, impedance conversion from 50-75 Ω at the input to 200-300
Ω at the output in a wide fractional bandwidth of 2-6%. Two
cascaded filter has provided an insertion loss of less than 2 dB
and stopband attenuation of about 50 dB. The filters are housed
in the 5x5x1.35 mm SMD packages.

In 1

In 2

I.

The 3-IDT DMS filters become major as the RF filters for
the telecommunication equipment [1]. In spite of the simpler
design the 2-IDT DMS filters have not found wide application
because they have the high input and output impedances of
130-200 Ω, large insertion loss and require the complex
topologies for the impedance conversion [2-4]. This paper
presents new 2-IDT DMS filters with the decreased insertion
loss and advanced functionalities: low input and output
impedances, balanced operation and impedance conversion on
42º YX LiTaO3, 64º YX and 41º YX LiNbO3. To decrease the
input and output impedances and resistive losses of the IDT
electrodes the parallel connection of the 2-IDT DMS filters in
the different acoustic tracks is used simultaneously reducing
the aperture of each track (Fig.1) [5]. The balanced operation
of the filters is provided by symmetrical connection of the
parallel input and output IDTs to the loads. In order for a low
input impedance of the filters to be converted to a high output
impedance a series connection of the output IDTs in the 2
parallel acoustic tracks of the filters is used (Fig.2). The
strongly different impedances at the input and output are
achieved with the use of this method of the impedance
conversion without applying the complex topologies [4] and
without disturbing the balanced operation at the output of the
filter. In this case the natural symmetry of the output IDTs and
the geometrical symmetry of the bus-bars and contact pads are
used.
In 1

Out 1

In 2

Out 2

Out 1

Out 2

Figure 2. Balanced 2-IDT DMS filter with a parallel connection
of the input IDTs and a series connection of the output IDTs

Figure 1. Balanced 2-IDT DMS filter with a parallel connection
of the input and output IDTs
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Figure 3. Equivalent circuit of the 2-IDT DMS filter
with impedance conversion

II.

SIMULATED AND EXPEREMENTAL RESULTS.

A theoretical analysis of the balanced 2-IDT DMS filter
was provided using a computer simulation on a basis of an
equivalent circuit model [4]. The equivalent circuit of the
balanced 2-IDT DMS filter with a parallel connection of the
input ITDs and a series connection of the output IDTs is
shown on Fig. 3. Here P(1) is a mixed matrix of the input IDT,
P(2) is a mixed matrix of output IDT, Z is characteristic
impedance of the medium between IDTs and reflectors, V is a
SAW velocity, R is an equivalent impedance for a reflector.
Fig. 4 shows a simulated frequency response of the balanced
2-IDT DMS filter on 42° YX LiTaO3 in a 50-Ω –200-Ω
system. The filter has shown a 3-dB fractional bandwidth of
2% with minimal insertion loss and ripple, stopband
attenuation around 20 dB at ±5% offset from a center
frequency. The measured frequency response of the balanced
2-IDT DMS filter is shown in Fig. 5. The filter has been
symmetrically connected to a 50-Ω input load and to a 200-Ω
output load. Measurements were carried out by the network
analyzer and balanced transformers.
P

The losses of the balanced transformers were eliminated
from the measured insertion loss of the filter. At a center
frequency of 246.7 MHz the filter has shown an insertion loss
of about 1 dB, 3-dB fractional bandwidth of 5.9 MHz with a
low ripple of 0.5 dB and stopband attenuation above 20 dB at
± 12 MHz offset from the center frequency. Fig. 4 and Fig. 5
show good agreement between the simulated and measured
responses. A measured input impedance characteristic of the
filter is shown in Fig. 6. As will be seen from Fig. 6 at the
center frequency of 246.7 MHz the input impedance of the
filter is close to real value of 50 Ω. The measured output
impedance characteristic of the filter is shown in Fig. 7. As
will be seen from Fig. 7 at the center frequency of 246.7 MHz
the output impedance of the filter is close to real value of 200
Ω. Thus the impedance conversion from 50 Ω to 200 Ω was
obtained experimentally in the 2-IDT DMS filter with a
parallel connection of the input ITDs and a series connection
of the output IDTs (Fig. 2). For the filter without an
impedance conversion (with parallel connection of the input
and output IDTs (Fig.1)) a very low insertion loss of less than
1dB was provided in a balanced 50-Ω system. It can be shown
that the filters on 64° YX and 41° YX LiNbO3 provide the
similar frequency responses with 4% and 6% fractional
bandwidth respectively and impedance conversion from 75 Ω
to 300 Ω. The measured frequency response of the filter on
64° YX LiNbO3 is shown in Fig. 8. At a center frequency of
367.14 MHz the filter has shown an insertion loss of about
1dB, 3-dB bandwidth of 14.3 MHz, stopband attenuation over
20 dB at ±35 MHz offset from the center frequency in a
balanced 75-Ω – 300-Ω system. Fig. 9 shows the measured
frequency response of the filter on 41° YX LiNbO3. At a
center frequency of 276 MHz the filter has shown an insertion
loss of about 1 dB, 3-dB bandwidth of 16.7 MHz, stopband
attenuation over 20 dB at ± 33 MHz offset from the center
frequency in a balanced 75-Ω – 300-Ω system. To increase the
stopband attenuation we can use the phase weighting and
cascading two filters. The measured frequency response of the
filter on 42° YX LiTaO3 with phase weighting parallelconnected input ITDs is shown in Fig.10.
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Figure 5. Measured frequency response of the 2-IDT DMS filter
on 42˚ YX LiTaO3

Figure 4. Simulated frequency response of the 2-IDT DMS filter
on 42˚ YX LiTaO3
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Figure 6. Measured input impedance characteristic of the 2-IDT DMS filter
on 42˚ YX LiTaO3

Figure 7. Measured output impedance characteristic of the 2-IDT DMS filter
on 42˚ YX LiTaO3

III.

CONCLUSION

At a center frequency of 276 MHz the filter has shown an
insertion loss of about 1 dB, 2-dB bandwidth of 3.3 MHz,
stopband attenuation over 40 dB at ±11 MHz offset from the
center frequency in a balanced 50-Ω – 200-Ω system. Fig.11.
shows the frequency response of the cascade of two balanced
filters on 42° YX LiTaO3. The first filter is built without the
impedance conversion (with parallel connection of the input
and output IDTs). The second filter is built with the
impedance conversion (with a series connection of the output
IDTs). In a 50-Ω – 200-Ω balanced system the cascade filter
has shown an insertion loss of less than 2 dB, 2-dB bandwidth
of 4.3 MHz, stopband attenuation of about 50 dB at ±11 MHz
offset from the center frequency.

Our new 2-IDT DMS filters have decreased insertion loss
and wider functionalities than their much used prototypes
[2-4] and they will be widely employed in the
telecommunication equipment. For example these filters offer
a single-chip solution for the front-end of the high frequency
handheld transceivers for matching the low impedance
antenna with modern high impedance double balanced mixer
and for suppression of the local oscillator and image
frequencies. The filters are housed in the 5x5x1.35 mm SMD
packages.

Figure 8. Measured frequency response of the 2-IDT DMS filter
on 64˚ YX LiNbO3

Figure 9. Measured frequency response of the 2-IDT DMS filter
on 41˚ YX LiNbO3
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Figure 10. Measured frequency response of the 2-IDT DMS filter
with phase weighting on 42˚ YX LiTaO3

Figure 11. Measured frequency response of the cascaded 2-IDT DMS filter
on 42˚ YX LiTaO3
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Abstract— Langatate (LGT) is a member of the langasite family
of crystals appropriate for high-temperature frequency control
and sensing applications. This paper identifies multiple LGT
SAW orientations for use at high temperature, specifically in the
400 to 900°C range. Orientations with low sensitivity to
temperature are desired for frequency control devices and many
sensors, conversely large temperature sensitivity is a benefit for
temperature sensors. The LGT SAW temperature behavior has
been calculated along orientation searches, sweeping the Euler
angles (0°, Θ, Ψ), (90°, Θ, Ψ), and (Φ, 90°, Ψ). The temperature
coefficient of delay (TCD) and total frequency change over the
temperature range were analyzed from 400 to 900°C. Multiple
SAW orientations were found with zero-TCD between 400 and
500°C, but no orientations were identified with turn-over
temperatures above 500°C. Other orientations have a low
variation, −0.8%, in frequency over the range from 400 to
800°C. Additionally, temperature-sensitive orientations were
identified with TCD up to 75 ppm/°C at 900°C, for use as
temperature sensors at high temperature. The predictions are
shown to agree with measured behavior of LGT SAW delay
lines fabricated along 6 orientations in the ( 90°, 23°, Ψ) plane.

I.

INTRODUCTION

There is growing need for high-temperature sensors and
frequency control devices in oil and gas extraction, metal and
ceramic manufacturing, aerospace, and energy generation
industries [1]-[4]. Surface acoustic wave (SAW) devices can
meet the demands for high-temperature survivability and
wireless multi-sensor operation using substrates such as
gallium orthophosphate (GaPO4) and the langasite family of
crystals, including langasite (La3Ga5SiO14, LGS) and langatate
(La3Ga5.5Ta0.5O14, LGT) [5]-[16]. Langatate, in particular, has
a number of attractive properties for high-temperature
operation: i) no phase change until the melting point at
1470°C [17], [18], ii) piezoelectric constants 2-4 times those
of quartz [18], iii) higher resistivity than LGS [17], iv)
demonstrated temperature-compensated SAW orientations
both around room temperature and at elevated temperatures
[18]-[22]. However, so far there has been very limited
published on high-temperature orientation searches for LGT.
In [9], [10] LGS SAW properties were calculated up to
1000°C, but the constants and temperature coefficients
employed were taken from [23] and those were measured
around at room temperature. Several modern high-temperature

frequency control and sensing applications require operation
beyond 400°C. For example, sensors are desired for hightemperature fuel cells, which operate in the 600-1000°C range
[24], and for gas turbine engines in the compressor,
combustor, and exhaust engine sections, which can typically
reach temperatures around 450-750°C, 900-1500°C, and
650°C, respectively [24], [25].
In this work, LGT SAW propagation properties are
investigated from 400 to 900°C utilizing constants and
temperature coefficients extracted at high-temperature [21].
The SAW properties are calculated according to three
different orientation sweeps. The search results are used to
identify orientations with either low or high sensitivity to
temperature. The orientations are investigated along the Euler
angles (0°, Θ, Ψ), (90°, Θ, Ψ), and (Φ, 90°, Ψ), in which 2
Euler angles are swept. Multiple zero-TCD orientations are
identified between 400 and 500°C. SAW orientations with a
small total frequency shift, −0.8%, between 400 and 800°C
were also identified, which are anticipated to find use in
sensor and frequency-control devices. Orientations with large
temperature sensitivity above 400°C are uncovered and those
can be utilized as temperature sensors.
The LGT material constants used and the SAW property
identification targets are described in Section II. The
calculation results of the SAW orientation sweeps are
presented in Section III and analyzed to identify hightemperature orientations with either low or high sensitivity to
temperature along different temperature ranges. Section IV
details high-temperature SAW measurements that provide
experimental verification of predicted LGT SAW properties.
Section V concludes the paper.
II.

In this work the LGT stiffened elastic constants from [20],
[21] and the density and thermal expansion from [26] are used
for the high-temperature LGT SAW predictions. The SAW
electromechanical coupling (K2) predictions come from [27],
[28], since the high-temperature stiffened elastic constants
from [20], [21] do not separately consider the piezoelectric
effects. Therefore in this paper all the reported values of K2
refer to calculations at 25°C. In [21] the authors observed that

Funding was provided in part by DEPSCoR grant # FA9950-07-10519, Petroleum Research Fund Grant ACS PRF# 42747-AC10, and
Air Force Office AFO Grant # FA8650-05-D-5807.
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all the fabricated SAW devices at orientations where
K2 > 0.2% at room temperature operate up to at least 900°C.
The SAW properties are calculated using the matrix
method implemented with MATLAB (The MathWorks,
Natick, MA, USA) [19] to sweep across three regions of Euler
angles: Region A = (0°, Θ, Ψ), Region B = (90°, Θ, Ψ), and
Region C = (Φ, 90°, Ψ). The LGT SAW velocity, frequency
change, and TCD were calculated at 400, 500, 600, 700, 800,
and 900°C over those three regions by varying two Euler
angles, as indicated. These sweeps were selected because they
represent cut planes with surface normals in the Y-Z, X-Z, and
X-Y planes for easier wafer cutting and X-ray alignment. For
the (Φ, 90°, Ψ) sweeps, Ψ was searched only from 0 to 40°
because in this region K2 ≥ 0.1%. Only orientations with
K2 > 0.1% at 25°C are discussed for TCD and frequency
change in this work.
The LGT SAW propagation properties analysis at high
temperature aimed at identifying potential orientations for
three different conditions: (i) narrow temperature range of
operation; (ii) large temperature range of operation (400 to
800°C); and (iii) operation of several orientations in a same
plane (variation of third Euler angle, Ψ). First, SAW
orientations for a narrow operation temperature range were
searched for low and high TCD. Next, change in SAW
frequency from 400 to 800°C is used to identify orientations
for a wider range of operation temperatures. Finally, SAW
cuts are investigated for multiple promising orientations in the
same plane. Multiple devices on the same wafer with different
orientations are useful for sensor applications [29]-[31].
III.

LANGATATE SAW PROPERTIES AT HIGH
TEMPERATURE

A. SAW TCD at High Temperature
The calculated LGT SAW TCD for Region A, the Euler
angles (0°, Θ, Ψ), at 400°C, 600°C, and 900°C are displayed
as contour plots in Fig. 1(a), 1(b), and 1(c), respectively, and
are representative of the data calculated at the 6 temperatures
(400, 500, 600, 700, 800, and 900°C) mentioned in Section II.
The LGT SAW TCD calculated at 400°C for the Regions B,
(90°, Θ, Ψ), and C (Φ, 90°, Ψ), are shown in Fig. 2 and Fig. 3,
respectively.
For the three regions swept, A, B, and C, orientations with
TCD=0 were only found at 400°C and none were found at
500°C or higher; however, multiple orientations have negative
TCD at 400°C indicating the existence of turn-over
temperatures between 400 and 500°C. In particular, LGT
SAW orientations with Euler angles (90°, 40→70°, 60→75°)
have
0.1 ≤ K2 ≤ 0.2%
at
room
temperature,
TCD ≈ −10 ppm/°C at 400°C and TCD ≈ 5 ppm/°C at 500°C.
Therefore these orientations have TCD=0 between 400 and
500°C, the highest turnover temperatures for LGT identified
in this work for orientations with K2 ≥ 0.1%.
Multiple LGT SAW orientations were found that have
close to zero or zero TCD at 400°C and K2 ≥ 0.1%; their Euler
angles are listed in Table I along with the respective TCD and
K2.

There are also regions with higher TCD that can be useful
for temperature sensing. Specifically, (0°,135→150°,
20→25°) has TCD ≈ 25ppm/°C at 400°C and K2 ≈ 0.7%.
Orientations in the region (90°, 20→40°, 110→130°) have
TCD between 15 and 35 ppm/°C at 400°C and
0.3% ≤ K2 ≤ 0.7%. At 900°C all the calculated orientations
were found to have TCD between 40 and 75 ppm/°C.
B. SAW Frequency Change from 400 to 800°C
The LGT SAW behavior for a large temperature span was
analyzed by calculating the total SAW frequency change from
400 to 800°C, Δf/f400 = (f800°C − f400°C)/ f400°C, shown in Fig. 4
for the Regions A, B, and C.
As can be seen from Fig. 4, the LGT SAW orientations in
the range (90°, 55→75°, 55→80°) have the lowest
temperature sensitivity from 400 to 800°C, Δf/f400 = −0.6%,
among the calculated orientations with K2 ≥ 0.1%. The SAW
orientations (0°, 40→90°, 40→50°) and (90°, 25→80°,
55→65°) have Δf/f400 ≈ −0.8% with 0.1% ≤ K2 ≤ 0.3%. The
moderate frequency change is partly due to the fact that these
orientations have turnover temperatures between 400 and
500°C.
Conversely, other LGT orientations have larger
temperature dependencies. Orientations in the ranges (0°,
10→30°, 65→90°), (0°, 110→160°, 15→45°) and (90°,
15→40°, 95→140°) have Δf/f400 between −1.2% and −1.8%
with 0.2% ≤ K2 ≤ 0.7%. These orientations have high TCD
through out the temperature range: 15 to 40 ppm/°C at 400°C
and 40 to 70 ppm/°C at 800°C.
C. SAW Plane Cuts for High-Temperature Sensor Suites
Multiple regions of LGT SAW planes have been identified
as desirable for fabricating a suite of devices on the same
wafer with K2 ≥ 0.2% and a variety of temperature
sensitivities, useful for sensor applications. LGT planes in the
range (0°, 120→140°, Ψ) contain SAW orientations with both
low and high temperature-sensitivities, Δf/f400 ranging from
−0.8% to −1.4%, and K2 ranging from 0.2% to 0.7%.
LGT planes in the range (90°, 20→40°, Ψ) have regions in
which there are SAW orientations with small temperature
sensitivity, Δf/f400 = −0.8%, and others with large temperature
sensitivity, Δf/f400 = −1.8%, and K2 varying between 0.2% and
0.7%. Additionally, there are a number of orientations in this
range that have Δf/f400 = −1.0% and that are widely spaced
over the plane, with potential for multiple measurand sensor
applications.
IV.

EXPERIMENTAL VERIFICATION AND DISCUSSION

The SAW high-temperature properties calculated in this
work were compared to those of LGT SAW devices reported
in [21] for experimental validation of the frequency and TCD
predictions up to 900°C. Six SAW delay lines were fabricated
along orientations (90°, 23°, Ψ) with Ψ = 0, 13, 48, 77, 119,
and 123°. The interdigital transducers had periodicity given by
wavelength λ = 32 μm and utilized 110-nm-thick Pt/Rh/ZrO2
electrodes [13] to enable stable high-temperature operation
above 900°C.
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(a)

Figure 2. Contour plot of predicted LGT SAW TCD in ppm/°C for
Region B, Euler angles (90°, Θ, Ψ), at 400°C.

(b)
Figure 3. Contour plot of predicted LGT SAW TCD in ppm/°C for
Region C, Euler angles (Φ, 90°, Ψ), at 400°C.

TABLE I.

(90°, Θ, Ψ)
Region B

(0, 20→90, 30→50)
(0, 30→130, 0→15)
(0, 110→180, 0→90)
(90, 10→90, 40→80)
(90, 0→20, 100→105)
(90, 0→20, 35→140)
(90, 0→40, 10→20)
(90, 0→40, 155→170)

TCD at
400°C
(ppm/°C)
−5 to 5
−5 to 5
−5 to 5
−10 to 5
≈0
≈0
≈0
≈0

0.1 to 0.4
0.1 to 0.5
0.1 to 0.4
0.1 to 0.4
0.1 to 0.2
0.1 to 0.2
0.1 to 0.2
0.1 to 0.2

(Φ, 90°, Ψ)
Region C

(0→8, 90, 0→5)
(0→30, 90, 28→40)

≈0
≈0

0.5
0.1 to 0.2

Euler Angle
Sweep (°)
(0°, Θ, Ψ)
Region A

(c)
Figure 1. Contour plots of predicted LGT SAW TCD in ppm/°C for
Region A, Euler angles (0°, Θ, Ψ): (a) at 400°C, (b) at 600°C, (c) at 900°C.
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LGT SAW ORIENTATIONS WITH TCD ≈ 0 AT 400°C
Orientation
Euler Angles (°)

K2 at
25°C (%)

The calculated and measured SAW frequencies responses
are compared in Fig. 5(a) and 5(b) at 400 and 900°C,
respectively, for the six orientations identified in the previous
paragraph. Along the 6 fabricated orientations the measured
and predicted operation frequencies agree within experimental
and prediction uncertainties in the temperature range of 400 to
900°C. The calculated SAW frequencies are within 0.85% of
the measured frequencies at 400°C and within 1.6% at 900°C.
The predicted and measured TCDs on the (90°, 23°, Ψ)
plane are compared in Fig. 6 at 400°C. The predicted and
measured TCD agree to within the experimental and
prediction uncertainty for the 6 tested SAW orientations
throughout the temperature range between 400 and 900°C.
The discrepancy between the predicted and measured TCD is
below 4.7 ppm/°C at 400°C and less than 24.4 ppm/°C at
900°C.
(a)

The agreement between the calculated and measured SAW
frequency and TCD for the 6 orientations fabricated along the
(90°, 23°, Ψ) plane validates the LGT high-temperature
constants and coefficients for SAW predictions at hightemperature.
V.

CONCLUSIONS

This work has investigated the high-temperature SAW
phase velocity, frequency change, and TCD properties
behavior of LGT up to 900°C for three regions in space,
namely, (0°, Θ, Ψ), (90°, Θ, Ψ), and (Φ, 90°, Ψ). New LGT
SAW orientations have been identified with zero TCD
between 400 and 500°C and with low TCD up to 900°C with
potential applications for frequency control, sensing, and
signal processing. Alternatively, temperature-sensitive
orientations have been found of interest to temperature
sensing.

(b)

Orientations have been identified for high-temperature
applications with: i) a narrow temperature range of operation;
ii) large temperature range of operation (400 to 800°C); and
iii) multiple orientations in a same plane for temperature
measurement and separation of the thermal effect from other
measurands, as appropriate in sensor applications.
The agreement between the calculated and measured SAW
frequency and TCD responses reported in the work validates
the LGT constants and temperature coefficients for SAW
predictions up to 900°C.
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(c)
Figure 4. Contour plots of predicted LGT SAW frequency change
(percent) from 400 to 800°C, Δf/f400 = (f800°C − f400°C)/ f400°C, for orientation
sweep (a) Region A, Euler angles (0°, Θ, Ψ), (b) Region B, Euler angles
(90°, Θ, Ψ), and (c) Region C, Euler angles (Φ, 90°, Ψ).
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II.

Abstract—Temperature coefficients of elastic constants (TCij) for
trigonal and tetragonal crystals have been obtained. The TCij of
a number of trigonal and tetragonal crystals have been
calculated and the comparison with known experimental data
has been fulfilled. The nature of anomalous TC66 of quartz has
been discussed.

I.

INTRODUCTION

Normal temperature behavior of elastic constants for most
of the crystals is proportionally decreased with temperature
increasing and a small dependence (or lack thereof) at low
temperatures. Knowledge of these dependences is important
for the solid state physics and applications of crystals.
One of most attractive properties of quartz is the
temperature stability observed for some crystalline cuts and
modes. Owing to combination of thermostability with
piezoelectricity and small attenuation of acoustic waves quartz
single crystal has great importance as a material for
acoustoelectronic devices. There are only a few piezoelectric
crystals possessing the same combination of properties. Nature
of the temperature stability is closely connected with elastic
anharmonicity of specified elastic modes in such crystals. In
practice the search of cuts possessing thermostable orientation
was commonly based on the data of temperature coefficients
of elastic constants obtained from experiment. Unfortunately
there is no exact theory which can be used for explanation of
anharmonic behavior of crystals. Consequently a possibility to
predict a trend of the search for the new thermostable
materials and crystalline cuts is absent. On the basis of the
theory explaining the small amplitude bulk acoustic waves
(BAW) propagation in crystals under the influence of bias
finite fields the temperature coefficients (TCIJ) of elastic
constants (CIJ) of cubic crystals have been obtained earlier [1].
Satisfactory agreement between calculation and experimental
results for a number of cubic crystals has been achieved. The
similar method of calculations of frequency dependences on
temperature in quartz piezoelectric resonators has been used
by authors [2].
The main objective of this paper is to obtain the
temperature coefficients for trigonal and tetragonal crystals.

EFFECT OF TEMPERATURE ON THE PROPAGATION OF
BULK ACOUSTIC WAVES IN CRYSTALS

In the theory of BAW propagation in crystals under the
action of the temperature as a bias field both two effects of
geometrical and physical nonlinearity of elastic media should
be taken into account. As a result of first effect the
temperature action leads to anisotropic dilatation of low
symmetry crystals, to the distortion of the sample’s shape and
therefore to the changing of the path of acoustic wave.
Secondly the weakening of chemical bonds between atoms
under the thermal expansion usually leads to the decreasing of
the macroscopic elastic constants of a crystal. Modified
Green-Christoffel’s equation for elastic waves of small
amplitude in a uniformly deformed elastic medium referred to
initial (natural) state can be written as [3]:

[Γ

BC

(η ) − ρ 0 v 2δBC ]U~ B = 0.

(1)

Here ρ0 is the density of undisturbed crystal; v is the phase
~
velocity and U B is the BAW displacement vector. For a
mechanically free sample the static deformation arising due to
thermal expansion can be described by the relation:

ηPQ = α PQ ΔT,

(2)

where αPQ is the tensor of linear thermal expansion. Using the
form of Green-Christoffel’s tensor obtained earlier [3] and the
static deformation (2), in this case we can write:

Γ BC (ΔT ) = CFC C*ABFD N A N D =

(

)

= CFC CSABFD + CSABFDPQα PQ ΔT N A N D ,

(3)

where CFC is Green’s tensor of finite static deformation;

C*ABFD , CSABKL and CSABKLPQ are the effective, 2nd and 3rd
order elastic constants (SOEC and TOEC) respectively; NA is

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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the unit vector of wave propagation direction. Under the
thermal expansion of mechanically free crystal Green’s tensor
takes a form:

CFC = δ FC + 2 ηFC = δ FC + 2α FCΔT.

dC11
dT
dC33
dT
dC 44
dT
dC 66
dT
dC12
dT
dC13
dT

(4)

Substituting (4) into (3) and taking into account only the
terms proportional to ΔT a linearized form of GreenChristoffel’s tensor can be obtained:

Γ BC (ΔT ) = [CSABCD + (2CSABPDδ CQ + CSABCDPQ )α PQ ΔT]N A N D .
(5)
Solution of system (1) with tensor (5) for the chosen
elastic modes in the certain directions of the crystals gives us
the required temperature coefficients of elastic constants. So
the main relations applying to the 32, 3m and 3 m trigonal
crystals have a form:

dC11
dT
dC33
dT
dC 44
dT
dC 66
dT
dC13
dT
dC14
dT

= (2C11 + C111 + C112 )α11 + C113α 33 ,
= 2C133α11 + (2C33 + C333 )α 33 ,

= (2C 44 + C144 + C155 )α11 + C 344α 33 ,
= 2(C 66 + C133 )α11 + C 366α 33 ,

(8)

1
= (C12 + C112 )α11 + C123α 33 ,
2
1
= [(C113 + C123 )α11 + (2C13 + C133 )α 33 ].
2

As a result of analysis of (6), (7) and (8) one can conclude
that temperature coefficients of elastic constants substantially
depend on the anharmonic 3rd order elastic constants and
coefficients of linear thermal expansion. Terms formed as the
productions of TOEC and coefficients of linear thermal
expansion represent the physical nonlinearity; SOEC
multiplying by coefficients of linear thermal expansion define
the geometrical nonlinearity.
RESULTS AND DISCUSSION
Using derived relations we have been calculated first order
temperature coefficients of trigonal, hexagonal and tetragonal
crystals with known SOEC and TOEC and linear thermal
expansion. Calculated results have been compared with known
experimental data (tabs. I-III). Material constants and
experimental temperature coefficients were taken from [4-39].

(6)

1
[(4C66 + C 222 − C112 )α11 + (C113 − C123 )α 33 ] ,
2
1
= [(C113 + C123 )α11 + (2C13 + C133 )α 33 ],
2
=

In the most cases the agreement of signs between the
experimental and calculated temperature coefficients has been
obtained. A negative sign of TCIJ is associated with normal
temperature dependence. Anomalous positive sign of TC66 has
been calculated for quartz in agreement with experiment.
Especially good agreement between experimental and
calculated data takes a place for diagonal constants. Note that
some crystals (quartz, lithium niobate, magnesium) have
shown the most adequate coincidence both in sign and
magnitude of TCIJ. On the contrary the most unsatisfactory
coincidence is observed for Zn and Er data (tab. II).

= (2C14 + C114 + C124 )α11 + C134α 33 .

dC11
= (2С11 + С111 + С112 )α11 + С113α 33 ,
dT
dC33
= 2С133α11 + (2С33 + С333 )α 33 ,
dT
dC 44
= (2С 44 + С144 + С155 )α11 + С344α 33 ,
dT
dС 66 1
= [(4С66 + С 222 − С112 )α11 + (С113 − С123 )α 33 ],
dT
2
dC13 1
= [(C113 + C123 )α11 + (2C13 + C133 )]α 33 .
dT
2

= 2C133α11 + (2C33 + C 333 )α 33 ,

III.

= (2C 44 + C144 + C155 )α11 + C 344 α 33 ,

Similar relations for hexagonal (622, 6mm,
6/mmm) crystals have a form:

= (2C11 + C111 + C112 )α11 + C113α 33 ,

6 2m,

The main origin of discrepancies could be connected with
mistakes in measuring of SOEC and TOEC and linear thermal
expansion coefficients. Commonly such investigations have
been executed by different working groups using the samples
of various origins. Especially the effect of real defect structure
of various crystals should result in the discrepancy of 3rd order
elastic constants. On the other side as one can see from the
tables there are mistakes in experimentally obtained
temperature coefficients.

(7)

Note that for trigonal and hexagonal crystals there is the
relation between elastic constants C66 = ½(C11–C12).
Temperature coefficients for the tetragonal (422, 4mm, 42m,
4/mmm) crystals can be written as:

Therefore the difference between the experimental and
calculated temperature coefficients could be used for
independent analysis of mistakes’ origin.
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TABLE I. COMPARISON OF EXPERIMENTAL AND CALCULATED TEMPERATURE COEFFICIENTS FOR TRIGONAL CRYSTALS
Calc.
[4-6]
-39,0

LiNbO3
Calc.
[4, 5, 7]
10,7

Exper.
[8]
-34,6

Calc.
[9-11]
-4,9

SiO2
Exper.
[12]
-4,3

Exper.
[13]
-3,8

Calc.
[14, 15]
-3,9

-21,1

-0,3

-36,8

-13,0

-16,9

-20,8

-13,8

dC 44 dT
dC 66 dT

-18,2

-12,0

-12,2

-4,0

-9,9

-10,1

-12,8

-4,9

-10,3

2,1

7,0

7,5

dC14 dT

5,1

-5,2

-1,7

-2,7

-1,8

-1,9

dCIJ dT ,
106 Pa/K

dC11 dT
dC 33 dT

TABLE II.

La3Ga5SiO14
Exper.
[16]
-8,9

Al2O3
Exper.
[21]
-37,3

Exper.
[17]
-11,1

Calc.
[18-20]
-26,4

-24,6

-35,3

-23,7

-42,3

-29,9

-2,4

-1,6

-4,3

-13,4

-26,5

-24,2

-2,6

1,5

5,8

-10,6

-9,7

-4,4

-0,6

-5,2

-2,2

-0,2

-1,7

|2,2|

COMPARISON OF EXPERIMENTAL AND CALCULATED TEMPERATURE COEFFICIENTS FOR HEXAGONAL CRYSTALS
6

Exper. [25]
-79,2

Mg
Calc. [23, 26, 27]
-15,4

Exper. [27]
-18,0

Calc. [28-30]
-6,3

Exper. [31]
-20,2

-47,1

-18,5

-18,2

-19,9

-13,4

-11,0

dC 44 dT
dC 66 dT

-23,7

-32,1

-5,8

-8,4

-2,3

-7,7

-15,7

-

-7,0

-2,0

-2,9

-4,9

dC13 dT

-11,1

-8,0

-1,0

-0,9

-1,6

1,6

dCIJ dT , 10 Pa/K
dC11 dT
dC 33 dT

TABLE III.

Exper.
[18]
-35,8

Zn
Calc. [22-24]
-41,8

Er

COMPARISON OF EXPERIMENTAL AND CALCULATED TEMPERATURE COEFFICIENTS FOR TETRAGONAL CRYSTALS

6
dCIJ dT , 10 Pa/K

dC11 dT
dC 33 dT
dC 44 dT
dC 66 dT
dC12 dT
dC13 dT

Calc. [32-34]
-13,9

TeO2
Exper. [34] Exper. [35]
-15,1
-20,2

-19,7

-29,5

-31,5

Calc. [36-38]
-29,5

KH2PO4
Exper. [24]
-47,0

Exper. [39]
-52,5

-30,9

-33,3

-36,7

0,6

-2,0

-3,5

-1,6

-7,7

-3,8

-11,8

-29,3

-22,0

-1,3

-3,3

-3,7

-11,3

-16,9

-21,2

-13,0

-9,4

-

-2,9

-1,5

4,9

-4,2

-5,0

-

Let’s analyze the nature of anomalous value of TC66 which
can be observed in trigonal crystals. It is convenient to rewrite
corresponding relation taken from (6) as:

dC 66
= [(2C66 + C166 + C 266 )α11 + C366α 33 ].
dT

(9)

in (9) will exceed the negative contribution of the second one,
and TC66 will be positive.
It is well known that the transformation of generalized
Hook’s law from linear to polynomial dependence between
deformation and stress is defined by TOEC values [40]:

τ AB = C ABCD η CD + C ABCDPQ η CD η PQ ,

Such form is obtained due to relations of coupling between
dependent and independent components of TOEC tensor of
trigonal crystals. Substituting the data on SOEC and TOEC as
well as linear thermal expansion coefficients into (9) one can
see that first term (geometrical nonlinearity) in the right side
of (9) will always have a positive sign, but the other terms
could be both positive and negative. Since linear thermal
expansion coefficients have positive signs, the signs of the
second and others terms are determined by the TOEC signs
only. Usually in crystals the signs of the TOEC are negative,
and as a rule the TOEC magnitudes exceed the SOEC ones.
Analyzing the TOEC values of quartz among the known data
one can see an unusual peculiarity: C112 > C111 . Calculation of

(10)

where τAB is the tensor of thermodynamical stress. In the most
cases when positive deformation increases and TOEC values
are negative, the quadratic term in (10) produces a small
decreasing of the stress in comparison with linear dependence
in harmonic approximation. If TOEC values are positive, the
trend will be opposite and non-equilibrium state of the crystal
in respect of one or another elastic mode should arise.
Returning to quartz one can conclude that the positive signs of
C266 and C366 nonlinear elastic modules indicate an unusual
behavior under the shear deformation in the XY plane.

the TOEC values useful for the analysis of (9) gives us
C166 = -3,775⋅1010, C266 = +3,525⋅1010 and C366 = +14,75⋅1010
(in Pa). Consequently, the sum of first, third and fourth terms
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Abstract— A resonator using shear waves of lithium niobate is
used in this paper to achieve large fractional bandwidth BAW
filter. Electromechanical couplings in the 20 – 50 % range are
obtained for the shear waves of a thin layer of Lithium Niobate
suspended on a silicon substrate. By this way a filter with
fractional bandwidth over 20% has been designed for space
applications.

I.

and to use wisely crystallographic cuts to achieve very
efficient filters. Thanks to Lithium Niobate shear wave
propagation behavior, it is possible to synthesis and to achieve
band-pass filters with fractional bandwidth over 10 or 20 %.
The resonant frequency of the resonator and the filter
proposed in this paper is not given because the industrial
partner of this project keeps this value confidential.
II.

INTRODUCTION

Acoustic waves, using surface or bulk propagation, are
used in numerous applications in frequency generation,
control or filtering in modern wireless communication systems
[1] [2]. With the growing demand for multimedia and mobile
applications, new generations of telecommunication satellites
require higher performances, higher functionalities and still
stronger cost and size constraints [3] [4]. In that context, Bulk
Acoustic Waves (BAW) devices can offer many potentialities
for smart RF components or systems. For instance this
technology is now used as alternative to Surface Acoustic
Waves (SAW) filters in handset duplexers for UMTS and
DCS standards around 2 GHz with Aluminum Nitride
piezoelectric layers [5]. However, Aluminum Nitride is not
suitable for large band applications, due to its
electromechanical coupling coefficient. This material is
mainly processed for local oscillators or narrowband filtering
operations (<5%) [6] [7] [8].
Single crystal-based acoustic resonators for filtering have
received a strong interest for many years. Various
developments have been particularly achieved using Quartz
with either SAW delay lines or resonators. However, most
approaches have been developed exploiting quartz machining
along standard etching, rarely compatible with batch processes
as used for Micro-ElectroMechanical Systems (MEMS)
[9][10][11].
That is why Lithium Niobate (LiNbO3) layers bonded on
silicon substrates are studied to reach large band pass
specifications. It is essential to maximize the values of the
electromechanical coupling coefficient in Lithium Niobate,
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ELECTROMECHANICAL COUPLING COEFFICIENT

By solving the generalized Christoffel equation in
piezoelectric materials, we can use tensorial expressions that
give phase velocity and polarization [12]. For “z” propagation
(fig1.), three plane waves are created, which have orthogonal
polarization with different velocities.

Fig.1: Propagation in anisotropic crystal
It results a thickness wave polarized along the “Z” axis,
and two shear waves, polarized in the “XY” waves plane.
These velocities permit to define very important parameters
for BAW resonators: thickness, electromechanical coupling
coefficient kt² and shear electromechanical coefficient ks².
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The higher these coefficients are, the best
electromechanical coupling the piezoelectric layer gives. The
following expression describes the dependence of kt² (or ks²)
according to resonance and anti-resonance.

kt 2 =

π 2 ⎛ f p − fs ⎞
⎜
4 ⎜⎝

fp

⎟⎟
⎠

It is not possible for Aluminum Nitride to have a coupling
coefficient kt² higher than 7%. We propose to use two
different cuts of Lithium Niobate: the (YXl)/ 36° and the
(YXl)/163° cuts. The first one allows for the excitation of high
velocity (7000 m.s-1) longitudinal modes whereas shear waves
are used in the second one, allowing for electromechanical
coupling. For these orientations we obtain ks² around 30% for
the (YXl)/36° cut and around 45% for the (YXl)/163° cut.
III.

resonator on LiNbO3 membrane as shown in fig. 3. A gold
thin layer (200nm) is deposited first by sputtering on both
LiNbO3 (bottom face) and silicon (top face) wafers. Both
wafers are then bonded together via gold layer compression
into an EVG bonding machine. During this process, we apply
a pressure of 65 N.cm−2 to the whole contact surface, yielding
a high quality bond. LiNbO3 is subsequently thinned by
lapping and polishing steps to an overall thickness of several
microns. The resonator is finally suspended by etching the
back side of the silicon substrate by DRIE. Aluminum
electrodes are deposited on the LiNbO3 upon the cavity to
achieve working BAW resonators. A cross section of the
resonator is presented figure 3.
Bottom electrode

top electrode
Lithium Niboate

1D SIMULATION

The first step is to size the thicknesses of the several layers
of the structure to reach the targeted frequencies. In the case of
figure 2, we used the cut Y+36°; we obtain a coupling
coefficient kt² equal to 33%. This resonator with very large
electromechanical coupling will enable to reach easily
fractional bandwidth filter over 10%.

Si

Si

Fig.3: cross section of the structure

Photography of the fabricated resonator is presented
figure 4, in a top view. We can see CPW accesses for
measurement and apodized shape of the electrodes to prevent
from parasitic modes.
(Ohm)

top electrode

bottom electrode

1 mm
Fig.2: simulation response of a lithium niobate resonator (cut
Y+36).

IV.

3 mm
Fig.4: fabricated resonator (top view).

FABRICATION AND MEASUREMENTS

In this work, we propose a filter fabricated on
LiNbO3/Silicon substrates obtained by Au/Au bonding at room
temperature and a lapping/polishing on the upper face of the
lithium niobate substrate. This approach allows for a collective
and accurate production of filters, the filter frequency being
controlled by the membrane thickness of the lithium niobate
layer.

S21-parameter measurements for the structure shown in
Fig. 4 were performed using a HP 8510 A network analyzer
system. The measured response is presented figure5.

We based our device fabrication on gold bonding with a
lapping/polishing process to prepare wafer compound to
different devices. It allows us to manufacture a BAW

473

ACKNOWLEDGMENT
Authors want to thank the CNES for the program
FOVETTES support.
REFERENCES

Fig.5: measured resonator.

It exhibits an electromechanical coupling of 31 %, wich is
very close to the predicted one (33%). This resonator can then
been used to synthesis large fractional bandwidth filter. Figure
6 presents a lithium niobate based BAW 3 pole filter with a 3
dB fractional bandwidth of 22 % in a ladder configuration.
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Fig.6: computed ladder 3 pole filter with large fractional
bandwidth for space application.

V. CONCLUSION
In this paper an efficient method to compute BAW filter
using shear waves has been presented using a scalar approach.
By this way, very important electromechanical coupling
coefficients have been obtained with lithium niobate. Large
band pass filter become then very easy to achieve for space
applications.
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Abstract — Intrinsic stress and electromechanical
coupling coefficient are the most important
parameters of piezoelectric thin films used in
membrane as well as cantilever type MEMS such as
energy harvesters, transducers and others.
In this paper, practical aspects controlling stress
and crystallinity in aluminum nitride (AlN) film used
in manufacturing of Bulk Acoustic Wave (BAW)/
Film Bulk Acoustic Resonator (FBAR) filters [1],
[2], [4] have been presented. Controlling stress by
modifying deposition parameters was compared to
controlling stress by surface modification. Stress
was found to be an important indicator in predicting
crystallinity of AlN films. Impact of the substrate
material and electrode deposition on stress and
crystal orientation of piezoelectric AlN was studied.
In process applications where control of the surface
layer thickness is critical and surface topography is
variable, use of ion mill to reduce surface roughness
is preferable to CMP. It was generally found that for
most amorphous materials such as silicon dioxide or
silicon nitride that are placed under the electrode or
piezoelectric AlN, it is critical to get the best possible
surface smoothness. On the other hand for the
electrode material such as molybdenum, it is more
important to get material with the best crystal
orientation. Polishing of the well oriented electrode
material did not provide further improvement. It was
also observed that if AlN is deposited on a smooth or
well oriented layer, orientation of the AlN is
improved when the stress in the film is more tensile.
On the other hand if the tensile stress is caused by
residuals on the surface or surface roughness, tensile
stress usually leads to poorly oriented films.
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I.

INTRODUCION

Early in the development of AlN films, it was observed
that stress could vary for variety of reasons. Sometimes most
compressive stress in the AlN film produced best crystallinity,
other time tensile stress produced best results. Controlling
stress was particularly important for FBAR applications where
membranes are susceptible to cracking or delaminating due to
high stress. Even in BAW technology, high stress can simply
cause yield loss in photo-lithography due to high warpage of
the wafers. Three major factors must be addressed to control
stress in the AlN films:


Substrate or pre-electrode processing



Electrode or pre-AlN processing



Deposition of AlN

We propose some practical guidelines to successful stress
control with high electromechanical constant.
II.

EQUIPMENT

In this investigation we used Advanced Modular Systems
cluster tool with three modules: AlN deposition chamber,
electrode deposition chamber and ion beam trimming module
(shown in Figure 1).
AlN deposition uses a dual magnetron with AC power
applied between targets. It is a reactive deposition using
aluminum target and, argon and nitrogen process gasses.
Electrode deposition chamber is a dual magnetron with DC
power supply, electrode target (Mo, W, Pt, etc…) and argon
process gas. The trimming module uses DC focused ion
source
with
argon
process
gas
to
improve
thickness/uniformity of either electrode or AlN films. Use of
the trimming module opens up a much wider process window
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for stress control because we don’t need to spend too much
effort on controlling thickness uniformity during deposition.
Figure 1: AMSystems cluster tool

of smoothness. Ion beam trimming tool was used to
improve the surface roughness.
Figure 2: AlN Rocking curves and Stress as a function of
oxide surface roughness

III.
A.

B.

SUBSTRATE OR PRE-ELECTRODE
PROCESSING

IV.

Surface Cleaning
The surface on which the electrode is deposited can
irreparably damage quality of the piezoelectric
aluminum nitride. It is very critical to have a
smooth and uncontaminated surface before
depositing the electrode material. If substrate was
exposed to the photoresist, it is critical to have the
surface adequately cleaned. Depending on the
materials used, either wet chemical or dry strips can
be effective. If wafers are not adequately cleaned, it
can lead to high tensile stress in the future deposited
films with very poor crystal orientation and, in
worse cases, delamination.
Surface smoothness
After adequate cleaning it is important to make
sure that the surface is smooth. Typically, 0.6nm
surface roughness is acceptable. There are two
common methods for the surface smoothing:
Chemical Mechanical Polishing (CMP) and ion
beam milling. CMP can be performed on most
materials and with appropriate selection of polishing
slurry it is capable of both planarizing and
smoothing the surfaces. One limitation is that it is
hard to control the amount of material removed,
especially if there is diverse topography of features
on a wafer. Ion milling can be precise in the amount
of material removed, but is only effective on hard
dielectric materials such as SiN, AlN or SiO2. It
requires too much material removal on metals to be
useful. Figure 2 shows impact of surface roughness
on the crystallinity and stress of AlN deposited on
the PECVD oxide that is polished to different level

ELECTRODE OR PRE-ALN
PROCESSING

Before piezoelectric AlN is deposited, the electrode material
is typically deposited and in most cases patterned. It is
important to keep track of the stress in the electrode films
because it is a good indicator of the problems with the
substrate preparation. Erratic stress in the electrode usually
results in problems with AlN deposition.
Some electrode materials such as Ru oxidize in the air if
AlN is not deposited within relatively short period of time.
Significant variations in both stress and rocking curves have
been observed if Ru electrode is left in the ambient
atmosphere for a long time. Figure 3 shows the impact on
AlN parameter as Ru is left exposed for significant amount of
time.
Figure 3: AlN properties on differently exposed Ru
electrodes
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Even though electrodes such as W and Mo are not easily
oxidized, it was found that removal of 10nm to 20nm of the

substrate interaction with the chamber components and
variable stress results.

electrode material by CMP has beneficial impact on
repeatability of stress as can be seen in Figure 4. Polishing the
surface of the W also produces improvement in rocking curve,
but no improvement was observed for Mo.

Another common cause of stress variation is a plasmasubstrate coupling due to variation of plasma potential and
contact through the electrode structure to the wafer
holding/clamping mechanism. We have observed as much as
700MPa difference in stress due to the conductive contact to
the wafer surface vs. insulated contact.

Figure 4: Repeatability of AlN stress on polished vs.
unpolished electrodes

As the target material gets eroded and a thick insulating
layer builds up on the shields, it is not uncommon to see stress
changing from the beginning of the target life to the end of the
target life. Usually such changes are repeatable from target to
target and can be built into automated software adjustment on
the deposition system, see Figure 6.
Figure 6: AlN film stress vs. target life

Measuring rocking curve on Mo deposition has been useful
in predicting better crystal orientation in the following AlN
deposition, see Figure 5. Rocking curve measurements had no
correlation to the rocking curves on AlN or stress repeatability
for either W or Ru.
Figure 5: AlN rocking curve depends on Mo electrode
property
VI.

CONCLUSION

In many cases it is more important to prepare the substrate
and the electrode for the AlN deposition than trying to control
deposition itself. Making sure that both electrode and
substrate have been treated correctly will go a long way
towards producing excellent AlN films.
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Abstract—This paper reports the simultaneous fabrication
of Receive and Transmit Bulk Acoustic Wave filters for the
WCDMA standard on the same die. Both filters are based on
Solidly Mounted Resonators using a common Bragg mirror, but
with each having a specific piezoelectric film thickness. Electrical
measurements reveal that the process steps required to provide
the two different piezoelectric film thicknesses on the same die
does not impact the electrical performances of resonators and
filters and that this approach could thus be generalised to more
than two filters.

I. I NTRODUCTION
Acoustic filters are an enabling technology for radiofrequency front-ends, where they are used for RF band pass
filtering. Among them, Bulk Acoustic Wave (BAW) filters are
commercially available for almost 10 years now, and find their
use for stringent filtering applications, where low losses, steep
skirts and sharp roll-off are required [1]. They consist in a
piezoelectric thin film sandwiched between two electrodes,
and operating on a thickness-extensional vibration mode.
Therefore, their operation frequency is fully defined by the
set of layers from which they are obtained and especially by
thicknesses. Unlike other technologies, like Surface Acoustic
Wave (SAW), Lamb Wave Resonators, or other Micro Electro
Mechanical (MEMS) resonators, their characteristics depend
only weakly on their geometric design. This means that a
unique set of resonators, operating at a given frequency, can
be fabricated at a time. Local addition of mass by depositing
an added layer over some resonators enables to shift their
frequency through the mass loading effect, and thus enables to
obtain the two sets of resonators required to obtain a conventional ladder or lattice type filter. However, it is hardly possible
to synthesize two filters for different standards. Instead, only
one bulk acoustic wave filter is usually fabricated at a time and
current RF front-ends thus require as many filter dies as they
include filters. This will surely become a critical problem in
mobile phone applications with newer standards making use
of even more frequency bands, what will cause an increase in
the number of filters necessary in a radiofrequency front-end.
Therefore, the integration of these components in systems will
become critical.
Previous studies have focused on co-integrating two RF
filters on the same die, at least to provide both Receive (Rx)
and Transmit (Tx) filters of the same standard on the same
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die, thus enabling to assemble only a single filter die on
a duplexer module. This means being able to provide four
sets of resonators having each a different set of resonance
frequencies. The most intuitive way is to exploit the massloading effect in a way similar as to the one in which two
sets of frequencies are defined in a conventional filter [2]. It
has been recently applied for example to the fabrication of a
Film Bulk Acoustic Resonator (FBAR) based duplexer for the
WCDMA standard [3]. By using both a so-called band tuning
layer to define resonators at Rx frequencies, and then a second
loading layer to define the parallel resonators of both filters,
a set of four frequencies was obtained. The same principle
could be similarly applied with Solidly Mounted Resonators
(SMR). The advantage of this solution is that it requires
only an additional layer and an additional mask level used to
pattern the band tuning layer compared to a conventional BAW
process. However, this additional band-tuning layer normally
causes a reduction of the effective electromechanical coupling
factor of resonators, making the synthesis of wide bandwidth
filters more difficult. This reduction increases as the frequency
shifts between the two filter bands becomes large. This means
in practice that this approach can only be used where a
reduction in effective electromechanical coupling factor for
one of the two filters is acceptable. This also means that this
solution is only applicable to two close frequency bands.
In order to fabricate simultaneously filters with arbitrary
bandwidths and frequency spacing, without sacrificing effective electromechanical coupling factor, i.e., ultimately, insertion losses and ripple, several piezoelectric layer thicknesses
need to be provided on the same substrate [4]. A first approach
proposed to implement such a device was first to deposit
the thinner piezoelectric film, then to protect it where the
highest frequency filter will be located, and finally to deposit
an additional thickness of the piezoelectric layer where the
lowest frequency filter will be located [5]. However, authors
have shown that in practice, with Aluminum Nitride (AlN),
piezoelectric properties of the thicker film are decreased
compared to the initially deposited one. Investigations have
proven that the cause of this decreased piezoelectric properties
is attributed to either a bad crystallinity of the re-grown layer,
or by a regrowth of AlN with a reverse polarity, causing
a partial cancellation of the effective piezoelectricity of the
piezoelectric film. The origin of this phenomenon is the surface

478

degradation of the initial AlN film, caused by reaction to
chemical agents during photolithography steps, but it was also
noticed, although less significantly, in samples having only
been exposed to air for some time. The conclusion of this
first approach was that oxidation or reaction with humidity
may trigger surface deterioration and cause re-growth with
the wrong polarity.
Another approach would be to start with the deposition of
the thickest piezoelectric layer first, and then to partially etch
this film to provide a thinner layer where the highest frequency
filter will be located. The advantage is that it ensures that the
structural quality of AlN remains unaffected. However, there
are two critical issues: first AlN is still exposed to chemicals
during photoresist development or stripping, which are known
to damage it, in partially etching it and increasing its surface roughness. Conjugated effects of roughness increase and
surface contamination of the piezoelectric film are expected
to prove detrimental towards quality or effective electromechanical coupling factors of resonators. Secondly, although
the deposition processes of AlN in an industrial environment
is very well controlled and reaches unmatched thickness
homogeneity in order to reduce frequency dispersions, while
offering growth rates compatible with mass production in an
industrial line, etching processes are much less optimized.
Processes with reasonable etch rates suffer from much lower
uniformity and thickness control, especially when it comes to
partially etch a layer without proper etch-stop. On the other
hand, some equipments, for example dedicated to frequency
trimming of resonators, offer an excellent control over etching
depth and uniformity, but at the expense of very slow etch
rates, making these approaches difficult to implement for mass
production. So using direct partial etching of AlN does also
not seem to be an interesting alternative.
To avoid the drawbacks of the above-mentioned methods
for fabricating several BAW filters simultaneously, we propose
in this paper a new approach based on multiple depositions
and patterning of the piezoelectric layer [6]. In section II, we
discuss the design of two filters compatible with the proposed
approach. Then, in section III, we describe the fabrication
of both Reception and Transmission filters for the WCDMA
standard. Section IV provides the electrical characteristics of
the fabricated filters and a comparison with conventional filters
with the same design.
II. WCDMA

DUPLEXER FILTERS DESIGN

The two filters were designed to match the WCDMA
standard, using the procedure described in [7], [8]. Based on
a first estimation of achievable resonator electromechanical
coupling and quality factors, Butterworth-Van Dyke (BVD)
lumped element models of resonators were built and used for
filter synthesis. An equivalent filter model, based on an initial
filter architecture, is first proposed. The transmission filter is
based on a 50 Ω single stage ladder topology, with only three
resonators, since most of the rejection will be provided by
the duplexer itself. The reception filter is implemented as a
double lattice topology, as it requires higher rejection and

Fig. 1. Filter masks for the WCDMA duplexer : antenna to Rx path (red)
and Tx to antenna path (blue).

Fig. 2.

Transmission coefficient of the designed SiN/SiOC Bragg mirror.

differential input and output. This model is then optimized
to meet specifications for the whole duplexer module, which
are summarized by the masks shown in Figure 1. The output
of this optimization basically provides required resonator static
capacitances and, more importantly for this study, resonance
and antiresonance frequencies.
From this basis, a more precise Mason model of resonators
is used. First, a Bragg mirror is designed to cover the two
filter bands. This mirror is made of SiN and SiOC, which
exhibit an acoustic impedance ratio larger than 6 and thus can
provide a mirror offering a transmission lower than −30 dB
over a bandwidth of more than 1 GHz with 3 pairs of layers,
as seen in Figure 2. Such a wide bandwidth is more than
sufficient to cover the two filter bands. It also ensures a rather
small change in reflection coefficient between the filters: this
is mandatory to ensure that both devices will benefit from
a quasi-similar acoustic isolation and from small changes
in phase of the reflection coefficient, what is necessary for
the maximum achievable effective electromechanical coupling
factor of resonators to remain similar for the two filters.
Two Molybdenum/AlN/Molybdenum piezoelectric stacks
have been designed so that resonators simultaneously reach

479

the specified resonance and antiresonance frequencies in the
series paths of the two filters. This design also takes into
account an additional SiN passivation layer whose thickness
is otherwise defined for reliability reasons [9]. However,
we added the additional constraint to try to have as many
common layers as possible, to ease subsequent processing.
For the set of frequencies defined during the optimization of
the filter topology, it proved impossible to achieve sufficient
electromechanical coupling factor with the same piezoelectric
layer thicknesses or with the same bottom or top electrodes.
However, the required amount of mass loading necessary to
induce frequency shifts of 69 and 56 MHz between series
and parallel resonators, respectively for the Rx and Tx filter,
is obtained by almost adding the same thickness for the two
material stacks. This means that the same mass-loading can
be applied at least to the two filters.

Fig. 3.

Optical photograph of Rx and Tx filters after fabrication.

III. F ILTER FABRICATION
From these acoustic design considerations, one can see that
the fabrication of the two filters differs only at the level
of the two electrodes and at the level of the piezoelectric
film. Therefore, for most of the fabrication process, we use
a conventional BAW fabrication process. We start with the
deposition onto a high resistivity wafer of the 7 layers forming
the common Bragg mirror, alternatively SiOC (335 nm) and
SiN (1200 nm). These layers are deposited by chemical vapor
deposition (CVD). The whole deposition process has been
optimized to minimize stress wile providing a flat and smooth
surface on which to grow the piezoelectric stacks.
A Molybdenum film is deposited on top of these Bragg
mirrors by sputtering the thickest of the two bottom electrodes,
i.e. 400 nm of Molybdenum corresponding to the thickness
required for the Tx filter. This metal film is then locally
partially etched over 50 nm to reach the thickness required
by the Rx filter. To ensure a precise control of this thickness
difference, we use very slow etching process in an ion beam
tool. Then, the bottom electrodes for the two filters are
simultaneously patterned using standard photolithography and
a fluorine-based dry etching step.
A first piezoelectric AlN film close to 1300 nm is deposited
by reactive pulsed DC sputtering, followed by the deposition
of the first top molybdenum electrode (140 nm) in the same
cluster tool (a Sigma Fxp sputtering system from Aviza
Technologies) to avoid any vacuum break. These layers form
the piezoelectric stack for the Tx filter. Large patterns are then
defined on the top metallization to define areas where Tx filters
will reside, using standard photolithography and dry etching.
The molybdenum film then serves as a metal mask for the
chemical wet etching of AlN. We checked that this chemical
etching leaves a flat surface without any AlN residues which
could locally degrade the growth of the second piezoelectric
stack.
This second piezoelectric stack is deposited the same way
as the previous one on top of the existing materials. It consists
in an AlN film of 1150 nm and a Mo film of 120 nm. The
top Mo film is patterned to define a second metal mask,

Fig. 4.

SEM cross sections of Tx (left) and Rx (right) islands.

complementary of the previous one, which defines the areas
where the Rx filters will reside, and the second AlN layer is
etched again. At this stage, the first Mo metal mask protects
the first AlN film, acting as an etch stop for the second AlN,
so that two kinds of islands with varying piezoelectric stacks
are defined. Microscope inspection revealed that no remains of
the second AlN film were noticed over the top electrode of Tx
islands after this etching step, so that the fabrication process
could be continued safely. We also assessed the crystalline
quality of AlN films by rocking curve measurements. No
noticeable change in AlN texture was noticed between Rx and
Tx islands and between reference wafers which have only seen
the deposition of one piezoelectric stack.
Frequency separation between series and parallel resonators
for the two filters is obtained by partially etching the two top
molybdenum layers over the locations where series resonators
will reside. As for the bottom electrode, we partially etch these
layers using slow ion beam etching for a precise thickness
control and a high on-wafer uniformity. The top electrodes
are then patterned and vias are etched in the AlN islands
using photolithography and another wet etching to reach the
bottom electrodes. Devices are then passivated using an SiN
film covering the whole surface, except where contacts towards
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Fig. 5. Electrical response of Tx and Rx resonators measured on the same
wafer die.

Fig. 6. Comparison of average electromechanical coupling factors measured
between wafers having seen the fabrication of the two filters and reference
filters.

top and bottom electrodes are opened by fluorine based dryetching. Finally, a thick aluminum layer is deposited and
patterned to cover vias and to form contact pads for RF
probing.
Figure 3 is an optical photograph showing filters after
fabrication. Each filter resides on an 1×1 mm2 die having its
own piezoelectric stack. Vertical and horizontal lines separate
islands corresponding to the Rx or the Tx material stack.
Due to the relatively small change in AlN thickness between
the two types of filter, no noticeable colour change can be
observed. Figure 4 shows cross sections of Tx and Rx islands
obtained on the same wafer at a small distance from each
other.
IV. E LECTRICAL CHARACTERIZATIONS
After fabrication, a set of 167 test resonators regularly
distributed accross each wafer were tested using RF probes
connected to a vector network analyzer and calibrated using
the conventional SOLT method. For each of them, we extracted
resonance and antiresonance frequencies, as well as quality
and electromechanical coupling factors. Figure 5 shows sample impedance responses of resonators for the Rx and Tx filters
measured on the same wafer die. Figure 6 gives the values of
electromechanical coupling factor averaged over each wafer
(i.e. over 167 samples) compared to reference wafers having
only seen the fabrication of one filter. As can be seen, changes
in resonator properties remain within measurement uncertainties, showing that the multiple frequency process has not
significantly impacted resonator performances. Measurements
of two filters located in the same 2 mm2 die are shown in
Figure 7: these two filters exhibit excellent performances:
respectively 1 and 2.3 dB insertion losses for the Transmit
and Receive filters. It is to be noted that the somehow reduced
rejection of the Transmit filter will be greately improved when
mounted inside the duplexer chip.
V. C ONCLUSION
We have simultaneously fabricated Rx and Tx filters for the
WCDMA standard based on SMR. The fabrication process
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Transmission and reflection measurement for adjacent Tx and Rx

employed makes use of the deposition and patterning of two
piezoelectric films which are then patterned thanks to the
very large etching selectivity between AlN and the Molybdenum electrodes used. Electrical measurements reveal that
no change in performances is induced in individual resonators
or in filters compared to a standard single-frequency BAW
process, proving the interest of this method, and moreover
does not put strict constraints in terms of acoustic design of
resonators. Moreover, this approach can be easily generalized
to alternative technologies using other electrode materials or
other piezoelectric films. It could also be generalized to a
larger number of filters, being only limited by the ability to
design a common Bragg mirror suitable for all filters.
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Abstract—A superfine resonant structure with a voltage spacing
of about 19 nV (corresponding frequency 9 MHz) and an
extremely low differential resistance has been observed in the
Josephson Flux Flow Oscillator (FFO) IVCs. We have analyzed
coherent phonon radiation and detection due to the interaction
of Josephson’s electromagnetic oscillations with mechanical
displacement field caused by piezoelectric effect or
electrostriction effect. In contrast to the other works we consider
sound generation in the Josephson tunneling structure,
deposited on the rather thick substrate. This layered structure
plays the role of high overtone composite resonator for bulk
acoustic waves propagating normally to the layers.

I.

INTRODUCTION

The spectrum of acoustic phonons covers frequencies up to
several terahertz. So the excitation of coherent acoustic waves
(AW) with subterahertz frequencies is a problem of great
importance. As attenuation of AW is reduced at liquid helium
temperatures, in 1970s and later the superconducting tunnel
junctions have been used to generate and also to detect both
incoherent and coherent AW above 100 GHz [1-4]. The
possibility of AW generation in high Tc Josephson junctions
has been considered in [5, 6]. Recently, phonon radiation in
the Josephson junctions as a reason for decoherence of
superconducting quantum bits is also discussed [7]. Most of
the papers mentioned above deal with interaction of AW with
electromagnetic fields in the junction via piezoelectric
coupling.

resonator for bulk AW propagating normally to the layers. The
resonant generation and detection of AW are displayed on I-V
curve (IVC) as a series of additional steps on the top of the
ordinary FS series. The experiments carried out on Nb-AlOxNb junction on Si substrate revealed the fine structure of IVC
with steps separation and low differential resistance, which is
pointing out AW generation [8].
II.

A. Dynamics of long Josephson junction
Consider two superconductors biased at the constant
voltage and spaced by dielectric layer of thickness d. External
magnetic field lies in the interface along the x axis (Fig. 1).
This structure is deposited on a substrate of thickness D. The
current flowing in the dielectric interlayer will be in the form
j y = j s , y + j n , y = j1 sin ϕ (z , t ) + σ T e 0y . Here j s , y and jn , y
are, respectively, Josephson tunneling current of Cooper pairs
with amplitude j1 and normal electrons current with tunnel
conductivity σ T , ϕ (z, t ) is the difference of SC wave functions.

In the present paper the possibility of AW generation due
to electromagnetic wave, accompanying Josephson vortex
motion, is considered. The Josephson flux flow oscillator
(FFO) based on unidirectional flow of vortices in a long tunnel
junction is shown in Fig.1. Usually in these structures with
low dumping the step-like current-voltage characteristics, so
called Fiske steps (FS), are occurred. The position of the steps
depends upon Josephson junction resonant frequencies defined
by junction length. We’ll consider AW generation in the
tunneling structure, deposited on the relatively thick flat
substrate with double side polished parallel surfaces. This
layered structure plays the role of high overtone composite
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Figure 1.
Schematics of the structure: 1- the Si substrate, 2 -long
Josephson junction Nb-AlOx-Nb, the black area – the AlOx insulator film.

In linear approximation upon field amplitudes one can
write down the expression for phase difference ϕ = ϕ 0 + ϕ1 ,
where ϕ 0 = ωt − qz . Hereafter upper subscript (0) denotes the
values integrated on dielectric layer thickness. The Josephson
relations ω = ∂ϕ 0 / ∂t = 2eV 0 / = , q = ∂ϕ 0 / ∂z = 2ed H 0 / =c
connect the frequency ω and the wave vector q with

ρ

∂ 2 u 20
∂t 2

=

T2 (d ) − T2 (0)
∂ 2 u 20
∂e 20
β
+ C 44
+
24
d
∂z
∂z 2

(2)

The boundary conditions for elastic displacements and
stresses at the dielectric layer surfaces are T2 (0) = T (1) (0) ,
2

constant voltage V0 and magnetic field H0. Here d = d + 2λ L
is an effective size of magnetic field localization, λ L is a

T2 (d ) = T 2( 2) (d ) , u 2 (0) = u (21) (0), u 2 (d ) = u2( 2) (d ) , where the
quantities with superscripts 0, (1), (2) refer to dielectric layer
and surrounding media.
If we assume that elastic
displacements slightly vary along the thickness of dielectric,
then we can easily obtain the following relationships

∂ϕ1 / ∂t = (2e / = )v1 [9].

u 2 (0) = u 20 +

The interaction of Josephson’s electromagnetic oscillations
G
in the junction with mechanical displacement field u caused
by piezoelectric effect or electrostriction effect produces a
G
polarization density p and contributes to an electrical

Here Z1,2 are acoustic impedances of the surfaces y = 0, d
respectively. For perfectly reflecting lower surface of the
substrate ( y = − D ) Z1 ≈ iZ 0 tan kD , where k = ω / v l ,

London penetration depth. The phase addition ϕ1 is
connected with ac voltage on the junction v1 = e0y d as

displacement d 0 ( z ) = ε d e 0 (z ) + 4π p (0U ) y ( z ) .
y
y

By

standard integration of Maxwell equations the generalized
Josephson relationship between phase gradient and
polarization can be deduced in the form
∂ 2ϕ 1 1 ⎛ ∂ 2 ϕ 1
∂ϕ 8πed ∂p (U ) y
− ~ 2 ⎜⎜ 2 + Γ 1 +
∂t
∂t
=ε d
∂z 2
c ⎝ ∂t

with
a
Swihart
~
a
c = c d /(ε d d ) ,

⎞ 1
⎟ = 2 sin ϕ 0 ,
⎟ λ
J
⎠

λ2J = =c 2 / (8πed j1 ) , a Maxwell relaxation frequency Γ . For
typical Nb- AlOx-Nb junction with 2λ L ~ 170 nm, d ~ 1-2 nm,
ε d ~10 the estimation gives a wave slowing-down
~
c / c ≈ 0.03. In spite of this, electromagnetic wave velocity in
the Josephson junction is much greater than AW velocity.

both

constants
normal

piezzoeffect and the induced one by the electrostriction. In
linear approximation the electric field in dielectric layer is
uniform E m = V0 / d . Piezoelectric interaction contributions to
stress tensor and electric polarization are ΔT = β~l ,ij el and
ij
~
respectively.
While
the
piezoelectric
effect is
pi = −4πβ ikl u kl
absent in bulk dielectrics with inversion symmetry, it is not
possible to eliminate this coupling at the superconductorinsulator boundary where this symmetry is always broken.
Assuming that electromechanical coupling tensor has 4mm
symmetry with axis lying in the interface, one can obtain the
desired polarization as p 0 = −4πβ 24 (∂u 0 / ∂z ) .
2

u 2 (d ) = u 20 −

∂u (1) ( d ) .
d
Z2 2
2C11
∂t

v l - longitudinal AW velocity in the substrate, Z 0 = vl ρ s acoustic impedance of the substrate. If the upper surface of the
structure (Fig. 1) is not perfectly reflecting, the impedance
Z 2 contributes to acoustic losses.
C. Dispersion equation and current-voltage characteristics
For harmonic dependence of all variables on time and
coordinates exp i ( k y y + qz − ω t ) one can get the dispersion

(1)

electromagnetic
wave
velocity
Josephson
penetration
depth

B. Equations for elastic displacements
Effective
piezoelectric
~
describe
β i,kl = β i,kl + aimkl E m / 4π

(1)

∂u (0) ,
d
Z1 2
2C11
∂t

2

After integration of the equation of motion for elastic
medium along dielectric thickness we get

relation ω 2 = q 2 ~c 2 (ε / ε *)
oscillations in the form
⎛

ω 2 = q 2~
c 2 ⎜⎜1 +
⎝

for

coupled

electroacoustic

~ 2
⎞ (3)
1
4πβ 24
⎟
2
2
2 ⎟
~
~
ερc 1 + i( Z 2′ − Z1′) /(ωdρ ) − q (v⊥ / c ) ⎠

with Z 1′, 2 = Z 1, 2 /(1 ± idωZ 1, 2 / C11 ) , v ⊥ = C 44 / ρ . The last
term in the denominator of (3) may be ignored owing to
inequality v ⊥ << c~ .
According to standard procedure [9] one can find the
uniform component of Josephson current. For the case of long
junction the following expression can be obtained
~
j 0 (V0 , H 0 ) = − j 0 Ω n2 Im[ω 2 + i Γω − q 2 c~ 2 (ε / ε *)]−1

(4)

where ~j0 = j1c~ 2 /(2λ2J Ω 2n ) , Ω n = πnvl / D - the frequency of
n-th mode of high overtone resonator. The value
Γ = ΓE + ΓAW describes electromagnetic losses and
nonresonance AW radiation. For the frequencies from 100 to
700 GHz mode numbers of excited AW fall in the range of
(103 – 104). As shown in Fig. 2, there are several bumps of
current at AW resonance frequencies ω = Ω n+ m against a
background of usual Lorentz form of one of the FS,
corresponding to the voltages V n + m = Ω n + m = /( 2e) .
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considerably lower than the average value on the FS (RdB =
0.0016 Ω).

Current
33.328

~
j0 / j0

The voltage spacing of 19 nV, corresponding to a
separation of 9 MHz, coincides with difference between the
acoustic modes frequencies of the resonator structure
consisting of substrate plate and the covering FFO layers

33 .32 4

vl /(2 D ) = (Ω n +1 − Ω n ) /(2π ) .

The value of voltage (frequency) spacing and separate steps
with low differential resistance show a good agreement with
theoretical treatment.

33.320
0.99999

Frequency

Figure 2.

Calculated dependence of relative current

relative frequency

IV.

ω /Ωn

1.00000

~
j0 / j0

The superfine resonant structure of the FFO IVC with step
separation that coincide with acoustic modes frequency
spacing may be attributed to acoustic wave generation by the
FFO and propagation in thick Si substrate as in acoustic
resonator. So the generation and detection of coherent acoustic
waves with frequencies up to 700 GHz due to piezoelectric
effect in dielectric interface in superconductor junction may be
achieved.

versus

ω / Ω n or relative voltage =ω /(2eΩn ) at the

electromechanical coupling constant

CONCLUSION

~

δ = 4πβ 24 2 /(ερc~ 2 ) =2.510-7,

−6
Γ = 3 ⋅ 10−2 Ω n , Im k / Re k = 10 .
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Abstract— For the first time, in this work, we report on the
transfer of single crystal quartz layers onto silicon wafer
through wafer bonding and grinding. A Film Bulk Acoustic
Resonator (FBAR) made of a free standing quartz membrane
vibrating on the thickness-shear mode has been achieved using
this approach. Electrical measurements have been achieved for
various temperature conditions. The obtained resonators exhibit
fundamental resonance frequencies close to 200 MHz for the
fundamental mode. The electromechanical coupling factor is
about 0.4 % and the temperature coefficient of frequency is near
+26 ppm/°C. These first electrical results highlight the quality
piezoelectric response of the reported layer conforms to the bulk
material properties.

I.

INTRODUCTION

Quartz has been among the first piezoelectric materials
exploited in electronic devices such as resonators and filters
[1]. Although it suffers from relatively low piezoelectric
properties, yielding radiofrequency (RF) filter manufacturers
to use other piezoelectric substrates such as Lithium Niobate
or Lithium Tantalate for Surface Acoustic Wave (SAW)
devices or Aluminum Nitride (AlN) for Bulk Acoustic Wave
(BAW) devices, its very low viscoelastic losses and the
existence of crystalline orientations offering thermal
compensation effects made it a key element in time
references. In current industry, BAW or SAW quartz
resonators are fabricated from single crystal wafers and thus
suffer from two major drawbacks: first, their operation
frequency is limited by the ability to thin these wafers or to
locally etch them to reduce their thickness; secondly, and
most importantly, they are reputed to be incompatible with
CMOS circuits and require lying on a specific die.
In this paper, we propose a first step to overcome these
limitations by transferring a single crystal quartz film onto a
silicon wafer and to use it for the fabrication of a Film Bulk
Acoustic Resonator (FBAR) made of a free standing quartz
membrane vibrating on its fundamental thickness-shear
mode. In section II, we describe the fabrication of such
resonators, using a direct bonding and thinning processes. In
section III, we then describe the electrical characterization of
these devices and discuss their actual properties.
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II.

EXPERIMENTAL PROCESS

The manufacturing of Quartz-on-Silicon stacks highlights
some physical property differences. The main problem is
linked to the Temperature Coefficient of Expansion (TCE)
difference between quartz (13.2 ppm/°C) and silicon (2.3
ppm/°C). This induces very high mechanical constraints
during thermal steps of the process.
The fabrication process used is summarized in Figure 1. In
principle, it is similar to an approach previously employed to
transfer thin films of lithium niobate onto silicon substrates
[2]. We start with an AT-cut quartz wafer and a silicon wafer
which are cleaned to remove any particle without degrading
the initial surface quality so as to leave these substrates
compatible with the direct bonding technology employed.
Quartz Donor wafer

Si Handle wafer

1. Silicon oxide
deposition and
surface preparation

2. Wafer bonding

3. Grinding

Final substrate

4. Final treatments

Figure 1. Thin single crystal Quartz transferred layer technique.

A PECVD silicon oxide layer is then deposited onto both
wafers. The top surfaces are then prepared by combination of
Chemical Mechanical Polishing (CMP) and cleaning, and
bonded at room temperature thanks to hydrophilic direct
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bonding. The silicon oxide / silicon oxide bonding interface
has been observed by Transmission Electron Microscopy
(TEM) which reveals a sharp and uniform interface (Figure
2).

Figure 4. TEM cross section: punctual defects can be observed in the
transferred quartz layer after the thinning process.

Figure 2. Silicon oxide interface TEM cross section of the quartz/silicon
substrate.

Finally the quartz layer bonded onto the silicon substrate is
thinned down to a thickness between 10 µm and 15 µm. The
backside of the bonded quartz wafer is then grinded and
finally polished, with a careful control of process parameters.
Due to the non-uniformity of the CMP process, the quartz
wafer cannot be thinned below 5 µm using this fabrication
process.
The crystal quality of the thinned quartz film has been
characterized to provide some insight into the influence of the
grinding process onto the transferred film. For this, we
measured both thinned and bulk quartz substrates using
Rutherford Backscattering Spectrometry Channelling (RBSc). Results shown in Figure 3 reveal that the used thinning
process caused the increase of quartz crystal disorder.

TEM observations revealed defects in the whole transferred
layer, and not only at the surface of the film, as shown in
Figure 4. Such defects, linked to dislocation formations, have
been already observed in specific process conditions of
pressure and temperature [3]. However pole figures
measurements by X-ray diffraction (Figure 5) reveal same
crystal orientation between initial bulk quartz wafer and
quartz transferred layer.

24

a)

21

Xmin (%)

b)

Figure 5. (101) pole figures measurements by –X-ray diffraction on bulk (a)
and transferred (b) AT-cut quartz.
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Figure 3. Crystal order variations obtained by RBS-c for bulk substrate
(empty symbol) and thinned quartz layer (filled symbol).

After the transfer of the quartz film onto silicon, we deposited
top aluminum electrodes by evaporation and patterned them
using standard photolithography and wet etching. The quartz
film was released by a backside Deep Reactive Ion Etching
(DRIE) of the Si substrate using a conventional Bosch
process with the silicon oxide bonding layer acting as an etch
stop. The backside of the wafer was then metalized by
evaporation to allow metal to fill the bottom of the
membranes and thus to provide a bottom electrode, as shown
in Figure 6(a).
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Figure 8 shows the comparison between measurements
and simulations of the electrical response of a resonator based
on the material stack performed using the scattering matrix
method [4]. As it can be seen, an excellent agreement is
obtained for the two frequencies. However, the theoretically
expected electromechanical coupling factor is close to 0.75
%, being larger than what was measured. Also, the quality
factor is slightly overestimated, which is attributed to lack of
homogeneity of the bottom electrode layer deposited inside
the membrane.

Top metallic electrodes
Thin single crystal quartz layer
Silicon oxide

Si

Si

Base metallic electrodes

Figure 6. (a) Schematic cross section view of the final thin film quartz
resonator. (b) Electrical tip on top metallic electrode of the measured device.

III.

RESONATOR CHARACTERIZATION

The fabricated resonators are shown on the photograph in
Figure 6(b). They consist in two resonators connected in
series through the metallization of the backside of the quartz
membrane. A ground ring is also located along with the two
top electrodes.
These resonators were measured using two coplanar GSG
probes. First, a resonator without the two square pads located
on the top electrode seen in Figure 6(b) was measured, to
determine the parasitic capacitance brought by the contact
pads and the ground ring. This measurement was then
subtracted from the measurement of the full device to
suppress these parasitic influences. Although we measured
this resonator as a two port device, we numerically shorted
one of the two ports to retrieve the electrical behavior of a
single resonator.
The resonance frequencies of the fundamental and of the
third order resonance were found respectively at 156 and 464
MHz (Figure 7). Their respective electromechanical coupling
factors, derived from the relative frequency spacing between
resonance and antiresonance, were estimated at 0.4 and 0.03
% respectively. Quality factors are respectively of 2000 and
2500.

Figure 8. Comparison between the theoretical (light grey) and measured
(dark grey) electrical response of a resonator.

For further investigations, we measured resonators for
temperatures ranging from -25 to +125°C, by steps of 50°C.
These measurements were carried out in an oven, with a
narrow frequency span around the fundamental and third
overtone so as to allow precise frequency steps of
respectively 200 and 400 Hz. Figure 9 shows the relative
frequency drifts as a function of the oven temperature: the
two measured resonances exhibit almost similar linear
temperature dependence (as expected). An average TCF of
+26 ppm/°C was obtained. This result yields two main
observations: first, its magnitude is rather large, being far
from what was expected from the nearly temperaturecompensated AT-cut of quartz, even if in our case
metallizations are relatively thick with respect to the acoustic
wavelength. Secondly, frequency shifts with temperature are
positive, and can therefore not be attributed to the electrode
materials or to any possible silicon remains, which would all
ensure negative variations. Indeed, the theoretical
temperature coefficient of frequency lies in the –3 ppm/°C,
due to the silicon oxide bonding layer partially compensating
metallizations. Only the silica layer may be responsible for
such TCF result, but its thickness (200 nm) tends to eliminate
this explanation.

Figure 7. Electrical response of a thin film quartz resonator.
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Figure 10. Impact of an amorphous (silica) layer on the performances of a
quartz thin film resonator.

Figure 9. Relative frequency drifts vs temperature for the fundamental
resonance and the third overtone.

A possible explanation for both large positive TCF and the
decrease in effective electromechanical coupling factor could
be the quartz amorphization during grinding. To assess the
impact of the generation of an amorphous quartz layer, we
modeled the resonators with an added silicon oxide layer
which partially replaces the quartz film. Its impact on
coupling factor and TCF is shown in Figure 10. This reveals
that an equivalent layer of 4 µm of silicon dioxide could
reasonably explain at the same time an effective coupling
factor of 0.4 % and a TCF of +26 ppm/°C. Another
explanation, implying less radical changes, could be the
formation of twinned crystals in the material during grinding
[5], leading to changes in the crystalline orientation of part of
the material, which would manifest as changes in acoustic
properties such as electromechanical coupling factor and
temperature dependence, and could therefore lead to similar
effects. Such a phenomenon would however have been
revealed by X-Ray pole figures (Figure 5). Instead, pole
figures performed on samples after bonding revealed only the
existence of the crystalline orientation corresponding to the
AT-cut without any other noticeable parasitic orientation.

IV.

CONCLUSION

This work reports on the transfer of a thin quartz film on a
silicon substrate through wafer bonding and grinding. This
was used to fabricate quartz crystal-based FBAR resonators,
which were measured and characterized under various
temperature conditions. The electromechanical coupling
factor of 0.4 % and the temperature dependence of frequency
of +26 ppm/°C, respectively lower and larger than theoretical
predictions, suggest that the grinding step had somehow an
impact on the piezoelectric material: possibly leading to the
formation of an amorphous layer below its top surface. Future
work will investigate these effects more into details and will
focus on suppressing them to leave a fully defect-free quartz
film.
ACKNOWLEDGMENT
This work has been performed with the help of the
“Plateforme Technologique Amont de Grenoble”.
REFERENCES
[1]
[2]

[3]
[4]

[5]

489

R. G. Kinsman, “A history of crystal filters” in Proceedings of the 1999
IEEE International Frequency Control Symposium, pp. 563-570, 1999.
C. Deguet, M. Pijolat, N. Blanc, B. Imbert, S. Loubriat, E. Defay, L.
Clavelier, J.S. Moulet, B. Ghyselen, F. Letertre, S. Ballandras, Meet.
Abstr. - Electrochem. Soc. 1002, pp. 1730, 2010.
R. A. Murray, “Movement of dislocations in quartz”, Forty-Fifth
Annual Symposium On Frequency Control, pp.2-8, 1991.
A. Reinhardt, V. Laude, R. Lanz, P. Muralt, M. Solal, S. Ballandras and
W. Steichen, “Design of coupled resonator filters using admittance and
scattering matrices”, in Proceedings of the 2003 IEEE International
Ultrasonics Symposium, pp. 1428-1431, 2003.
T. Uno, “Temperature Compensation of Thickness Shear Mode
Resonators Formed on Artificial Twinned Quartz Plates”, IEEE
International Frequency Control Symposium, pp.521-536, 1996.

Characterization of Amorphous Tantalum Oxide for
Insulating Acoustic Mirrors
J. Capilla, J. Olivares, M. Clement, J. Sangrador
and E. Iborra

A. Devos
IEMN Dpt ISEN, UMR CNRS 8520
Lille, France
Arnaud.devos@isen.fr

Grupo de Microsistemas y Materiales Electrónicos.
Universidad Politécnica de Madrid
Madrid, Spain
eiborra@etsit.upm.es
Abstract— This work describes the assessment of the acoustic
properties of sputtered tantalum oxide films intended as high
impedance films for the acoustic isolation of bulk acoustic wave
devices operating in the GHz frequency range. The films are
grown by sputtering a metallic tantalum target under different
oxygen and argon gas mixtures, total pressures, pulsed DC
powers and substrate bias. The structural properties of the films
are assessed through infrared absorption spectroscopy and Xray diffraction measurements. Their acoustic impedance is
obtained after estimating the mass density by X-ray
reflectometry measurements and the longitudinal acoustic
velocity by analyzing the longitudinal λ/2 resonance induced in a
tantalum oxide film inserted between an acoustic reflector and
an AlN-based resonator. A second measurement of the sound
velocity is achieved through picosecond acoustic spectroscopy.

increases with the number of layers and the mismatch between
the acoustic impedances of two consecutive layers.
Considering that the acoustic impedance of a given material is
the product of the longitudinal sound velocity and the mass
density, these two material properties have to be perfectly
known in order to set the thickness of the films to /4 to get
the targeted resonant frequency and to fix the number of layers
required for a specified mirror reflectance. Table I summarizes
the experimental values of such material properties for the
most commonly used acoustic mirrors constituents.
TABLE I.

MATERIALS

Material

I.

INTRODUCTION

Bulk acoustic wave resonator technology is a recent
solution for low cost, high performance bandpass filters for
digital wireless communications, such as wireless networking,
cellular phones, or global positioning systems. These filters
are composed of several resonators electrically connected to
obtain the desired filter characteristics. To obtain wellperforming devices, a good acoustic isolation of the resonators
is required to avoid energy losses through the substrate that
reduce their quality factor. There are two typical methods to
achieve a good acoustic isolation. The first one consists in
creating an air gap between the resonator and the substrate; as
the acoustic radiation to the air is minimal, energy losses can
only take place through the supports. These structures, called
film bulk acoustic resonators (FBAR), have some drawbacks,
as a complex fabrication technology or a too high thermal
isolation that limits the power handling. The alternative
method is the use of acoustic reflectors between the resonators
and the substrate; the resulting structures are called solidly
mounted resonators (SMR) [1]. Bragg mirrors are typical
acoustic reflectors formed by alternating a quarter wavelengththick layers (/4-layers) of low and high acoustic impedance
[2]. The acoustic isolation achieved (reflection coefficient)

978-1-61284-110-6/11/$26.00 ©2011 IEEE

ACOUSTIC IMPEDANCE OF METALLIC AND INSULATING

SiOC
Al
SiO2
Si3N4
AlN
Ta2O5
Mo
W
Ir

Mass density
(kg·m-3)
1500
2700
2200
2200
3300
7000 – 8200
10300
19290
22500

Sound speed
(m·s-1)
2400
5100
6000
9900
11000
4000-5000
6190
5180
5300

Acoustic impedance
(kg·m-2·s-1)×10-3
360
1122
1320
2178
3630
2800-4100
6376
9992
11920

Silicon dioxide (SiO2) layers are commonly used as low
acoustic impedance material, owing to their easy processing
and full compatibility with standard silicon technologies [3].
Other low impedance materials are aluminum (Al) [4] and
silicon oxicarbide (SiOC) [5], although they are less
frequently used due to the metallic character of Al and the
elevated acoustic losses of SiOC. On the other hand, materials
with high acoustic impedance are typically high density metals
exhibiting, additionally, a moderate sound velocity, such as
iridium (Ir) [6], molybdenum (Mo) [7], or tungsten (W) [8]. If
these high impedance layers are substituted by insulating
films, the fabrication process of BAW filters can be
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significantly simplified, as there is no need to define the
continuous metallic layers that short circuit the different
resonators built on top of the same acoustic mirrors.
Achieving insulating Bragg mirrors requires, thus, high
acoustic impedance insulating layers, which are unfortunately
not easily available. So far, insulating acoustic mirrors have
been obtained by combining SiO2 or SiOC layers with
aluminum nitride (AlN) [9], silicon nitride (Si3N4) [5] or
tantalum oxide (Ta2O5) [10, 11], although the acoustic
properties of this last have not been extensively characterized.
However, none of these three materials exhibits really high
acoustic impedances, in comparison with that offered by high
density metallic layers. The considerably large acoustic
velocity of AlN combined with a low mass density (see table
I) provides a moderate acoustic impedance. On the other hand,
TaOx films offer similar acoustic impedance than AlN by
virtue of its high mass density, although the sound velocity
appears to be considerably smaller.
In this work we have characterized the acoustic properties
of TaOx films in order to investigate whether these layers, in
combination with SiO2 films, may provide better acoustic
isolation than SiO2/AlN-based Bragg mirrors. The structure,
mass density and sound velocity of sputtered TaOx films have
been assessed by different techniques, which include the
fabrication and characterization of specific devices for the
evaluation of the sound velocity.
II.

EXPERIMENTAL

A. Sputtering Process
TaOx films were deposited in a Leybold Z-550 system by
pulsed-DC magnetron sputtering of a 150 mm-wide Ta target
in Ar/O2 admixtures. A pulsed-DC power of 50 kHz and duty
cycle 75% was applied to the target. More than 150 films were
deposited under different conditions by varying the total
pulsed-DC power between 500 W and 1200 W, the total
pressure in the chamber between 1.5 mTorr and 3.3 mTorr and
the percentage of O2 in the gas between 30% and 100%. An
RF source was used to polarize the substrate between -50 V
(with no RF power applied to it) and -150 V. The substrates
were not intentionally heated during deposition.
The sputter process of a Ta metallic target in Ar/O2
atmospheres shows a transitory behavior owing to the
oxidation of the target. When bombarding a clean metallic
surface at constant power with a gas containing a certain
amount of oxygen, the time to stabilize the plasma impedance
can reach several hours. In order to guarantee that the target
had reached a stationary state before starting deposition, the
target was first preconditioned at the deposition power in pure
oxygen atmosphere; the voltage of the cathode attained a
constant value after around 15 min, when the plasma
impedance reached the steady state. The selected gas mixture
was then fed into the chamber at the chosen pressure and the
voltage of the cathode controlled until the new steady state
was attained (15 to 30 min). At this moment the shutter was
opened for film deposition during the desired time.
Subsequent depositions under identical conditions required
only a few minutes for stabilization. Every time the deposition
conditions were modified, the complete conditioning process
was restarted. The TaOx films were deposited on (100) silicon

wafers for IR transmission measurements and on acoustic
reflectors (described below) built on top of silicon substrates
for the assessment of the sound velocity through the frequency
response of test solidly mounted resonators (SMR).
B. Film characterization
The structure and morphology of the TaOx were assessed
by infrared transmission measurements carried out with a
Fourier transform infrared (FTIR) Nicolet 5-PC
spectrophotometer, which provided the chemical bonding
configuration of the films. We used non-polarized light at
normal incidence over the 400 cm-1 to 4000 cm-1 range with a
spectral resolution of 4 cm-1. The absorption bands
corresponding to the Si substrate were eliminated by
subtracting the absorbance spectrum measured in bare Si.
X-ray diffraction patterns were measured in conventional
Bragg-Brentano geometry in a Supratech XPert MRD
diffractometer between 2θ = 10º and 2θ = 80º.
The assessment of the acoustic properties of TaOx films
requires very precise measurements of their mass density,
acoustic velocity and thickness. The thickness of the TaOx
films and that of the other films involved in test devices were
measured with a Veeco Dektak 150 profilometer. The density
of the TaOx layers was assessed by X-ray reflectometry
(XRR) measurements using the same diffractometer operated
at grazing incidence between 0.05º and 2.5º. Finally, the
longitudinal sound velocity was assessed using two different
techniques. First, the sound speed was measured in different
test structures by the picosecond ultrasonic technique [12]. A
second assessment was deduced from the frequency response
of the electrical impedance of specific SMR test devices
containing the TaOx layers under study, measured with an
Agilent PNA N5230A network analyzer. The TaOx films, with
thickness ranging between 150 nm and 1000 nm, were
inserted between a well characterized acoustic reflector
composed of four alternated porous-SiO2 and Mo films and a
Mo/AlN/Mo resonator, as shown in Fig. 1. The excitation of
the resonator induced a λ/2 resonance in the TaOx film. The
fitting of the experimental data with Mason’s model allowed
deriving the longitudinal acoustic velocity, provided that the
material properties and the thickness of all the layers involved
in the device were known.
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Figure 1. Sketch of the test devices used for assessing the sound velocity in
sputtered TaOx films. The main resonant mode in the piezoelectric stack is
represented in white, and the λ/2 mode in the TaOx film in black.
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Figure 2. Infrared transmision spectra between 2000 cm-1 and 400 cm-1 of
three TaOx films of different thickness.

X-ray diffraction measurements confirm this behavior. Fig.
3 shows the XRD patterns of the three TaOx films of different
thickness analyzed by FTIR. It is important to note that,
among all the films deposited, only a few exhibited clear XRD
peaks corresponding to the orthorhombic β-phase of Ta2O5,
whereas most of the films deposited in similar conditions were
clearly amorphous. Peaks at 2θ=26º, 52º, 48º, 56º and 62º
corresponding to the (210), (200), (3121), (200), and (201)
directions of the Ta2O5 orthorhombic β-phase appear in the
patterns corresponding to the thicker films, whereas no traces
of these peaks are visible in the thinner one, which indicates
its amorphous character. Additional peaks corresponding to
AlN and Mo are also observed, as the films are characterized
after depositing the piezoelectric stack for electric
characterization. The data suggest again that thicker films tend
to contain some nanocrystals whose grain size, derived from
the width of the TaOx peaks, is around 10 nm. However, we
have not found any clear trend between the microcrystalline
character of the samples (or any other film property) and the
deposition conditions.

Ta2O5 (2 0 1)

Ta2O5 (2 0 0)

Ta2O5 (3 12 1)

Ta2O5 (2 0 0)

Mo (110)

AlN (00·2)

Intensity (log scale)

A. Structure and Composition of Sputtered Tantalum Oxides
Fig. 2 shows the IR transmission spectra of three TaOx of
different thickness. The bands at 950 cm-1 and 650 cm-1 have
been associated to the Ta-O-Ta stretching mode and the O≡Ta
bond, respectively, of amorphous TaOx films [13]. The main
absorption band at 650 cm-1 has been reported to shift to lower
wavenumbers (down to 510 cm-1) in polycrystalline films. In
our spectra this band appears as a shoulder in the 530 cm-1
region. The spectra suggest that our TaOx films are mainly
amorphous, but contain a certain amount of microcrystals.
Considering the amplitude ratio of the bands at 530 cm-1 and
650 cm-1 as a qualitative estimation of the amount of
microcrystals embedded in the amorphous matrix, a slight
increase is observed with the thickness of the films. However,
in films of similar thickness, we have not observed any clear
dependence between the amount of microcrystals and the
deposition conditions.

Ta2O5 (2 1 0)
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Figure 3. XRD patterns of TaOx films of different thickness.

B. Density assessment
The mass density ρ of the TaOx films was measured by
XRR, which provides a direct assessment of ρ independently
of the thickness. X-rays impinging on smooth TaOx surfaces at
grazing incidence below a critical angle θc are totally reflected.
When the incident angle exceeds θc, the X-rays penetrate into
the film and the intensity of the reflected beam drops sharply.
According to [14], the ρ can be obtained through the measured
θc. The XRR patterns of the densest and less dense TaOx films
are shown in Fig. 4; the patterns of all the remaining films lie
between these two traces. The experimental data were fitted
using the commercial software RCREFSimW from IHP [15]
which provided an accurate value of ρ. The values obtained
were 8100 kg/m3 and 7300 kg/m3, respectively, revealing that
even the denser films do not reach the nominal mass density
of Ta2O5 (8200 kg/m3). These low values of ρ could be
associated either to a lack of stoichiometry (films containing
oxygen in excess) or more likely to a non-packed structure
associated to the amorphous structure of most of the films.
The high value of the refractive index (2.26) measured at a
wavelength of 400 nm confirms this hypothesis.

492

Intensity (log scale)

III.
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Figure 4. X-ray reflection curves of two 200 nm-thick TaOx films grown
on acoustic reflectors. The red solid line corresponds to the film of highest
mass density and the blue dashed line to the film of lowest mass density.

C. Sound Velocity Assessment
1) Assessment through test SMRs: The first way to assess
the longitudinal sound velocity in the TaOx films consisted in
the measurement of the λ/2 resonant mode induced in these
layers when they were placed in intimate contact with a
piezoelectric resonator, as shown in Fig. 1. Taking into
account that the wavelength of the stationary wave of this
mode is ideally twice the thickness of the layer, the sound
velocity vs can be estimated, in a first approach, from the
resonant frequency f0 of the λ/2TaOx and the thickness t of the
layer through:

vS  f 0  2  t

(1)

However, as the resonant frequency also depends on the
weight of the different layers involved in the test SMR,
reliable values of the longitudinal sound velocity were only
achieved if the whole experimental frequency response of the
test resonator was fitted with Mason’s physical model [16].

experimental data are listed in Table II. Data of Mo and AlN
were taken from the literature and those of porous SiO2 had
been carefully characterized in a previous work [17]. Besides,
all these layers have been routinely tested in other devices that
do not contain TaOx films.
TABLE II.

MATERIAL CONSTANTS FOR SMR MATERIALS

Material

vS (m/s)

ρ (kg/m-3)
10500

Mo

5500

SiO2

5350

1900

AlN

11000

3300

The fitting of the experimental data of Fig. 5 allowed
deducing the value of the longitudinal sound velocity of the
different TaOx layers, which are presented in Fig. 6. The
dispersion observed is very likely due to the structural
variations of the TaOx films revealed by XRD and FTIR.
7000

Acoustic velocity (m/s)

The variation with frequency of the modulus of the
electrical impedance of two test SMR containing TaOx layers
of different thickness is shown in Fig. 5. Two resonances
appear in each spectrum at different frequencies. The low
frequency modes correspond to the main resonance in the AlN
layer whereas the high frequency modes are associated with
the λ/2 mode in the TaOx film. Fig. 5 shows that upon
decreasing the thickness of the TaOx film, the two main
resonances shift to higher frequencies, because the weight of
this layer decreases and influences the travel of the wave in
the whole structure.
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Figure 6. Sound velocity of a set of TaOx of different thicknesses grown
under identical conditions. BAW devices measurements (▲) and picosecond
ultrasonics measurements (■).
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2) Assessment through picosecond measurements: An
alternative way of assessing the sound velocity is by the
picosecond ultrasonic technique [18]. In this technique, a
pump laser pulse heats the surface of the metallic layer
producing a local dilatation. This generates a very high
frequency longitudinal strain wave that propagates through the
film to the surface at the longitudinal sound velocity. Two
different methods were used to detect acoustic waves.
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In the first method we detect the arrival of the acoustic
pulse in the substrate. Assuming the thickness of the layer is
known, the longitudinal acoustic velocity is obtained by
dividing the thickness d by the time of transit τ of the echo:

Figure 5. Modulus of the impedance versus frequency of two identical test
SMRs containing 180 nm-thick (blue solid line) and 400 nm-thick (red
dashed line) TaOx films.

Fitting the experimental data to Mason’s model requires
precise values of the material properties of all layers involved
in the test structures and of all the dimensions of the devices
(thickness of layers and areas of the resonators). The area of
the top electrode, which defined the areas of the SMRs, was
measured carefully with an optical microscope to avoid errors
due to the undercutting during the electrode definition. The
properties of the different materials used for fitting the
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In the second method and as the strain wave propagates
through the transparent film, it causes local variations of the
refractive index. These changes can be detected by a second
light beam, called the beam probe. The beam probe reflected
at the surface of the films interferes with the beam reflected at
the front of the traveling strain wave, causing the intensity of
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where λ is the probe wavelength, n the refractive index of the
dielectric layer at λ and θ the incident angle [19,20].
The measurements were carried out on test structures
composed of TaOx layers of different thicknesses deposited on
top of bare silicon substrates. A thin Al layer was deposited on
the TaOx film to allow the pumping pulse to be absorbed. The
picosecond acoustic response of a representative sample is
presented in Fig. 7, showing the first echo of the acoustic
pulse at 133 ps and the period of the Brillouin oscillations of
20.3 ps. The value of the refractive index (2.26) at the laser
probe wavelength (400 nm) was measured by ellipsometry.
The acoustic velocity of this particular sample calculated by
the two methods is 4500 m/s.
The sound velocities obtained by this technique are
depicted in Fig. 6 together with those obtained by the BAW
resonator fitting method. The results suggest that the sound
velocity tends to increase with the thickness of the films,
which would be in agreement with the nanocrystallites
observed in the thicker films by XRD. They also reveal some
discrepancies between the values achieved with the two
techniques, especially for the thicker films. This can be due to
the fact that the two techniques use different layered
structures; whereas the TaOx films assessed through the BAW
test devices are grown on SiO2 layers, those assessed by the
picosecond measurements are grown on crystalline Si
substrates. The structural differences of the underlying
substrates may have affected the crystalline properties of the
TaOx films, and hence their sound velocities. Other
picosecond measurements performed in TaOx films deposited
on molybdenum films yield sound velocities slightly greater
than those achieved on Si substrates, which confirms the
influence of the substrate on the TaOx deposition.
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In order to investigate whether these TaOx films may
contribute to optimize the performance of insulating acoustic
reflectors, we have simulated the acoustic transmittance of
mirrors composed of nine alternated layers of porous SiO2 and
TaOx films and compared it with that of conventional AlNbased mirrors. The simulations, shown in Fig. 7, suggest that
even for the lowest values of the mass density and acoustic
velocity, TaOx-based mirrors exhibit lower transmission
coefficients in a wider frequency band that AlN-based
reflectors. Additionally, the dispersion of the values of the
mass density and acoustic velocity does not affect
significantly the performance of the reflectors in the middle of
the band.

Transmission coefficient (dB)

the signal in the detector to oscillate with time. The period T
of the so-called Brillouin oscillations is directly related to the
longitudinal sound velocity through the equation,

0
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Figure 8. Simulated transmision coefficient of acoustic reflectors composed
of nine porous SiO2/TaOx layers using a) the greatest values of ρ and vs (red
solid line) and b) the smallest values of ρ and vS (blue dashed line) compared
to that of conventional SiO2/AlN reflectors (green dotted line).

Preliminary results on the performance of AlN-based
SMRs using insulating TaOx/SiO2 acoustic reflectors yield
quality factors up to 500 at 8 GHz.
IV.

CONCLUSIONS

In this paper we assessed the acoustic properties of TaOx
films deposited at room temperature by reactive pulsed-DC
sputtering. The sound velocity derived from picosecond
measurements and the frequency response of BAW test
devices slightly depends on the thickness of the films, which
has been associated to their different structure. Thinner films
appear to be amorphous whereas films 600 nm-thick and
above tend to exhibit some nanocrystallites. The typical sound
speed in films with thickness below 400 nm is around 5000
m/s. The mass density of the TaOx films was assessed by Xray reflectometry; the average value is 7600 kg/m3, around
93% of the nominal density of Ta2O5 films. The typical
acoustic impedance of the films is 38×106 kg·m-2·s-1, which is
greater than that of AlN. Combined with a low acoustic
impedance material, such as porous SiO2, TaOx films allow to
fabricate all dielectric acoustic reflectors with good
performances for GHz filtering applications.

Figure 7. Picosecond acoustic response of a Al/TaOx/Si structure showing
the Brillouin oscillations of period T and the time of transit of the echo τ.
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Abstract—Vacuum encapsulated MEMS resonators are used in
frequency references and gyroscopes. We present the use of
porous silicon as a getter material for MEMS devices. Two types
of devices were fabricated using the electrochemical etching and
compared for quality factor. One type was with a cavity in the
substrate of an SOI die, which helps in reducing the parasitic
capacitance and the air damping. The other was with cavity and
porous silicon (getter) in the substrate. The measured resonant
profiles show that the device with the getter material has 2x
higher quality factor than the one without the getter.

I.

We have presented a self aligned, mask-less electrochemical etching process to etch cavities in the substrate of
commercially available SOI wafers [8]. It was shown that with
the introduction of cavity in the substrate of SOI, the quality
factor increases by two times as compared to the quality factor
of a device with no cavity. Using the same technology we
present here the introduction of porous silicon (PS) in the
substrate of SOI wafers, after the cavity is introduced, so that
the porous silicon can be used as a getter material.
II.

INTRODUCTION

Encapsulation of MEMS devices protects structures from
external environment and maintains low package pressures.
As the typical mass of the resonating structure is in the order
of 10-13 to 10-9 kg, any micro/nano dust particle could
significantly increase the mass and cause a major drift in the
frequency [1]. Several encapsulation techniques have been
discussed in [2], such as anodic [3], fusion, eutectic, solder,
adhesive and glass frit. Commercially available Bosch airbag
and yaw rate sensors are one example of mass produced wafer
bonded devices [4]. Hermetic encapsulation is needed in
different devices such as accelerometers [5], RF switches for
controlled air damping, sensitive gears and gyroscopes for
moisture control of drag and friction, IR MEMS for vacuum
insulation [6]. The main challenge in MEMS encapsulation is
achieving the low pressure.

Porous silicon has large internal surface area (in our case
200 m2/cm3). This surface is highly reactive silicon that can
absorb gases. For example, the porous silicon layer is easily
oxidized to capture oxygen gas as shown in Figure 1. The
advantages of porous silicon getter along with cavity are: 1.
The cavity and porous layer reduces the parasitic capacitance
and air damping that helps resonators perform better 2. The
porous layer needs no mask and is self aligned 3. The porous
getter material needs no external heat to be activated.

Getters are widely used to lower the effect of out gassing
and maintain the required vacuum. The beneficial effects of
getter material for MEMS resonators are well documented [6,
7]. Marco et al [6] presented a method to pattern the getter
film named as High Porosity Thick Film (HPTF). The
conventional method of using the getter films in ceramic and
metallic packages uses the mixture of Ti and Zr getter alloy
deposited on the metallic substrates. The getter has high
porosity that absorbs H2O, O2, CO, CO2, H2 and N2. The
drawbacks of this approach are that 1. An external layer needs
to be introduced 2. The process needs a mask alignment for
pattering.
*Currently at VTI Technologies, Pasadena, CA.
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Glass cover
bonded to Si
die
Device side Si
Si + O2 Æ SiO 2

Oxide

Porous silicon walls
reacting with O2 to
form SiO2

Figure 1. Schematic of the bonded SOI die that shows the reaction of silicon
with oxygen resulting in silicon dioxide

III.

EXPERIMENTAL SETUP AND RESULTS

Two types of encapsulated devices were fabricated for the
comparison of non-getter and getter devices. First is with only
a cavity in the substrate, and the second has a thick layer of
porous silicon (PS) introduced in the substrate that acts as a
getter. Our self-aligned process is shown in Figure 2. The
cavity is formed by electrochemical etching of the substrate
through the openings in the structural wafer. First, the buried
oxide layer is removed with the concentrated HF solution.
Next, a 10-µm thick PS layer is formed by electrochemical
etching in diluted HF solution (10% HF, current density of
3.0 mA/cm2 for 20minutes). This electrochemical etching
works on the areas where the oxide has been removed. The
sacrificial porous silicon layer is removed by a KOH etch. A
40 second KOH etch at room temperature is sufficient for
removing the porous silicon layer but crystalline silicon is

etched by less than 5 nm. Figure 2C shows the schematic of
the die with only cavity in the substrate. Figure 3 shows the
SEM image of the die with only cavity. To introduce the
porous silicon in the substrate, after the KOH etch step,
another cycle of electrochemical etching with the same
process parameters mentioned above is performed. Figure 2
shows the schematic of the device with cavity and porous
silicon getter in it. Figure 4 shows the SEM of the die with
cavity and porous silicon. The dies were anodic bonded with
glass for comparison of packaging pressure. Figure 5 shows
the SEM of a bonded die that shows the glass and silicon
bonded sample. A cavity of 100-150µm is introduced in the
capping die. The cavity in the glass cap increases the volume
in the encapsulated MEMS die and hence decreases the air
damping on the resonator. Figure 6 shows the tuning fork
resonator used to test the use of porous silicon as a getter.

Pt

Device side

Device side

Si Substrate
Porous silicon

Si substrate

C
Device side

HF solution
A

Cavity after KOH

V

Si Substrate

Sample holder
B

Cavity
Porous Silicon

D

Figure 2. A) Original SOI die with etched buried oxide layer B) release, sacrificial porous silicon for cavity and porous silicon as getter C) SOI die with
sacrificial porous silicon etched for only cavity D) SOI die with cavity and porous silicon as a getter

Figure 3. SOI die with cavity in the substrate

Figure 4. SOI die with cavity and porous silicon in the substrate
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Figure 5. Anodic bonded SOI and glass die with cavity in the glass for
extra volume in sample.

IV.

Figure 6. The tuning fork resonator used to test the use of porous
silicon.

RESULTS OBTAINED

The encapsulated devices were then tested for the resonant
profiles with a network analyzer. Figure 7 shows the
transmission response of resonators with the resonance
frequency of fo =243.54Khz. The device with only cavity had
a quality factor of 8,000 and device with cavity and getter had
a quality factor of 14,000. Hence the device with cavity and
getter had a quality factor approximately two times higher
than the device with only the cavity. Multiple samples were
fabricated to confirm the performance of the porous silicon
getter.

TABLE I.

SUMMARY OF QUALITY FACTORS OBTAINED FROM
DIFFERENT DEVICES

Q of devices with only
cavity

Q of devices with
cavity and porous
silicon

Batch 1

7000

13520

Batch 2

5873

16083

Batch 3

2410

6701

Resonant profile
-42

Sample with cavity
and getter

-44

Sample with only
cavity

V.

To estimate the pressure inside the bonded MEMS device,
an uncapped die was tested in vacuum at different pressures.
The pressure in the cavity was back calculated to be 5 Torr for
the sample with only cavity and 1 Torr for the sample with
cavity and getter. As the process parameters remained same in
bonding both type of devices, the low pressure in the sample
with the cavity and the getter is due to the getter in the device.

G a in (d B )

-46

-48

VI.

THE NUMBER OF GAS MOLECULES ABSORBED BY PS

The SOI die size is 8mm×8mm and the area where porous
silicon can be formed is 3.3 ×10-7 m2. The volume of the
porous silicon (VPoSi) in the die is 3.3×10-11 m3. The BET
(Brunauer, Emmett and Teller) [9] surface area (ABET) for the
electrochemical etching parameters used is 200 m2/cm3 [10].
The surface area of the porous silicon (APoSi) is

-50

-52

-54

PRESSURE IN THE BONDED SAMPLES

243.45 243.5 243.55 243.6 243.65 243.45 243.5 243.55 243.6 243.65
Frequency (KHz)

APoSi = ABET × VPoSi = 6.6 m2.

(1)

The number of active sites (NAS) present on the surface of
porous silicon that can react to the gases present are

Figure 7. Resonant profiles of the devices with cavity and porous silicon
getter, and with only cavity in the substrate.

Table I summarizes the quality factors obtained from these
samples. It could be seen that the quality factor of the devices
with getter was always better than the devices without getter.

NAS= APoSi /CASi = 22×1018.

(2)

In Equation (2), the CASi represent the area of the
crystalline Si. The number of moles of gas molecules (n)
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present in the bonded devices can be calculated using the ideal
gas law equation

PV
.
RT

n=

(3)

Table II summarizes the values of pressure (P), volume
(V), gas constant (R), and temperature (T) used to calculate
the number of moles of gas present in the sample with only
cavity and in a sample with cavity and getter.
TABLE II.

VALUES USED FOR COMPUTING THE NUMBER OF MOLES OF
GAS MOLECULES

P
V
R
T
n

Only cavity

Cavity and getter

5 Torr = 666 Pa

1 Torr = 133 Pa

33×10-12 m
8.314JK

−1

3

mol

33×10-12 m
−1

8.314JK

300 K
8.8×10

−1

mol

The highly reactive porous silicon can readily react to the
oxygen gas and form the oxide layer that can trap other gas
molecules and hence maintain low pressure in the cavity. This
benefit is realized without additional materials or masks in the
process.

−1

(4)

Hence the number of molecules of gas molecules absorbed
is estimated to be 4.3×10-13.
VII. DISCUSSION
The benefits of cavity in the substrate of the MEMS
devices are:
1. The parasitic capacitance to the substrate is reduced.
The parasitic capacitance CP is related to the device-substrate
gap d by

d

,

(6)

The benefit from porous silicon getter:

The difference between the number of moles of gas
present in the sample with only cavity (n1) and the number of
moles of gas present in the sample with cavity and getter (n2)
gives us the number of moles of gas molecules absorbed by
the porous silicon getter which is

ε o Ael

d mk
,
μA

where d is the distance between the devise and the
substrate, m is the resonator mass, k is the spring constant, µ is
the viscosity, A is the device area. According to (6), we expect
5x improvements in the quality factor.

3

1.8×10-11

Δn = n1 − n2 = 7.0 ×10−11 mol.

Q=

3. The cavity under the resonator essentially eliminates the
stiction problem where the device gets stuck to the substrate.
We find that with the 10-µm cavity, even a millimeter long
and slender structures never get stuck to the substrate.

300 K

-11

CP =

damping (Couette damping) dominates, the quality factor is
related to the distance between the movable structure and
substrate [11, 12] by

(5)

Where Ael is the area and ε0 is the permittivity of free
space. Hence, with the increase in the depth of the cavity, the
parasitic capacitance CP shown in Figure 7 is decreased.
According to Eq. (2), the increase in distance of movable
structure to the substrate from 2 to 10 µm reduces the parasitic
capacitance by a factor of five.
2. The air damping is reduced. The main damping
mechanisms are the squeeze film damping between the
moving resonator and the fixed electrode caused by the air
flowing from the gap to empty space above the device and the
shear damping between the device and the substrate. By
providing additional space under the device, the travel length
for the air in between the electrodes is effectively reduced by
half with air escaping to above and below the structure. In
theory, this reduces the air damping by a factor of six. If shear
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resonator M, its quality factor Q and its frequency Ωm: For a
3-MHz oscillator with a 25-µg mass and a 3.106 quality factor
(corresponding to a 1-Hz mechanical resonance bandwidth),
this condition requires measurement sensitivity better than
10-34 m2/Hz.

Abstract— a dedicated micro-resonator in a length-extension
mode (LEM) has been developing for fundamental physics
experiments, aiming to detect the quantum ground state of a
resonator. The experiment is based on a high frequency, high
quality factor and low mass micro-resonator, implemented in a
high finesse Fabry-Perot cavity at cryogenic temperature. Very
interesting preliminary measurements have been obtained on a
3.9 MHz, 25 µg resonator, given a 1.95 million quality factor, at
room temperature and under a 5 10-2 mbar vacuum. By its
planar configuration compatible with collective etching process,
this resonator should also find interesting applications in the
field of ultra stable oscillator (USO) and future quartz-MEMS
USO.

I.

To fulfill these both conditions, the experiment is based
on a high finesse Fabry-Perot cavity (figure 1) at cryogenic
temperature, able to detect extremely small position
fluctuation, better than 10-36 m2/Hz, thanks to a high cavity
finesse of 10 000, a power source of 1 mW and a laser
wavelength λ of 1064 nm.
.

INTRODUCTION
Cavity

Highlight the quantum ground state (QGS) of a
micro-resonator is a quest involving many fundamental
physics laboratories [1-6]. Such quantum fluctuations
correspond to ridiculously small position fluctuations for
usual macroscopic objects and two very stringent conditions
must be fulfilled in order to reach and detect the mechanical
QGS.

Phase/amplitude
detector

Figure 1. Experiment to detect the quantum ground state of a resonator :
The resonator takes place of a moving mirror of a high finesse Fabry-Perot
cavity at cryogenic temperature.

Firstly, the thermal energy ½ kBT at the cooled
temperature T (T= temperature in Kelvin and kB = Boltzmann
constant) has to be small compared to the fundamental
quantum energy ½ ħΩm of the harmonic oscillator (Ωm = its
mechanical resonance angular frequency of the resonateur, ħ
= reduced Planck constant). Typical temperatures range of
50 mK for a 1-GHz resonator must be met which is a readily
accessible temperature by standard dilution cryogenic
techniques. However, temperature down to 50 µK is required
for a resonator oscillating at 1 MHz. In that case, other
cooling technique has to be implanted like the recentlydemonstrated laser cooling based on the optomechanical
coupling between the resonator and a laser beam in a detuned
Fabry-Perot cavity [7-9].

In this experiment, the resonator takes place of the moving
mirror of the cavity and we have choosen a length-extension
mode (LEM) in order to maximize the optomechanical
coupling (the position fluctuations are indeed directly
coupled with the cavtiy length).
An other important advantage of a length-extension
resonator concerns the mirror-carrying surface at the top of
the resonator. This area corresponds to a quasi null strain
zone, lowering the coating losses of the highly reflective
mirror deposited on it [10]. The intrinsic quality factor of the
resonator is thus preserved .

Secondly, very small position fluctuation ∆x0 = (ħ/2MΩm)1/2
of the QGS has to be detected, depending on the mass

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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A few MHz resonator with a few 10 µg mass and a quality
factor in the order of 106 at room temperature is to be
achieved in order to be able to highligth the QGS. A high
initial quality factor is needed because of the laser cooling
technique used in this experiment which reduces the quality
factor of the resonator in same factor than the temperature:
lowering the dilution cryogenic temperature of 50 mK to
50 µK reduces the quality factor by a factor 1000 and
requires more acurate detection.

An original concept has been proposed [13] in order to
solve this problem. It is based on a complementary ring
around the pillar and an external membrane for the clamping
of the resontor (figure 3.).

External membrane
(mounting areas)
Ring

Quartz crystal has been chosen for the realisation of the
resonator, because of its well known high intrinsic quality
even at cryogenic temperature [11]. Quality factor above 300
million has also been recently reported [12] for a quartz
macro-resonator in a length-extension mode at 15 MHz.

Pillar

This paper describes the design, the optimization, the
manufacturing and the first evalution of these dedicated
length extension resonator. First reflexions of its possible
application in time and frequency domains is also discussed.

II.

Figure 3. Proposed concept: a ring around the pillar with an out of phase
length-extension vibration compared to the pillar.

Thanks to particular tuning conditions of the pillar and the
ring frequencies, it is possible to avoid the lateral
displacement of the external membrane, allowing a mounting
of the resonator without energy loss. This effect is illustrated
on figure 4. showing the resonator vibration displacement in
free-free boundary conditions (the external membrane is not
clamped).

RESONATOR CONCEPT

The design of a high Q resonator is not so easy and care
must be taken in order to confine the vibrating energy into
the resonator. The quality factor Q of a resonator is indeed
defined as the ratio between the stored vibrating energy (W)
and the total dissipated energy (∆W) per cycle of vibration
(times 2p). Just consider a 10-6 energy loss of the resonator
energy, for example in its clamping, and further consider that
all of this energy loss is dissipated, you finally obtain a
resulting Q factor limited to a maximum of 106.
The initial concept of length-extension resonator was
based on pillar, clamped at its center by a thin membrane. In
that case, reducing the energy loss out of the resonator is a
real challenge because of the well-know Poisson effect
(figure 2.), relating the fact that a pillar submitted to an
extension strain induces a transverse strain in the ratio of the
Poisson coefficient n (generally of 0.1 to 0.5, n = 0.5
corresponding to incompressible material).

Figure 4. Resonator in free-free boundary conditions
-Left: pillar vibration
-Right: observation scale magnified by 400. No displacement of
the external membrane.

On the left, the length-extension pillar vibration is shown
(only one quarter of the structure is represented) and the
right picture gives the same picture with an observation scale
magnified by a factor 400. No vibration displacement is
induced to the external membrane, thanks to a compensation
of the pillar Poisson effect by an out of phase lengthextension of the ring (coupled with a ring bending).
III.

QUARTZ RESONATOR OPTIMIZATION

A dedicated optimization has been undertaken, taken into
account the specificity of quartz crystal and the chosen

Figure 2. Resonator in length-extension mode: the Poisson effect induces
a
strong lateral displacement
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Normalized Qsupport

micromachining by wet chemical etching for the
manufacturing of the quartz resonator. A crystallographic
orientation of the pillar along the Z axis has been chosen, as
well as a pillar equilateral cross-section with respect to the
quartz trigonal symmetry: a nominally symmetric structure
with regard to its median plane is thus possible, which is a
sine qua non condition to obtain a good balancing of the
length extension mode (manufacturing by wet chemical
etching).

11
0.97
0.94
0.91
0.88

Figure 5. gives the planar shape of the quartz resonator
(left picture) and its 3D Finite Element Model (FEM),
including the etching facets created by the chemical etching.
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External ring
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Figure 6. Effect of a lateral misalignment on the Qsupport for the
optimiezd quartz strcuture.

Normalized Qsupport

Ring
Pillar

Figure 5. Quartz resonator configuration :
-Left: triangular shapes taken into account the trigonal symetry of quartz
(Z cut quartz wafer).
- Right: finite element model taking into account the etching patterns
obtained by chemical etching of quartz.
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0.8

dz
0.5

0.3

The typical dimensions of the pillar are a triangular crosssection side of 200 µm and a total length of 1 mm. The
external and internal are 50 µm thick, given a theoretical
resonance frequency and an effective mass around 3.5 MHz
and 25 µg respectively.

0
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16 18 20 22

Height difference (µm)
Figure 7. Effect of a dissymmety with respect to the median plan on the
Qsupport ffor the optimizd quartz structure.

Finite Element simulations (SAMCEF code) have been
done in order to optimize the resonator dimensions and study
the impact of some dissymmetry effects as a lateral
misalignment (figure 6.) or a dissymmetry with respect to the
median plan (figure 7.). The optimization has been focused
on the dynamic behaviour of the resonator to avoid any
interference with other vibration modes and to reduce the
energy loss out of the resonator.

IV.

QUARTZ RESONATOR MANUFACTURING &
CARACTERIZATION

Only one step of chemical etching is needed to obtain the
quartz LEM resonator (figure 8.). This very simple process is
very similar to those developed for other advanced quartz
MEMS devices [14-15].

By defining the Qsupport as the ratio of the total stored
energy in the resonator by total energy out of the resonator
(the clamping for example), the last optimization of the
quartz structure gives a Qsupport > 106, including a lateral
misalignment and a height dissymmetry of 2 µm,
corresponding to our actual technology limitation. This
Qsupport is thus compatible with an intrinsic quality factor in
the range 1 – 10 million, depending of the effective support
energy dissipation.

A dedicated NH4F/HF mixture is used for the chemical
etching of quartz, allowing a low roughness of the etched
surface defining the internal and external thin membranes.
Critical steps concern photoresist deposition on the 3D
structure
obtained
after
chemical
etching,
the
photolithographic process defining the front and back
mirrors, and most of all the removing of the photoresist after
the coating of the multilayer high reflective SiO2/Ta2O5
mirrors (because of the high temperature reached by the
photoresist during the ion beam sputtering ). The photoresist
will be soon replaced by a metallic mask at this process step.
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Figure 9. shows a 1.5” square quartz wafer including 9
LEM resonators obtained by collective chemical etching.

results [16], mainly due to the new optimization of the
structure and the improvement of the manufacturing quality.

Quartz wafer
with Cr/Au layers
Photolithographic process
-> front & back etching pattern
Etching of Cr/Au mask

Quartz chemical etching

Removing of Cr/Au layers
Resist deposition

Figure 10. Measurement of the last generation of quartz LEM resonator:s a
quality factor of 1.95 million at a frequency of 3.87 MHz has been obtained
at room temperature and under a vacuum of 0,2 mbar.

Photolithographic process
-> front & back mirrors
Coating of the multilayer reflective
SiO2/Ta2O5 mirrors

V.

CONCLUSION & PERSPECTIVES

Removing of the photoresist

A new concept of a length-extension mode (LEM)
quartz resonator has been proposed and developed for the
observation of its quantum ground state. Very interesting
results have been obtained on the last generation of
resonators, given a quality factor near 2 million at a
frequency around 4 MHz and a very small effective mass of
25 µg: the measured Q x F product of 8.1012 is near the state
of the art of ultrastable oscillator [17] where the best shear
mode macro quartz resonators show a 3. 1013 Q x F at room
temperature.
Next steps will be the coating of a highly reflective mirror
on the top of the resonator, and its implementation in a
dedicated Fabry-Perot cavity. Thanks to the high mechanical
quality factor of the resonator and thus to the efficient
cooling mechanisms that can be used, low temperature
operation of such an optomechanical device would open the
way to the observation of the quantum ground state of a
micro-mechanical resonator.

Figure 8. manufacturig process of the planar-planar LEM resonator:
only one step of chemical etching is needed to obtain the quartz structure.

By its planar configuration compatible with collective
etching process, this resonator should also find interesting
opportunities in the time and frequency domain, in particular
for a new generation of miniature ultrastable oscillator
(USO) compatible with collective manufacturing (Quartz
MEMS USO). Work has been undertaking in this way to first
identify a temperature compensated cut suited to our
resonator design and its actuation/detection by piezoelectric
effect, as it has been found for other length-extension design
resonators [18]. Collective micromachining of quartz wafer
based on recent quartz Deep Reactive Ion Etching techniques
will be also developed, as well as a quartz wafer level
packaging compatible with the vacuum requirement.

Figure 9. 1,5” square quartz wafer including 9 LEM resonators obtainend
collectivelly by wet quartz chemical etching. Top & left, detail of the
micro-pillar.

Charaterization of
the second generation of LEM
resonators (at this time, still without the hight refelctive
mirrors), have been made thanks to a dedicted test-bench
based on a Michelson-interferometer configuration, able to
work under vacuum [16]. Particularly intersting results have
been obtained since a quality factor of 1.95 million has been
measured at room temperature (by a ring-down method), for
a LEM resonateur frequency of 3.87 MHz and a vacuum of
0.2 mbar vacuum (figure 10.). These results are in
improvement by a factor 5 in comparaison with previous
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Pinard, R. Flaminio, “A Micromechanical Resonator to Reach the
Quantum Regime”, IEEE Sensors 2010
[17] R. Besson et al., "BVA resonators and oscillators: a review. Relation
with space requirements and quartz material characterization,"
Frequency Control Symposium, 1995, pp 590-599, San Francisco
[18] Yokoyama Y., Kawashima H., Kanie H., Design and Fabrication of a
Length-Extensional Mode Rectangular X-Cut Quartz Resonator with
Zero Temperature Coefficient, IEEE transactions on ultrasonics,
ferroelectrics, and frequency control, vol. 53, no. 5, 2006
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Abstract—The characteristics of aluminum nitride (AlN) Lamb
wave resonators utilizing the lowest symmetric (S0) mode with
grounded, floating, and open bottom surface configurations are
theoretically and experimentally investigated. The Lamb wave
resonator without the bottom electrode exhibits a quality factor
(Q) as high as 2,573 but a low effective coupling of 0.18% at
949.7 MHz. On the contrary, the Lamb wave resonator with a
floating bottom electrode shows an effective coupling of 1.05%
but a low Q of 850 at 850.3 MHz because the imperfect interface
between the AlN plate and bottom electrode usually degrades
the Q. Limited by the larger static capacitance, in contrast to the
floating bottom electrode, the Lamb wave resonator with a
grounded bottom electrode shows a smaller effective coupling of
0.78% and a low Q of 800 at 850.5 MHz. These results suggest
that the resonator with a floating bottom surface is suitable for
filter applications, whereas that with an open bottom surface is
preferred for sensor and oscillator applications.

hAlN

IDT

During the past six years, two distinct designs of S0 mode
Lamb wave resonators are simultaneously developing. One is
based on the Lamb wave excitations from the interdigital
transducer (IDT) and the reflections from the periodic gratings

IDT

(c)

Open bottom surface
Figure 1. Illustration of the cross-section of AlN Lamb wave resonators with
grounded, floating, and open bottom surface configurations.

on the AlN membrane (the grating-type reflector) [2], [3];
instead, the other one is based on the Lamb wave excitations
from the IDT and the reflections from the suspended free
edges of the AlN membrane (the edge-type reflector) [4]–[7].
Furthermore, the robust temperature compensation for the two
types of S0 mode Lamb wave resonators has been theoretically
analyzed and experimentally demonstrated [8]–[10]. These
aforementioned results reveal the potential of Lamb wave
resonators for the future narrowband wireless transmission
systems because this technology can reliably provide a wide
frequency range from hundreds MHz to several GHz on the
single silicon chip and simultaneously offer the high quality
factor (Q) as well as the low motional resistance (Rm) in air.
In this work, the S0 mode Lamb wave resonators utilizing
the edge-type reflector with the various bottom surface
configurations are studied. As shown in Fig. 1, the electric
field distributions in the AlN membrane would dominate the
performances of the resonators with grounded, floating, and
open bottom surface configurations. Based on the same IDT

This work was supported by the DARPA Chip-Scale Mechanical Spectrum
Analyzers (CSSA) award (Grant No. NGC-8140000613) under the DARPA
Microsystems Technology Office (MTO).

978-1-61284-110-6/11/$26.00 ©2011 IEEE

(b)

Floating bottom surface

INTRODUCTION

Recently, there are a large number of long-term evolution
(LTE) frequency bands that are being designated as the
possibilities for the third generation (3G) and the fourth
generation (4G) wireless mobile systems. For the frequency
division duplex (FDD) and time division duplex (TDD)
technologies, most of the LTE frequency bands are allocated
within the ultra-high-frequency (UHF) region. Several LTE
frequency bands have designated with the narrow bandwidths
between 0.75% and 2% [1]. In recent years, a new class of
aluminum nitride (AlN) Lamb wave resonators utilizing the
lowest symmetric (S0) mode is being widely explored [2]–[7].
The AlN Lamb wave resonator usually exhibits a high phase
velocity around 10,000 m/s and a moderate electromechanical
coupling, very suitable for the high-frequency and narrowband
wireless transmission systems.

Electric fields
Grounded bottom surface

Keywords–Lamb Wave Resonator, Aluminum Nitride, Quality
Factor, Electromechanical Coupling, Floating Bottom Electrode
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Figure 2. The dispersive electromechanical coupling coefficients of the
lowest symmetric (S0) mode Lamb waves in the AlN membrane with the
non-metallized and metallized bottom surfaces.

design, the AlN Lamb wave resonator with a floating bottom
electrode provides a larger effective coupling (k2eff) of 1.05%,
presenting a 1.35× increase in k2eff over that with a grounded
bottom electrode because the floating bottom electrode makes
a smaller static capacitance in the membrane. However, the
electrode-to-resonator interface stress causes the degradation
in Q. In contrast to the metallized bottom surface, the Lamb
wave resonator with the non-metallized bottom surface (i.e.
the open bottom surface) provides a Q as high as 2,573 but a
small k2eff of 0.18% due to the weak electric field in the 1.5μm-thick AlN membrane.
II. FININTE ELEMENT ANALYSIS OF ONE-PORT LAMB
WAVE RESONATORS WITH VARIOUS BOTTOM SURFACES
By using Adler’s approach [11] or finite element analysis
(FEA) method [12], the dispersive electromechanical coupling
in the piezoelectric plate can be theoretically calculated. In the
simulation, the S0 mode Lamb waves propagate in the plane
normal to the c-axis of the AlN membrane and the bottom
electrode is assumed to be infinitely thin. As illustrated in Fig.
2, the dashed and solid lines represent the electromechanical
coupling dispersion of the S0 mode Lamb waves in the AlN
membrane with the non-metallized and metallized bottom
surfaces, respectively. In general, the metallized bottom
surface enhances the electromechanical coupling coefficient
because the electric field strength through the AlN thin plate is
higher than that between the IDT electrodes. However, the
electromechanical coupling calculated using Adler’s approach
is identical for the both grounded and floating bottom surfaces
because the short-circuited boundary condition is considered
in the two configurations. This is not true for the real Lamb
wave resonator since the parallel frequency and the effective
coupling are significantly influenced by the static and parasitic
capacitances in the resonator. Therefore, the actual effective
couplings for the grounded and floating bottom electrodes are
different because of the distinct static capacitances in the two
configurations.

Rm

C1
C2

R0

Lm Cm

Rm

C1
C2 C2

R0

Lm Cm

Rm

C1
R0

Figure 3. A simple physical model for the capacitive feedthrough to ground
in the one-port Lamb wave resonator and the equivalent C0 in the modified
Butterworth-Van dyke (MBVD) models for the electrically (a) grounded, (b)
floating, and (c) open bottom surfaces.

As shown in Fig. 3, a simple physical model can be used to
illustrate the effect of capacitive feedthrough to ground in the
one-port Lamb wave resonator and the static capacitance (C0)
in the modified Butterworth-Van dyke (MBVD) models for
the electrically grounded, floating, and open bottom surfaces.
For the grounded bottom surface in Fig. 3(a), the lateral and
vertical electric fields induce the in-line capacitance (C1) and
cross-field capacitance (C2) so the C0 is simply assumed to be
the summation of C1 and C2. As for the floating bottom
surface in Fig. 3(b), the electric potential in the bottom
electrode is presumed to be zero and the electric potentials in
the electrodes are equivalent to be U/2 and –U/2 because of
the symmetric electric filed. As a result, the C0 is simply
assumed to be the summation of C1 and C2/2 for the floating
bottom surface. As illustrated in Fig. 3(c), C0 is simply equal
to the in-line capacitance, C1, in the open bottom surface. The
excitation efficiency of the IDTs with grounded and floating
bottom surfaces would be the same and larger than that with
an open bottom surface because the backside metallization
strongly enhances the vertical electric field in the AlN plate. In
addition, C0 in the open bottom surface is the smallest among
the three configurations; C0 in the floating bottom surface is
smaller than C0 in the grounded bottom surface, resulting in a
larger k2eff for the resonator with a floating bottom electrode.
In order to verify the above physical model, as shown in
Fig. 4, the two-dimensional (2D) model in COMSOL FEA
software is used to simulate the frequency spectra of one-port
AlN Lamb wave resonators with the grounded, floating, and
open bottom surfaces. With the same 11 electrode design but
different electric conditions in the bottom surfaces, the 2D
COMSOL FEA model predicts that the floating bottom
electrode provides a 1.8 times larger k2eff than the grounded
bottom electrode on a 1.5-μm-thick AlN plate. The simulation
results also confirm that the transduction efficiency of the
IDTs with grounded and floating bottom electrodes would be
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identical when the same even electrode pairs and acoustic loss
conditions are considered in the simulation.
EXPERIMENTAL RESULT AND DISCUSSION

In order to study the effect of the bottom electric condition
on the resonator performance, the AlN Lamb wave resonators
with electrically grounded, floating, and open bottom surfaces
are designed as summarized in Table I. The micro-fabrication
process has been presented in [6] so it is not further considered
in this work. To diminish the experimental error resulted from
the fabrication process, the resonators were fabricated on the
same wafer and placed in the vicinity. Lamb wave resonators
were all tested in air and S11 parameters were extracted using
an Agilent E5071B network analyzer. The measured Q was
extracted from the admittance plot by dividing the resonance
frequency by the 3 dB bandwidth. The k2eff of the measured
devices is defined as

keff2 ≈

π 2 ⎛ f p − fs ⎞
⎜
4 ⎜⎝

fp

⎟⎟
⎠

-1

0

1

2

open bottom surfaces. With the same 11 IDT electrodes but
different bottom electric conditions as listed in Table I, the
Lamb wave resonator with the open bottom surface exhibits
the smallest k2eff of 0.18% and transduction efficiency as
expected. However, it exhibits a loaded Q as high as 2,573
among the three resonator designs. The transduction efficiency
and effective coupling of the resonator with an open bottom
surface can be enhanced by increasing the IDT electrodes or
thickening the AlN membrane [13].

Design 3

IDT electrodes

III.

Grounded
Floating
Open

Figure 5. Measured admittance plots of the one-port AlN Lamb wave
resonators with the grounded, floating, and open bottom surfaces.

GEOMETRIC DIMENSIONS OF LAMB WAVE RESONATORS
Design 2
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Frequency
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(MHz)(%)
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Figure 4. Simulated admittance plots of the one-port AlN Lamb wave
resonators with the grounded, floating, and open bottom surfaces using the
two-dimensional (2D) model in COMSOL.
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TABLE I.

-50

(1)

where fs and fp are the series frequency and parallel frequency,
respectively.
Fig. 5 presents the measured frequency spectra of one-port
AlN Lamb wave resonators with the grounded, floating, and

On the other hand, the Lamb wave resonator with a
floating bottom electrode shows the highest k2eff of 1.05%,
presenting a 1.35× enhancement in k2eff over that with a
grounded bottom electrode, whereas the presence of additional
bottom electrode decreases the Q to 850 because of the high
stress levels in the interface. In addition, the extracted C0 in
the AlN plate with the floating and grounded bottom electrode
are 195 fF and 355 fF, respectively. The result confirms that
the floating bottom electrode efficiently reduces C0 and boosts
k2eff in the one-port AlN Lamb wave resonator. Moreover, the
employment of the floating bottom electrode also makes the
micro-fabrication process easier because the electrical contact
via is no longer needed.
In the 2D COMSOL FEA model, the simulated C0 ratio of
the grounded bottom electrode to the floating bottom electrode
is approximately equal to 2 for the same design parameters
listed in Table I. However, the measured C0 ratio is equal to
1.82 because some additional significant parasitic capacitances
occur and influence the experimental C0 ratio. In fact, these
additional parasitic capacitances are dead and do not take the
responsibility for the Lamb wave excitation, but only decrease
the parallel frequency and consequently reduce the k2eff for a
given AlN plate thickness.
In addition to k2eff and C0, the experimental transduction
efficiency of the Lamb wave resonators with grounded and
floating bottom electrodes is of interest. For this purpose, the
coupling-of-modes (COM) transduction coefficient, α(ω0),
which is responsible for the excitation efficiency of the IDT,
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where ΛT is the wavelength of transduction, QF(β) is the
elemental charge density function, β=2π/ΛT is the acoustic
wave number, ω0 is the resonance angular frequency, W is the
IDT aperture, and Γs is expressed as [14], [15]

Γs =

k2
,
2ε s (∞, β hAlN )

(3)

where k2=2(voc-vsc)/voc is the intrinsic electromechanical
coupling coefficient in Fig. 2, voc and vsc are the S0 mode
Lamb wave velocities at the open-circuited and short-circuited
surfaces, respectively, εs(∞, βhAlN) is the effective permittivity
for infinite slowness (the effective static permittivity), and hAlN
is the AlN thickness. Moreover, the acoustic conductance at
the resonance frequency ω0 of a reflector-less IDT having an
aperture W and NP pairs of electrodes is defined as [15], [16]
2

Ga (ω0 ) = ω0 WΓs QF ( β ) N 2p .

100

(5)

revealing further the physical meaning of the COM
transduction coefficient. The latter is directly related to the
IDT conductance which in turn is proportional to the radiated
acoustic power.

can be introduced to compare the excitation efficiency of the
IDTs with grounded and floating bottom electrodes. The COM
transduction coefficient α(ω0) is derived as [14]

α (ω0 ) =

80

The latter can be presented as a function of the COM
transduction coefficient as:

PERFORMANCE OF LAMB WAVE RESONATORS

Q

60

Figure 7. Measured frequency variation vs. temperature of the Lamb wave
resonators with the electrically grounded, floating, and open bottom surfaces.

Figure 6. Measured conductance plots of the one-port AlN Lamb wave
resonators with the grounded and floating bottom electrodes.

fs [MHz]

40
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Temperature
°C)

Frequency (MHz)
(MHz)
Frequency

TABLE II.
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Floating
Open

(4)

When comparing the performance of the Lamb wave
resonators, one should bear in mind that (5) becomes more
general. The conductance at resonance depends not only on
the COM transduction and the IDT length but also on the
acoustic losses since the latter determines the Q. Accordingly,
only comparing the resonators with the same topology could
reveal the information about the transduction efficiency. Here
we compare the Lamb wave resonators of the same topology
with the electrically grounded and floating bottom surfaces,
respectively. As shown in Fig. 6, both the AlN Lamb wave
resonators show quite similar conductance characteristics. The
conductance ratio between the resonators with floating and
grounded bottom electrodes is equal to 0.88, resulting in a
transduction efficiency ratio of 0.94, which is very close to the
simulated ratio, 0.91, obtained from the 2D COMSOL FEA
model. The different IDT transduction efficiency for grounded
and floating bottom electrodes is caused by the unsymmetrical
electric filed in the 11 IDT electrodes, while the experimental
transduction efficiency ratio is 1.01 for 12 IDT electrodes. As
discussed above, when simulating the transduction efficiency
ratio, all remaining contributions to the conductance should be
kept the same except for the bottom electric condition. The
results further confirm our preliminary observation that the
excitation efficiency is the same for the IDTs with electrically
grounded and floating bottom surfaces, whereas the larger
static capacitance in the AlN Lamb wave resonator with a
grounded bottom electrode results in the smaller k2eff.
Fig. 7 shows the plot of measured fractional frequency
variation for the Lamb wave resonators listed in Table I from
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room temperature to 100°C. As expected, the AlN Lamb wave
resonator without the bottom electrode exhibits a smaller firstorder temperature coefficient of frequency (TCF) of –25.9
ppm/°C because the platinum (Pt) bottom electrode has a large
negative TCF and decreases the overall TCF accordingly. The
resonators with the electrically grounded and floating bottom
electrodes show the first-order TCF of –27.0 ppm/°C and –
26.6 ppm/°C, respectively. Table II compares the measured
performance of the AlN Lamb wave resonators with grounded,
floating, and open bottom surfaces. All in all, the experimental
results are in qualitative agreement with the simulated
conclusions from the 2D COMSOL FEA model. It is noted
that the Q and k2eff reported in this work are not optimal by far.
The better resonator design, micro-fabrication process, and
thin film stress control can improve the figure of merit (FOM)
to a large extent.
IV.

[3]

[4]

[5]

[6]

[7]

[8]

CONCLUSION

Based on a 1.5-μm-thick AlN plate and the same IDT
design, the characteristics of one-port Lamb wave resonators
with the electrically grounded, floating, and open bottom
surfaces are theoretically analyzed using the FEA method and
experimentally investigated. The employment of the floating
bottom electrode simultaneously provides a larger effective
coupling, an easier micro-fabrication process, and a higher
FOM than the grounded bottom electrode without sacrificing
the IDT transduction efficiency much. In particular, the Lamb
wave resonator with the floating bottom electrode shows the
highest FOM which is most suitable for the filter applications.
The high phase velocity, moderate electromechanical coupling,
weak dispersion, and ability to tune the effective coupling (i.e.
the bandwidth) by changing the bottom electric condition also
shows the potential of AlN Lamb wave resonators for the
future high-frequency and narrowband wireless transmission
systems. On the contrary, the resonator with the open bottom
surface configuration usually provides a higher Q which is
most suitable for the oscillator and sensor applications.

[9]
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Abstract—A novel multi-band active inductor (AI) voltage

phase noise by incorporating dynamic self-injection
mechanism using group-delay and phase-shifter network for
controlling the large-signal drive-level and also study the
method of suppression of undesired modes in active inductortuned VCOs.

controlled oscillator (VCO) is discussed and implemented using
SiGe heterojunction bipolar transistors (HBTs). A design
strategy centered on improving the locking range and
broadband tunability of the transistorized tuned-inductor is
being discussed and validated through an example of triple-band
(0.9-1.8 GHz, 1.8-3.6 GHz, and 3.6-6.9 GHz) VCOs. Detailed
analysis has been performed to minimize the phase noise by
incorporating dynamic self-injection mechanism, and study the
method of suppression of undesired modes in active inductor
VCOs for current and later generation communication systems.

A design strategy centered on improving the locking
range and broadband tunability of the active inductor VCO is
being discussed and validated through an example of tripleband (0.9-1.8 GHz, 1.8-3.6 GHz, and 3.6-6.9 GHz) VCOs for
current and later generation communication systems.

I. INTRODUCTION

II. OSCILLATOR INDUCTIVE DYNAMICS

Recent trend pushes towards multi-standard terminals
where tunable oscillator is a key element to cover different
wireless standards and applications such as cellular phones,
bluetooth, and wireless local area network. The important
requirements of multi-band oscillator are low cost, low phase
noise, low power consumption, and should be amenable for
integration in small chip area [1]-[3]. Varactor-tuned multiband VCOs solution using switched inductors, switched
capacitors, and switched resonators can cover different
wireless standards operated at different frequency bands but
not preferable due to die-size, cost, tuning-range, switching
noise, and speed [4].

One of the key inductive dynamics in communication
systems is the tunable LC oscillators using passive spiral
inductors. With monolithic microwave integrated circuit
(MMIC) technology, inductances are traditionally realized
using spiral or stacked spiral inductors [1].

Tunable active inductor (TAI) technology offers
advantages of wide tuning-range in small chip area and
enabling as a cost-effective alternative but at the cost of lower
dynamic range and poor phase noise performances [5]. The
broadband tuning at high frequencies become very difficult
with varactor-tuned VCOs topologies due to package
parasitic associated with the tuning diodes, therefore, even
with the degraded dynamic range and poor phase noise still it
is a win-win situation to use active inductor topology for
monolithic integrated multi-band VCOs solution at high
frequencies [6].

Figs. 1 and 2 show the simplified representation and
characteristics of the spiral inductor. As shown in Fig.2a, the
values of the inductance is proportional to the number of the
turns/layers resulting silicon area required for routing is large
[5]. Moreover, with the increase in the number of
turns/layers, self-resonant frequency (SRF) decreases, and
limits the applications at high frequencies (Fig. 2b). In this
paper, we explore the possibility to replace the spiral inductor
in multi-band oscillator with a tunable active inductor which
is amenable for integrated circuit realization requiring only a
fraction of the die-area and with improved noise dynamics at
microwave frequencies.

An in-depth research of different active inductor circuit
topologies are needed in order to lower the phase noise,
power consumption, and improve the dynamic range prior to
a large scale deployment of inductor-tuned oscillators where
varactor-tuned oscillators are dominating currently. In this
paper, detailed analysis has been performed to minimize the
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Fig. 1: (a) a typical sketch of spiral inductor, and (b) lumped model

Table 2 Comparative analysis: Passive and Active Inductors
Performances

Passive Inductor
(Spiral)
Low Q: Q-factor can
be improved by
differential method
but added cost
Fixed/Limited
Large die-area
Zero

Q-factor

Tunability
Die-Area
PowerConsumptio
n

Fig. 2 Plot shows the dependence of the (a) Inductance, and (b) SRF.

Tunable multi-band oscillators can be realized using
different technologies depending on the cost, performance,
and applications [6]-[12]. Table 1 describes the different
approach for the multi-band VCOs with pros. and cons.
features for a given figure-of-merit (FOM). The performance
comparison
criterion
(Q-factor,
Die-area,
Powerconsumption,
Linearity,
Noise,
Electro-Magnetic
Interference, and Floor-planning) establishes important
design guide lines for a selection of active inductor topologies
for a given application and FOM. Table 2 summarizes the
performance criteria and comparative analysis of the passive
and active inductor for multi-band integrable tunable
oscillator applications.
Table 1 Different approaches: Realization of Multi-Band VCOs
Topology

Features: Pros. (+) and
Cons.(-)

Switched
capacitor
LC resonator

+Reduced
Limited
-Trade-off in switch size

Switched
inductor
LC resonator

+Reduced
-Large area
-Trade-off in switch size

Switched
coupled
inductor
LC resonator

+Smaller area
-Trade-off in switch size
(switch loss vs. Parasitic
Capacitance)

High-K
transformer
LC resonator

+high quality factor
+Good Phase noise
-Only one resonance mode

Self-switching
inductor
LC resonator

+Smaller Area
-Trade-off in switch size
(switch loss vs. Parasitic
Capacitance)

Reusing
internal turn
of an inductor

+smaller area
+No switch in tank for
changing the mode

Tunable
active
inductor
(TAI)

+Smaller area
-poor phase noise
-Large power consumption

Dividers,
Mixers, and
Multiplexers

+Small area
-Large power consumption
-spurious tone

Topology

Linearity

Good Linearity

Noise

Superior: good phase
noise performance

EMI

Significant: Due to
EM coupling in spiral
inductors
Poor: large die- area
makes difficult floorplanning

FloorPlanning

Active Inductor
(Simulated: Active Device
High Q: active inductor offers
higher Q than the passive spiral
inductor
Large tuning range
Small die-area
Significant: consumes power
for generating active
inductance, resulting to high Q
that may offsets the power
consumptions
Poor Linearity: driven under
large-signal condition, causing
shift in operating point,
distortions, and impedance
fluctuations
Poor : poor phase noise
performance
EMI insensitive
Not required

In this paper, design techniques towards minimizing the
phase noise of the active inductor VCOs are discussed while
maintaining a small real estate area and low power
consumptions.

A. Active Inductor: State-of-The-Art
Active inductors are commonly implemented using
transistors and associated circuitry (inductor-less passive
components). Active devices (Transistors: Bipolars/FETs)
exhibit 00 or 1800 phase difference between output currents
and input voltages/currents, therefore, at least one capacitor is
required for the realization of an active inductor (since its V-I
has 900 phase difference). By appropriate conversion, the port
voltage can be imparted to lead the port current by 900, which
is the intrinsic property of an inductor. This conversion is
typically done using Gyrator (two transconductors connected
back-to-back resulting inductive impedance) (Fig. 3).
The input admittance looking into port 2 of the gyrator is
(1)
From (1), equivalent RLC networks (Fig.3) is given by
,

,

,

(2)

When either the input or the output impedances of the
transconductors of Gyrator are finite, the synthesized
inductors are no longer lossless and exhibit inductive
property only in a specific frequency range. The performance
of active inductor can be characterized by maximum usable
frequency f0 and Q-factor, can be characterized by
(3)
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Where f0 is the self-resonant frequency of the gyrator and
f1,2 is the cut-off frequencies of the transconductors.
The Q-factor of a conventional passive LC resonator at a
given frequency is independent of the current swing passes
through the resonator and can be described by
(4)
where φ(ω) is the phase of the LC resonator impedance.
Unlike passive LC resonator, the inductance of the active
inductors varies with the current/voltage passes through the
inductors. Therefore, definition of Q-factor given in (4) does
not hold well for active inductors, an alternative definition
that accounts for the swing of the voltage/current can be
given by
(5)
where Imin and Imax are the minimum and maximum
currents of the transconductors of active inductors, and
Qa(ω,i) is the instantaneous quality factor at frequency ω and
channel current i provides an effective mean to quantify the
Q-factor of active inductor when operated in a large-signal
conditions, especially in tunable LC resonator oscillators.

B. Active Inductor: Realizations and Constraints
The realization of active inductor is mostly influenced by
the fabrication technology and cost factor for available
devices characteristics and FOM. For example, in CMOS
technology, coupling capacitor is usually not available,
hence, transistors may be connected directly for satisfying
both DC biasing and RF signal flow at the same time. In
RF/mixed-signal CMOS technology and other RF processes:
GaAs and SiGe BiCMOS; MiM and poly-poly capacitors are
generally available for signal coupling, and there is more
design freedom [12]. Fig. 4 shows the typical implementation
of an active inductor (AI) using SiGe HBTs in common
emitter cascode topology.
We report SiGe HBTs AI in cascode topology (Fig.4). As
shown in Fig. 4, transistors Q1 (common emitter) & Q2
(common base) are connected in cascode to provide high
impedance. The O/P is feedback to the base of Q1 through CB
transistor Q3 & Q5, Q5 is used as a voltage variable resistor.
The base of Q3 is grounded through R3 that controls the –ve
resistance of the AI, and Q4 is used as a current source.

Fig.4 A typical schematic of active inductor using cascode topology

Fig. 5 shows the equivalent circuit model of active
inductor (Fig. 4), for simplification of the analysis, all the
transistor parameters are assumed to be identical (Cbe1 ≈ Cbe2
≈ Cbe3 = Cbe and gm1 ≈ gm2 ≈ gm3 = gm). The transistors Q1 to
Q4 are biased at (2V, 6 mA), inductive property can be given
by
(6)
(7)
where
,

,

Fig. 6 shows the typical variation of inductance and series
loss resistance with the applied tuning voltage VT at 8 GHz.

C1 and Go1, C2 and Go2 represent the total
capacitances and conductances at ports 1

Gyrator:
Two back-to-back connected transconductors

Fig.3 Typical realization of active inductor topology using a Gyrator

Fig.5 A simplified model of tunable active inductor, shown in Fig. 4
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III. MULTI-MODE MULTI-BAND TAIO
Fig. 7 shows the equivalent representation of tunable
active inductor oscillator (TAI) circuit. The steady-state
oscillation condition for series feedback active inductor
oscillator as shown in Fig. 7 is given by
Z osc ( I L , ω ) + Z L (ω ) = 0 ⇒ Z osc ( I L , ω ) = Rosc ( I L, ω ) + jX osc ( I L , ω ) (8)
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(11)
For dominant mode oscillation condition, negative
dynamic resistance associated with Rosc can be described by
solving (7) and (9), and the value of Rosc can be optimized in
such a way that only desired fundamental mode (ω1) of
oscillation sustains the growth under the constraints of not
enough gain supported by Rosc for other degenerate modes (ω2
and ω3). Fig 8 shows the typical simplified schematic of TAI
oscillator of nth order that can be reconfigurable with respect
to multi-mode and multi-band wireless systems. As shown in
Fig 8, the topology of multi-mode multi-band active inductor
VCO is sensitive to mode-jumping and jitter and exhibits
inferior phase noise performance in comparison to
commercially available spiral inductor LC resonator based
oscillator topology for a given DC power consumptions and
figure-of-merit (FOM).

ATR # 1

Fig.6 shows the measured plot of the variation of inductance and
series resistance at 8 GHz for the tunable active inductor shown in
Fig. 4. : (a) variation of inductance with respect to tuning voltage,
and (b) shows the measured plot of the variation series loss
resistance with respect to tuning voltage

1/ 2

CCN

CC
LNA

Tracking
Filter

Band #N

Fig.8. A typical nth order multi-mode multi-band TAI VCO circuits

In addition to this 1/f noise associated with active that
forms active inductor under large signal drive level can
become the bottleneck and restricts the applications. The
novel and cost-effective approach is to incorporate selfinjection-locking mechanism for improving the noise
dynamics of inductor-tuned oscillator circuit for a given FOM.
This can be realized by incorporating phase shifter network in
the feedback path that improves the 1/f noise, including
linearization of the large signal drive-level characteristics of
the realized inductor as shown Fig. 4.
The goal for improving 1/f noise characteristics is
paramount for enabling seamless transition from varactortuned LC resonator oscillator topology to inductor-tuned
oscillator wireless applications. Nevertheless, the advantages
of integration in small chip area (typically less than 10 % area
of equivalent spiral inductor based RFIC VCO) make
inductor-tuned VCO technology as a cost-effective alternative
for RFIC/MMIC VCOs solutions for current and later
generation of wireless systems [1]-[12].

Fig.11 shows the measured phase noise plots of injectionlocked inductor-tuned oscillator circuit as shown in Fig. 9. It
can be seen from the phase noise plot shown in Fig. 11 that
the measured plot shows superior performance and vary more
than 10 dB as compared to CAD simulated phase noise plot
(Fig. 10), reason being unknown package parasitic and
convergence problem (CAD tools) in presence of injectionlocking signal which is fed through delay line phase shifter
network into realized inductor circuit.
For validation of this approach, triple-band (0.9-1.8/1.83.6/3.6-6.9 GHz) TAIO is fabricated using SiGe HBTs on
PCB substrate with εr of 3.38 and a thickness of 22mils
(microstripline), however, this topology is amenable for
integration in chip form.

IV. EXAMPLES AND VALIDATION
Fig.9 shows the typical schematic of self-injection-locked
inductor-tuned Colpitts Oscillator realized by incorporating
phase shifter network in the feedback path that improves the
1/f noise, including linearization of the large signal drivelevel characteristics of the simulated realized inductor.
Fig.10 shows the CAD simulated phase noise plots with
and without injection-locked inductor-tuned oscillators for
giving brief insights about the improvement in phase noise
performance. It can be seen from the phase noise plots (Fig.
10) that the phase noise of the inductor-tuned oscillator
without injection locking is approximately -41dBc/Hz @ 10
kHz offset from 1.9 GHz the carrier frequency. When the
inductor-tuned oscillator is locked, the phase noise drops to
- 58dBc/Hz @ 10 kHz offset from the carrier frequency.
As shown in Fig. 9, self-injection locking mechanism
improves phase noise typically 17 dB @ 100 kHz and 10 dB
@ 1 MHz offset from carrier frequency 1.9 GHz. This
observation is justified as injection-locking is more effective
at lower offset (less than 100 kHz) and starts to degrade when
the offset frequency exceeds 1 MHz due to broadband
thermal noise trades with locking range for a given strength
of injection level and phase shifts.

Fig.10 shows the typical plots of phase noise using realized inductor
and injection-locked realized inductor.

-111dBc/Hz @ 10 kHz offset

Fig.11 shows the measured phase noise plots of injection-locked
inductor-tuned oscillator circuit as shown in Fig. 9.

The broadband injection-locking scheme shown in Fig. 12
can be realized by phase shifter network in conjunction with
varying the realized inductance for optimum drive-level and
dynamic range. The locking range of the injection-locked
inductor-tuned oscillator can be described in term of
maximum change in frequency for a given operating
conditions. The frequency of TAIO (Fig. 12) is tuned by
varying the inductance (Fig.4) as
(12)
(13)

Fig.9 shows the typical schematic of injection-locked TAI VCO

where ∆L and ∆f, is the maximum change of the
inductance of the inductor (shown in Fig. 4) due to injectionlocking signal (realized using delay-line phase shifter as
shown in Fig. 12), and maximum frequency shifts that
translates to locking range of the inductor-tuned oscillator.
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The reason for higher locking range is less impact of
injection signal on voltage output nodes of the varactor-tuned
oscillator, resulting insignificant change in the capacitance
(∆C) of the varactor devices. On the contrary, inductance of
the inductor-tuned oscillator is more sensitive to injected
signal, and therefore, significantly varies current of the active
device that forms the inductor circuit (Fig. 4). Fig.13 shows
the measured phase noise plots with and without injectionlocked inductor-tuned oscillators for giving brief insights
about improvement in phase noise performance. It can be seen
from Fig. 13 that the self-injection locked TAIO offers 15-25
dB better phase noise performance. The measured phase noise
plots shown in Fig. 13 for band #1 (0.9-1.8 GHz), band #2
(1.8-3.6 GHz), and band #3 (3.6-6.9 GHz) are typically better
than –110 dBc/Hz, -105 dBc/Hz, and -93 dBc/Hz respectively
at 100 kHz offset from the respective carrier frequencies. The
circuit works on 2V, 18 mA and gives O/P power typically
better than -3dBm over respective bands.
Fig.12 schematic of self-injection locked triple-band TAIO

The emerging applications of TAI topology continue to be
unfolded along with the inception of new design techniques
for improving phase noise and dynamic ranges. In spite of the
drawbacks such as noise and linearity, active inductors have a
significant advantage over passive inductors in terms of diearea, Q-factor, and issues regarding EMI and floor planning.
V. CONCLUSION
A design strategy centered on improving the locking range
and broadband tunability of the realized inductor using SiGe
HBTs is discussed, and validated through an example of
triple-band injection-locked inductor-tuned oscillator circuit
for multi-band multi-standard RF communication systems.
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Abstract— We report a 4.596 GHz frequency synthesis based
on a 2.1 GHz Solid Mounted Resonator (SMR) voltage controlled
oscillator (VCO). The SMR source exhibits a power consumption
of about 18 mW, a chip size of 2mm2 and a phase noise of − 89
dBc/Hz at 2 kHz offset frequency. A synthesizer is constructed
from this source to generate a low noise 4.596 GHz signal. The
synthesizer is preliminary used as a local oscillator in a compact
Cs atomic clock based on Coherent Population Trapping (CPT).

recently [9]. Section II describes the 2.1 GHz SMR VCO.
Section III presents the frequency synthesis to generate the
4.596 GHz signal. Section IV shows the successful detection
of CPT resonances using the 4.596 GHz synthesized signal.
II. THE SMR-BASED VOLTAGE CONTROLLED
OSCILLATOR
Fig 1 shows the schematic structure of the Solid Mounted
Resonator (SMR).

I. I NTRODUCTION
Chip Scale Atomic Clocks (CSAC) based on CPT are passive atomic frequency standards and need a high-performance
local oscillator (LO) combining an extremely reduced volume, power consumption, frequency-temperature dependence
as well a low phase noise not to degrade the clock short term
frequency stability [1].
In general, LOs proposed for CSACs are frequency-multiplied
low power consumption temperature-controlled (TCXO) or
microprocessor-controlled (MCXO) crystal oscillators. Nevertheless, it can be useful to avoid this frequency multiplication
process degrading the source phase noise and power consumption. In that sense, Brannon et al. proposed the development for
CSAC applications of microwave oscillators based on quarterwavelength ceramic-filled coaxial resonators [2]. In another
way, a great challenge is to realize fully-packaged MEMS
oscillators based on bulk acoustic wave resonators (BAW)
due to their small size and high Q-factor [3]. Among them,
Film Bulk Acoustic Resonators (FBAR), High-overtone Bulk
Acoustic Resonators (HBAR) and Solid Mounted Resonators
(SMR) are potential candidates. Romisch and Lutwak developed a low power 4.596 GHz Colpitts oscillator for Cs CSAC
applications [4]. Yu et al. demonstrated a HBAR-based 3.6
GHz Pierce oscillator with a phase noise of −67 dBc/Hz at
300 Hz fourier frequency, a power consumption of 3.2 mW
and a free-running frequency stability of 1.5 × 10−9 at 1
second [5]. A great issue in such oscillators is their high
thermal frequency sensitivity. Several solutions were proposed
to reduce the frequency-temperature dependence of FBAR [6],
[7] and HBAR [8].
This paper presents an original SMR oscillator-based 4.596
GHz frequency synthesis. Such sources have been proposed
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Fig. 1.

Cross-section of the Solid Mounted Resonator.

It consists of a metal-piezo (Mo-AlN)-metal layered sandwich. The resonator is constructed over a Bragg reflector
acoustic mirror structure using alternating layers of low and
high acoustic velocity. The Bragg reflector is made of Tungsten
(W) and silicon oxide (SiO2 ). The so-called ”frame” technique
[10] is used to confine the acoustic energy in the useful
thickness mode.
A quality factor value of 1176 at the series resonance frequency fs of 2.083GHz is obtained. The Q-factor of the
parallel resonance frequency f p is 502 at 2.125GHz.
The VCO is based on a common-base configuration architecture [11]. The active circuit is a SiGe:C heterojunction bipolar
transistor (HBT) using BiCMOS7RF 0.25µm technology processes from ST Microelectronics.
The fine frequency tuning of the oscillator is achieved by an
adjustable voltage control supply added to the bias voltage.
The coarse frequency tuning is achieved by a DDS circuit.
The core oscillator uses a hybrid method by wire-bonding

the BiCMOS chip (1mm x 1 mm) and the Solid Mounted
Resonator (0.35mm x 0.3mm).
The oscillation frequency variation as a function of the voltage
tuning is 260 kHz/V. The measured output power variation is
0.5dBm/V.
Fig. 2 reports the variation of the VCO output frequency and
power versus the resonator temperature.

Fig. 2. Oscillation frequency and output power of the SMR VCO as a function
of the temperature.

III. THE 4.596 GHZ FREQUENCY SYNTHESIS
The description of the 4.596 GHz frequency synthesis based
on the 2.1 GHz SMR VCO is described in [11]. The generation
of the 4.596 GHz signal is realized by first frequency-doubling
the VCO frequency at 4.2 GHz. Simultaneously, a signal
of 396 MHz frequency is generated by mixing (mixer M1)
the 384 MHz and 12 MHz signals from two Direct Digital
Synthesis (DDS) DDS2 and DDS1 respectively. Eventually,
the 4.596 GHz signal is obtained by mixing the 4.2 GHz and
the 396 MHz signals using the mixer M2.
A synchronization clock signal (77MHz) for DDS and a FPGA
is delivered by tracking and frequency dividing the SMR
oscillator signal. A Frequency Shift Keying (FSK) modulation
at a bit rate of 1kHz and frequency deviation of 3kHz is generated. This modulation is used to lock the final VCO output
frequency on the atomic transition frequency. A useful 9.3
MHz RF signal is extracted from the synthesis to characterize
easily the atomic clock frequency stability when it is locked.
The output power is measured to be about 0 dBm at 4.596
GHz.
Fig. 4 reports phase noise performances of the free-running
2.1 GHz SMR VCO, of the DDS2 and the 4.596 GHz
frequency synthesis output. The frequency synthesis phase

The frequency-temperature dependence is found to be
−14 ppm/◦ C. The variation of the VCO output power versus
the temperature is 3.6 dBm in the -20-60◦ C temperature range.
Fig. 3 shows the phase noise performances of the SMR
VCO.

Fig. 4. Phase noise performances of the 2.1 GHz SMR VCO, of the DDS2
and of the 4.596 GHz output signal of the frequency synthesizer.

noise is clearly limited by the DDS2 phase noise at a level of
−120 dBc/Hz and −132dBc/Hz at 1MHz and 10 MHz offset
frequencies respectively for f > 150kHz. The phase noise of
the 4.596 GHz signal is -76 dBc/Hz and -100 dBc/Hz at f =
1kHz and 10 kHz respectively.
Fig. 3.

Phase noise of the SMR VCO.

IV. APPLICATIONS TO A MINIATURE CPT ATOMIC
CLOCK

The VCO phase noise is −160 dBc/Hz for f > 3.5MHz
and is −82 dBc/Hz at 1 kHz offset frequency. A very slight
degradation of the VCO phase noise, lower than 1.5 dB, is
obtained at f =2 kHz when the voltage control is increased
while no significant variation is observed at f = 100 kHz.
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The SMR-VCO-based frequency synthesis is used as a local
oscillator in a compact CPT atomic clock described in [11].
The CPT resonance was successfully detected. Fig. 5 shows
the Allan deviation of the free-running oscillator and locked
oscillator.
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Fig. 5.
Allan deviation of the SMR VCO in free-running or locked
configurations.

In the free-running regime, it is measured to be 9.5 × 10−8
at 1 s integration time and increases after 10 s averaging time.
In the locked regime, the BAW oscillator signal fractional
frequency instability is measured to be 2.5 × 10−9 τ−1/2 for
integration times up to 20 s. This represents an improvement
by a factor 38 and 83 compared to the unlocked regime at
1 s and 10 s respectively. In the present case, the clock
short term frequency stability limitation is mainly attributed to
huge temperature variations in the laboratory room affecting
the SMR VCO free-running frequency through its frequencytemperature dependence as well as a clock frequency-locked
loop (FLL) bandwidth too small. Unfortunately, this result
could not be optimized because of time constraints.
V. CONCLUSIONS
A 2.1 GHz SMR voltage-controlled oscillator with a phase
noise of − 89dBc/Hz at f =2 kHz and −131dBc/Hz at
f =100kHz was presented. The frequency-temperature dependence is −14ppm/◦ C over a range of −20◦ C to 60◦ C while its
power consumption is 18 mW. An original analog-digital 4.596
GHz frequency synthesizer based on the designed SMR VCO
was developed. The SMR VCO-based frequency synthesizer
was preliminary successfully locked to the CPT resonance of
Cs atoms in a mm-scale vapor cell.
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Abstract— Adaptive mode-coupled harmonically tuned voltagecontrolled SAW oscillators (VCSOs) are versatile performers in
phase-locked reference sources, can be supplied in standard and
custom frequencies through 5 GHz at a fraction of the size and
power consumption of multiplied references. The typical
measured phase noise @ 10 kHz offset from the 5 GHz carrier is
-140 dBc/ Hz with 500 kHz tuning and RMS jitter less than 10
femto seconds. To author’s knowledge, the reported 5 GHz
VCSO offers about 10 dB superior phase noise performances as
compared to commercially available SAW and crystal
multiplied sources for a given size, cost, and powerconsumptions.
I. INTRODUCTION
Reference signal sources set the spectral standards for a
wide range of phase-locked-loop (PLL) applications, from
clock translators in instrumentation to radar systems.
Traditional references sources, such as crystal, ceramic, or
surface-acoustic-wave SAW) oscillators, are based on highquality-factor (high-Q) resonators [1]-[48]. They are
generally limited to about 3 GHz and must be multiplied to
provide higher reference frequencies. And with multiplication
comes degradation in phase-noise, power consumptions, and
harmonic performance. In this paper, degenerated adaptive
mode-coupling and regenerative noise filtering is being
incorporated to achieve excellent spectral performance at
fundamental frequencies 3 GHz and above.
In contrast to other high-frequency reference-source
solutions, such as crystal-oscillator-based references which
employ oscillators, gain blocks, and filtering networks that
add to high development costs and reliability concerns, the
reported adaptive mode-coupled harmonically tuned VCSO
circuits provide simpler, more reliable solutions that save
space and power consumption. The novel approach includes a
methodology to enhance the mode-injection locking range,
and to reduce or eliminate the amount of filtering needed to
suppress sub-harmonics and higher-order harmonic products.
The approach also reduces the susceptibility to microphonics
while retaining low phase noise and a moderate tuning range
to compensate for short-term and long-term effects of thermal
drift and aging [3]-[11]. The reported reference sources are
ideal for use as clock translators for high-speed analog-to-
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digital converters (ADCs) and direct-digital-synthesizer
(DDS) clocks, offer superior figure-of-merit (FOM) in terms
of performance, price, and product delivery to satisfy both the
technical and current business needs of designers and buyers.
So, whether oscillators are used at their specific frequency or
tuned to higher frequencies using multipliers or PLLs, the
need for accurate, affordable, low-phase noise and stable
performance never changes.
II. VCSO TOPOLOGIES
VCSOs (Voltage Controlled SAW Oscillators) are widely
used in wireless applications, since the technology features
very low phase noise at fixed frequencies through about 1
GHz. However, VCSO circuit operating above 1 GHz and
above is generally realized using multiplier approach which is
power hungry, large size, and offers degraded phase noise
performances. Historically synthesizer developers have relied
on crystal based multiplied reference oscillator featuring
excellent phase noise performance at 3 GHz and above
frequencies. Although, frequency multiplier crystal oscillator
can offer low phase noise performance at 3 GHz and above
frequencies but at the cost of large size, high noise floor and
high power-consumptions. The most dramatic change will
occur when optimum loop bandwidth extends to a few
megahertz, where reported adaptive mode-coupled
harmonically tuned VCSOs noise performance supersede the
performance of the conventional SAW and multiplied crystal
oscillator at 3 GHz and above.
Furthermore, these characteristics, accompanied with
reduced size, power consumption, cost, drift, and jitter
inherent to the VCSO topology shown in Fig.1, is likely to
secure their domination in the foreseeable future at higher
frequency synthesizers and reference frequency standards for
the applications in current and 4th generation communication
systems.
Fig. 1 shows the typical block diagram of the novel
VCSO using adaptive mode-coupled harmonically tuned
mechanism with more than 500 kHz tuning for compensating
the thermal drift without using heating device, and fabricated
in tiny SMD packages (0.5x0.5 inches).
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The typical measured phase noise @ 10 kHz offset from
the 5 GHz carrier is -140 dBc/ Hz, with RMS jitter less than
10 femto seconds (Fig.2). The reported 5 GHz VCSO offers
about 5-10 dB superior phase noise performances as
compared to commercially available SAW and crystal
multiplied sources for a given size, cost, and powerconsumptions.
III. MULTIPLIED FRQUENCY CRYSTAL OSCILLATOR CIRCUIT
As briefly discussed above, designers have often relied on
multiplying a low-noise crystal oscillator to achieve higher
frequency 1 GHz and higher output signals. The harmonic
frequency crystal oscillator approach can provide excellent
phase noise, but tend to consume a great deal of power,
generate high levels of noise, and are large in size.
Commercially available crystal oscillators at 100 MHz and
below are available with phase noise of -160 to -176 dBc/Hz
offset 20 to 100 kHz from a 100-MHz output.
Noise feedback
DC-Bias
Vsupply

Base

3-Terminal BJT
(Active-devices)

Noise-Filtering
N/W

RFout
Buffer
Amplifier

Collector

Slow-Wave
Network

Progressive-Wave
Network

When multiplied 10 times to obtain 1 GHz frequency
source, the phase noise of crystal oscillators translates to -140
to -156 dBc/Hz offset 20 to 100 kHz from 1 GHz but can
degrade the noise floor by as much of 20 dB.
The availability of low-cost, low-noise voltage controlled
saw oscillator (VCSO) clears the way for small, low-noise
synthesizers. Part of using these sources involves modeling
the surface acoustic wave resonators under large signal drive
conditions for the better insights about noise dynamics at
close-in phase noise, then developing manufacturable
methods for producing high-purity and temperature stable
oscillators in chip form.
Fig. 3 compares fundamental 1 GHz VCSO phase noise at
1 GHz to that of a commercially available multiplied crystal
oscillator circuit. It can be seen from Fig.3 that fundamental 1
GHz VCSO supersedes the phase noise performance as much
as 20 dB at 100 kHz offset from the carrier as compared to
commercially available multiplied 1GHz VCXO. The
primary drawback of VCSOs is their inability to be tuned by
means of tuning varactor diode, therefore, unable to
compensate the frequency drifts due to ageing and changes in
operating temperature for reference sources applications.
Accordingly, there is a need for frequency agile SAW
resonators for VCSO applications.
IV. TUNABLE SAW RESONATOR FOR VCSO CIRCUIT

Wave Coupling
Network

SAW (surface acoustic wave) devices are generally used
in frequency ranges above that of the BAW (bulk acoustic
wave) crystal such as the AT cut. The SAW involves only the
surface of the substrate used. The frequency is set by the
distance between the electrode "fingers" (Fig.4). Quartz,
LiTaO3, and LiNbO3 are common substrates for such
devices. Initial accuracy is dependent on the accuracy of the
printing of the "fingers". Initial accuracy can be in the ±50 to
200 ppm range. The approximate temperature constant of
quartz is 0.03 ppm/0C² and -20ppm/0C² for LiTaO3.

Mode-Coupling
N/W

Injection-Locking
N/W

Thermal Drift
Compensating N/W

High Q Energy Storage Network

Fig.1. This block diagram shows the functional parts of an adaptive modecoupled harmonically tuned VCSO for low cost high frequency sources.

RMS Jitter=9.3fs
Multiplied 1 GHz
Crystal Oscillator

Fundamental
1 GHz VCSO
Fig.3. This phase noise plot compares the performance of a 1-GHz VCSO
with 1-GHz achieved by multiplying a crystal oscillator.
Fig.2. This plots show the phase noise of the adaptive mode-coupled
harmonically tuned VCSO was measured at a carrier frequency of 5 GHz and
with oscillator bias supply of 30 mA and +12 VDC.
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Upper frequencies of 3.5 GHz are currently obtainable.
The lower end is limited primarily by size, since the AT
becomes more practical. Currently, surface acoustic wave
(SAW) resonator based oscillators are used for high
frequency signal sources, which have cost, availability, and
frequency stability issues.
The shift to multi-band 3G phones has increased the
demand of Surface Acoustic Wave (SAW) filters per handset.
This implies a substantial increase in the filtering functions,
thereby increasing the filter count in handsets. Combinations
of multiband, multimode models are expected to use
increasing number of SAWs. As more phones operate on
multiple bands, manufacturers are expected to require more
SAW filters, thereby increasing the overall SAW filter market
size. The research service notes the following product
segments: SAW filters, SAW resonators and SAW
oscillators. SAW oscillators are widely used in wireless
applications, since the technology features very low phase
noise at fixed frequencies through about 3 GHz. SAW
resonator oscillators are also known for their low
microphonic noise (tolerance to vibration), high quality factor
(Q), and low jitter.
Generally, it is highly desirable for reference frequency
sources to exhibit ultra low phase noise characteristics. This
is usually accomplished by using high Q quartz crystals and
SAW resonator devices. Unfortunately, SAW resonator based
oscillators have several disadvantages, including a limited
operating temperature range and limited tuning range (which
limits the amount of correction that can be made to
compensate for the tolerances of other components in the
oscillator circuitry). Coupling a varactor diode or other
capacitive element to a high Q-factor frequency controlling
element, such as SAW device, does not result in a tunable,
low phase noise VCSO circuits. To overcome this limitation,
VCSO have been implemented that couple together two or
more SAW devices in order to achieve a wider tuning range
and low phase noise.
The simplified approach is to reduce the quality factor of
the SAW by introducing series or parallel loss resistors.
However, the use of multiple SAW elements increases the
complexity and the cost of the VCSO circuits [48]. Fig. 5
shows the arrangement of tunable SAW resonator network
based on the design tradeoffs between the phase noise and the
tuning characteristics of the VCSOs.

Although, the frequency of VCSO can be changed over a
fairly wide range by means of varying the capacitances (C1,
C2, C3, C4, and C5 as shown in Fig. 5), but the parameters of
the oscillator circuit (Fig.6) are changing drastically.
This creates serious problems in terms of phase noise and
tuning linearity. For low phase noise, it is necessary to keep
the reactance slope as steep as possible by maximizing the
phase derivative and group delay [∂ϕ/∂ω] of the coupled
SAW resonator network. For tuning linearity, it is necessary
to keep the reactance slope as straight as possible over the
desire operating frequency range. If the reactance curve is too
shallow, VCSO (Fig. 6) circuit becomes susceptible to noise
and stability perturbation. Furthermore, the straighter the
reactance curve is, the greater is the tuning linearity in the
desired frequency range.

(a)

(c)

(b)

(d)

Fig.5 This schematic diagram shows the arrangements of tunable SAW
resonator networks: (a) series resistance in conjunction with SAW resonator,
(b) parallel series resistance in conjunction with SAW resonator, (c) series
resistance in conjunction with capacitively coupled SAW resonator, and (d)
parallel resistance in conjunction with capacitively coupled SAW resonator.

Fig.4 This shows the typical representation of surface acoustic wave
resonator: (a) 1-port SAW Resonator, and (b) 2-port SAW resonator
Fig.6. This schematic shows the typical coupled SAW resonator 1000 MHz
oscillator
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To overcome these problems, a novel technique is to
incorporate additional inductor (L) parallel to the SAW
resonator that resonates with the C0 (the internal and package
capacitance of SAW resonator) as shown in Fig. 7.
Additionally, the value of inductor L2 and C (Fig.7) is
adjusted in order to shift the resonance to that of intrinsic
SAW resonator (without insertion of L and C) frequency (i.e.
1GHz). This enables the reactance curve linear and steep over
the operating frequency range from 999.3-999.8 MHz (Fig.8).
An objective of this paper is to improve the tuning
characteristics (on the order of +/-400 PPM) of the SAW
resonator without compromising phase noise performance by
cascading the mode-coupled harmonically tuned network to
compensate the frequency drift caused due to change in
operating temperature (-40 to +85 degree Celsius) (Fig.9).
As shown in Fig. 9, the cascaded mode-coupled
harmonically tuned VCSO circuit minimizes the phase noise
with more than 2 MHz tuning, resulting cost-effective
solution. The typical measured phase noise is –152dBc/Hz at
10 kHz offset from the carrier with jitter less than 6fs, this is
the reasonably low phase noise solution for this class of
inexpensive VCSO solutions (Fig. 10).

Fig.9. This schematic shows the cascaded mode-coupled harmonically tuned
tunable SAW resonator oscillator

V. EXAMPLE AND VALIDATION
The experimental results demonstrate the new design
approach for ultra low phase noise VCSO for reference
frequency standard applications.
Figure 11 shows the schematic of mode-coupled tunable 1
GHz SAW oscillator. The CAD simulated phase noise
confirms the improvement in performance at 1 kHz and
higher offset frequency from the carrier (Fig. 12).

Fig.7. This schematic shows the typical tunable SAW resonator oscillator

RMS Jitter=5.3fs

Fig.8. This plot shows the tuning characteristics of the tunable SAW
oscillator shown in Fig. 7.

Fig.10. This plots show the phase noise of the cascaded mode-coupled
harmonically tuned tunable SAW resonator oscillator (999-1001 MHz)
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Fig.11. This schematic shows the typical tunable mode-coupled 1 GHz SAW
resonator oscillator

It can be seen from Fig.14, injection-mode coupled VCSO
offers promissing phase noise with 1 MHz tunung to
compensate the ageing and frequency drift. The drawback of
this approach is vibration sensitive VCSO circuit, care must
be taken for the application where g-sensitive criteria is
important yard stick. By proper packaging and securing the
SAW resonator in the cavity using double layer PCB for
compensating the temperatrre charateristics, including ginsensitive solutions.
VI. CONCLUSION
Fig.12. This plots show the phase noise of the mode-coupled tunable 1 GHz
SAW resonator oscillator

Figure 13 shows the schematic of hybrid mode tunable 1
GHz SAW oscillator. For comparative analysis and brief
insights about the various topologies, Figure 14 shows the
measured phase noise plots of tunable SAW oscillators.

Fig.13. This schematic shows the typical tunable hybrid mode 1 GHz SAW
resonator oscillator

The new ultra low phase noise VCSOs offer significant
promise in terms of performance, price, and product delivery
to satisfy both the technical and business needs for reference
frequency sources for synthesizer applications.
REFERENCES
[1]

C.S. Lam, A Review of the Recent Development of MEMS and
Crystal Oscillators and Their Impacts on the Frequency Control
Products Industry, 2008 IEEE International Ultrasonics Symposium
Proceedings, pp. 694-704

[2]

P. S. (Paul) Khanna, "Microwave Oscillators: The State of The Technology,"
Microwave Journal, April 2006, pp. 22-42.

[3]

U. L. Rohde and A. K. Poddar, “User-Definable Thermal Drift Voltage
Controlled Oscillator,” United States Patent No.7, 265,642 B2,
September 4, 2007.

[4]

U. L. Rohde and A. K. Poddar, “Low Thermal Drift Tunable
Frequency Voltage Controlled Oscillatory,” United States Patent No.7,
262,670 B2, August 28, 2007.

[5]

U. L. Rohde and A. K. Poddar, “Tunable Oscillator,” US Patent No.7,
292,113, Nov. 6, 2007.

[6]

U. L. Rohde and A. K. Poddar, “Tunable Frequency, Low Phase Noise
and Low Thermal Drift Oscillator,” United States Patent No.7196591,
March 2007.

[7]

U. L. Rohde and A. K. Poddar, “Multi-Octave Band Tunable CoupledResonator Oscillator,” United States Patent No. 292,113, Nov. 6, 2007.

523

[8]

U. L. Rohde and A. K. Poddar, “Low Noise, Hybrid Tuned Wideband
Voltage Controlled Oscillator,” United States Patent No. 7,365,612 B2,
April 29, 2008.

[9]

U. L. Rohde and A. K. Poddar, “Tunable Frequency, Low Phase Noise
and Low Thermal Drift Oscillator,” United States Patent NO. 7, 545,
229, June 09, 2009.

[10] U. L. Rohde and A. K. Poddar, “User-Definable, Low Cost, Low
Phase Hit and Spectral Pure Tunable Oscillator,” United States Patent
No. 7,586,381 on September 08, 2009.

[27] J. K. A. Everard and C. Broomfield, "Reduced Transposed Flicker Noise in
Microwave Oscillators Using GaAs Based Feedforward Amplifiers," IEEE
Transactions on Ultrasonics Ferroelectrics and Frequency Control, Vol. 54, No.
6, June 2007, pp.1108-1117.
[28] P. A. Dallas and J. K. A. Everard, "Characterization of flicker noise in GaAs
MESFETs for oscillator applications" IEEE Tran. on MTT, Vol. 48, No. 2, Feb.
2000, pp. 245-257.
[29]

J. Browne, “ Frequency Synthesizers Tune Communication Systems, “
Microwaves & RF, March 2006.

[11] U. L. Rohde and A. K. Poddar, “User-Definable, Low Cost, Low
noise, and phase hit insensitive multi-octave-band tunable oscillator,
Phase Hit and Spectral Pure Tunable Oscillator,” United States Patent
No. 7,605,670, October 20, 2009.

[30] E. Rubiola and V. Giordano, “ On the 1/f Frequency Noise in UltraStable Quartz Oscillators”, 2006 IEEE FCS.

[12] U.L. Rohde, A.K. Poddar, and G. Boeck, The Design of Modern
Microwave Oscillators for Wireless Applications: Theory and
Optimization, Wiley, New York, 2005.

[32] S. Galliou, F. Sthal, and M. Mourey, “ Enhanced Phase Noise Model
For Quartz Crystal Oscillators”, 2002 IEEE FCS.

[13] A. K. Poddar, S. K. Koul, and Bharathi Bhat, “Millimeter Wave
Evanescent Mode Gunn Diode Oscillator in Suspended Stripline
Configuration,” Infrared and Millimeter Waves, 22nd International
Conference, July 1997, pp. 265-266.
[14] A. K. Poddar, J. K. Bansal, and K. N. Pandey, “Millimeter Wave
Evanescent Mode Power Combiner Gunn Oscillator in Suspended
Stripline Configuration,” Mathematical Methods in Electromagnetic
Theory, IEEE/MMET, International Conference, June 1998, pp. 384386.
[15] U. L. Rohde and A. K. Poddar, “Novel Multi-Coupled Line Resonators
Replace Traditional Ceramic Resonators in Oscillators/VCOs,” IEEE,
International Frequency Control Symposium, IFCS, Florida, June 5-7,
2006.
[16] A. K. Poddar and U. L. Rohde, “A Novel Voltage Controlled Crystal
Oscillator (VCXO) Circuits,” 9th International Conference on
Telecommunications in Modern Satellite, Cable and Broadcasting
Services, TELSIKS 2009, Serbia, October 7-9, 2009.
[17] U. L. Rohde and A. K. Poddar, “Electromagnetic Interference and
Start-up Dynamics in High Frequency Crystal Oscillator Circuits,”
2010 IEEE Sarnoff Symposium, Princeton, NJ, April 12-14, 2010.
[18] U. L. Rohde and A. K. Poddar, “Impact of Radiated EMI in High
Frequency Crystal Oscillator,” IEEE International Microwave
Symposium 2010, Anaheim, CA, May 23-28, 2010.
[19] U. L. Rohde and A. K. Poddar, “Wideband voltage controlled
oscillators employing evanescent mode coupled resonators,” United
States Patent No. 71803812, February 2007.
[20] U. L. Rohde, A. K. Poddar, and R. Rebel, “Integrated Low Noise
Microwave Wideband Push- Push VCO,” United States Patent No.
7,088189, August 2006.
[21] J. Everard and K. Theodoropoulos, "Ultra-Low Phase Noise Ceramic Based
Dielectric Resonator Oscillators," Proceedings of the IEEE International Freq.
Control Symposium, June 4-7, 2006, pp. 869-874.
[22] V. Walkar and I. C. Hunter, "Design of triple mode TE01 resonator transmission
filters,"IEEE MWC Let., Vol. 12, June 2002, pp. 215-217.
[23] S. Kim, W. Wu, J. Lin, A. Verma, S. Jang, F. Ren, S. Pearton, and J. Gillespie, "A
High-Efficiency GaN/AlGaN HEMT Oscillator Operating at L-Band,"
Proceedings of the 2006 Asia Pacific Microwave Conference, Dec. 12-15, 2006,
Yokohama, Japan.
[24] S. Romisch and R. Lutwak, "Low-Power, 4.6-GHz, Stable Oscillator for CSAC,"
Proceedings of the IEEE International Frequency Control Symposium, June 4-7,
2006, pp. 448-451.

[31] D. B. Leeson, “A Simple Model of Feedback Oscillator Noise
Spectrum, ” IEEE, Proc. pp. 329-332, 1966.

[34] M. M. Driscoll, “Oscillator AM-to-FM Noise Conversion Due to the
Dynamic Frequency- Drive Sensitivity of the Crystal Resonator”, 2008
IEEE Frequency Control Symposium FCS, pp. 672-676.
[35] S. Galliou, F. Sthal, N. Gufflet, and M. Mourey,” Predicting Phase
Noise in Crystal Oscillators”, IEEE FCS 2002.
[36] M. M. Driscoll, “Low Noise, VHF Crystal-Controlled Oscillator
Utilizing Dual, SC-Cut Resonators”, IEEE Tran. on UFFC, Vol. UFFC33, No. 6, pp. 698-704, Nov. 1986.
[37] W-Thai Hsu,” Resonator Miniaturization for Oscillators”, 2008 IEEE
Int’l Frequency Control Symposium, pp. 392-395.
[38] G. Ernst et. al., “Reducing Phase Noise Degradation Due to Mechanical
Vibration on High Performance Quartz Resonator Osc. for Gateway
Applications”, 2008 IEEE FCS.
[39] G. Gonzalez, Foundations of Oscillator Circuit, Ch-IV, 2007 Artech
House, Inc., London.
[40] Y. S. Shmaliy, “One-Port Noise Model of a Crystal Oscillator”, IEEE
Trans. on U, F and FCS, Vol. 51, No. 1, Jan. 2004.
[41 D. V. Bogomolov, R. Boroditsky, “ Low Phase Noise UHF TCXO”,
Proc. Of the 2005 IEEE IFCS, pp. 509-511, 2005.
[42] X. Huang, W. W, Feng Tan, and W. Fu, “ High-Frequency Overtone
TCXO Based on Mixing of Dual Crystal Oscillators”, IEEE Trans. on
U, F, and FC, Vol. 54, No. 6, pp. 1103-1107, June 2007.
[43] K. Hennessy, “Quartz Crystal Basics: From Raw Materials to
Oscillators”, High Frequency Electronics, pp. 54-58, Dec. 2007.
[44] F. Sthal, S. Galliou, N. Gufflet, and M. Mourey, “ Predicting Phase
Noise in Crystal Oscillators”, IEEE Trans. on U, F, and FC, Vol. 52,
No. 1, pp. 27-30, June 2005.
[45] A. Grebennikov, RF and Microwave Transistor Oscillator Design, John
Wiley & Sons Ltd., 2007, UK.
[46] Randall W. Rhea, Oscillator Design And Computer Simulation, 2nd ed.,
SciTech Publishing, Raleigh, NV, 2006.
[47] U. L. Rohde and A. K. Poddar, “Emerging Technology and Market
Trends for Frequency Controlled Circuits and Timing Devices”,
Microwave Journal, pp. 20-44. May 2010.
[48] A. R. Northam, “Low Phase Noise, Wide Tuning Range Oscillator
Utilizing a one port SAW Resonator and method of operation”, US
Patent No. 6, 239, 664 B1, May 2001..

[25] S. Hamano, K. Kawakami, and T. Takagi, "A Low Phase Noise 19 GHz-band
VCO using Two Different Frequency Resonators," 2003 IEEE MTT-S Symposium
Digest, pp. 2189-2192.
[26] Grebennikov, RF and Microwave Transistor Oscillator Design, Wiley Ltd.,
London, England, 2007.

524

ULISS:

A M obile C ryogenic U ltra- S table O scillator

S. Grop, B. Dubois, P-Y. Bourgeois, Y. Kersalé, E. Rubiola, G. Haye and V. Giordano.
FEMTO-ST Institute, Time & Frequency Dpt.
UMR 6174 CNRS - Université de Franche-Comté - ENSMM
26 Chemin de l’Épitaphe, 25000 Besançon, France
e-mail: giordano@femto-st.fr
web site: uliss-st.com
1e−11

Abstract—We recently demonstrated a Cryogenic Sapphire Oscillator (CSO) presenting a short term frequency stability better
than 3×10−15 for 1 s ≤ τ ≤ 1,000 s and achieving 4.5×10−15 for
one day integration [1], [2]. This CSO was designed and built in
the frame of a research contract funded by the European Space
Agency (ESA). It incorporates a pulse-tube cooler instead of a
bath cryostat – thus eliminating the need for regular supplies
and manual transferring of liquid helium. The advent of reliable
and cryocooled CSO opens the possibility to implement such an
ultra-stable reference not only in metrological laboratories with
liquid helium facilities but also in remote sites like base stations
for space navigation, VBLI antenna sites, ...
In a new project: ULISS (Ultra-Low Instability Signal Source),
funded by Regional and European Institutions, we are developping a new cryocooled oscillator specially designed to be
transportable. The ULISS oscillator will be compared and tested
in various laboratories, observatories and industrial companies
throughout Europe.
In this paper we present the status of the ULISS project and the
last frequency stability and phase noise characterisations of the
current CSO working for more than one year in our lab.
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I. INTRODUCTION
The ever-increasing need for better time synchronization in
number of High-Tech and scientific applications calls for
the development of new frequency references of improved
stability. The figure 1 shows the relative frequency stability
as a function of the integration time τ for various clocks and
reference oscillators as well as the needs newly expressed by
various users:
The blue area in the figure 1 represents the typical performance
of microwave oscillators incorporating a dielectric sapphire
resonator cooled in a liquid helium bath. The Cryogenic
Sapphire Oscillator (CSO) can exhibit the highest short-term
frequency stability (< 1 × 10−15 for 10 s< τ < 100 s).
CSO is the only available technology able to meet the
requirements expressed by various users (red lines in Fig.1).
Few liquid helium cryogenic sapphire oscillators have been
built in a small number of worldwide research laboratories
[3], [4], [5], [6]. Some of these instruments have been used
as local oscillator for atomic fountain clocks [7] and for
fundamental physical experiments [8]. Nevertheless they are
still experimental prototypes that are difficult to implement
outside a well-equipped laboratory. Moreover the liquid
helium cryostat has to be refilled periodically adding a
heavy maintenance constraint. Yet, various applications could
benefit of the performances offered by the cryogenic sapphire

978-1-61284-110-6/11/$26.00 ©2011 IEEE

oscillator:
- Space: The interplanetary navigation is based on microwave
signal exchanges between the space vehicle and a ground
station equipped with a high stability timing reference.
Ranging and Dopplertracking resolutions are limited by the
clock instabilities. To be able to met the stability requirements
for the future space missions, the European Space Agency
(ESA) sponsored the construction of a cryocooled–CSO. This
project (ELISA project [9]) coordinated by the Femto-ST
Institute was finalised in April 2010. The cryocooled–CSO
achieves better than 3 × 10−15 frequency stability over 1 s to
1,000 s while insuring at least one year autonomy.
- Metrology: primary frequency standards. In an atomic
clock, a local oscillator (LO) is frequency locked on the
resonance frequency of an atomic transition. The best current
atomic clocks using cold atoms operate sequentially. Indeed
time is needed to cool the atoms before sensing the atomic
transition. During this period of time no information is
available for the frequency of the LO which is then freerunning. Consequently the overall clock frequency stability is
degraded by the short-term instability of the LO. Better than
1 × 10−14 over 1–100 s is required.
- Metrology: frequency stability certification. National
Metrological Institutes have in charge to maintain the
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standards and to establish certifications for industrial products
and laboratory instruments. The frequency stability is one of
the major characteristics of the signal source that could impact
on the security and performances of number of systems.
It is then a metrological quantity that has to be measured
with the best resolution available. A standard presenting
frequency stability better than 1 × 10−14 over 1–1,000 s will
notably increase the current calibration capability making it
compatible with all current industrial requirements.
- Very Long Baseline Interferometry: VLBI allows data
from widely separated radio telescopes to be combined to get
exceptional astronomical measurement resolution providing
each radio telescope is equipped with an ultra-stable clock.
- Industry of high performance clocks and oscillators:
To estimate, without ambiguity the frequency performances
of state-of-the-art oscillators and clocks requires an ultrastable reference. Some industrial companies making high
performance quartz oscillators are interested by a versatile
frequency reference of less than 1 × 10−14 frequency
instability.
- Fundamental Physics. Special Relativity is one basic pillar
of modern physics. Each basic theory has to be tested as its
best, because it is so fundamentally important. The best tests
of Special Relativity are based on ultra-stable oscillators for
which we are locking for a frequency variation as a function
of the speed and orientation of the laboratory. The frequency
fluctuations of the oscillator limit the measurement resolution.
For all these applications, the autonomy and reliability of
the frequency reference are major requirements. In all cases,
liquid helium bath has to be rejected.
II. T HE ULISS PROJECT
Our work on the field of cryogenic oscillators was initiated
15 years ago, in the former Laboratoire de Physique et de
Métrologie des Oscillateurs (LPMO) which becomes part
of the Time and Frequency Department of the Femto-ST
Institute at its creation in 2004. The project ELISA funded by
ESA represents the outcome of all these efforts: the objective
set by ESA was plenty fulfilled and we demonstrated for the
first time the possibility to use a cryocooler while maintaining
a state-of-the-art frequency stability.
We think that today the cryocooled–CSO technology is
mature enough to be proposed as a reliable frequency
reference for various applications. The ULISS (Ultra-Low
Instability Signal Source) project answers our wish to see the
CSO–technology used by other. This project is funded by the
Fonds Européen de Développement Régional (FEDER), the
Région de Franche-Comté and OSEO. It has been offically
launched the 1st of March 2011 and contains two main parts:
- We are building a new CSO specially designed to be
transportable by road. The new oscillator will be transferred
(by road) successively to several potential users’ sites. It
will be tested in the real experimental conditions and critical
result analysis will be carried out with the user. Hence

the potentiality to improve their experiments as well as
the reliability and autonomy of the CSO will be clearly
demonstrated. These international tests will also give the
opportunity to establish precisely the requirements specific to
each potential user.
- A business unit: ULISS R has been
created and is currently managed by
the Université de Franche-Comté with
the objective to commercially propose
the CSO technology. The first purpose
of this entity is the implementation
of the first prototype, i.e. ELISA, in
the ESA ground station situated in
Malargüe (Argentina).
Visit our web site: www.uliss-st.com.
III. CSO PERFORMANCES
The CSO architecture is depicted in the figure 2. The heart
of the instrument is a Whispering Gallery Mode Sapphire
resonator stabilized at its thermal inversion point, i.e 6.1K.
Such a low temperature is achieved in a closed–cycle Pulse–
Tube Cryocooler specillay designed to ensure a high thermal
stability (±1mK) and a low level of mechanical vibration:
axial displacement less than 2 µm at the PT cycle frequency
(≈ 1Hz). The CSO is designed to oscillate at 9.99 GHz ±5
MHz. The difference with the 10 GHz round frequency is
compensated by a low noise DDS. VHF and RF signals are
synthetized from the stabilized 10 GHz [10]. The system is
complemented with a Phase–COmparator (PCO) enabling to
lock the synthized outputs to an incoming 100 MHz signal.
ULISS Cryogenic Sapphire Oscillator

Ultra−stable
and autonomous
frequency reference
(CSO)

5 MHz

Frequency
synthesis

100 MHz

10 GHz
Monitoring
&
Control

CSO freq.
PCO

100 MHz
Input

Figure 2.

ULISS CSO architecture

The typical frequency stability performance of the CSO is
shown in the figure 3. It is compared with the ADEV of other
frequency references as active and passive Hydrogen Maser.
The CSO bridges the gap between (unstable) high spectral
purity oscillators and H maser. Here, we show fully
conservative results. In all our measurements we do not
remove drift, drift rate etc and we show the total noise of two
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is adjusted by acting on the DDS command to optimize the
counter operation. The raw result of this comparaison is shown
in figure 5. 1s gate time samples have been recorded during
4,800 s, and ADEV computed without any post-treatment.
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oscillators, instead of taking away 3 dB under the assumption
of two equal units.
IV. A N EXAMPLE OF APPLICATION
As a Metrology laboratory associated with the Laboratoire
National d’Essai et de Métrologie (LNE), a first evident
application for us is the characterization of ultra-stable oscillators. Short term frequency stability of Quartz X-tal oscillator
progresses only very slowly for more than 10 years and seems
limited to 0.5 − 1 × 10−13 . In the X-tal oscillator, the location
of the main source of noise is still not known and could be the
quartz resonator frequency fluctuations and/or the sustaining
amplifier phase noise. Even if some effort have been deployed
to improve the resolution of measurement set-ups [11], [12],
the limiting cause has still not be revealed. The ambiguity of
the results remains due to the fact that the current instruments
do not allow for the characteristaion of individual oscillator or
resonator.
The CSO overcomes this issue, and offers an unprecedented
resolution in the short term frequency stability measurement.
Owing to the Uliss high stability, the frequency-stability
measurement of most oscillators becomes straightforward as
demonstrated by the experiment schematized in figure 4:
δ
DDS

CSO
9.989GHz

Frequency 100MHz+ δ
synthesis
53132A

frequency
counter

OSA X−tal
5MHz

x20

100MHz

Figure 4. Simple measurement set-up used to evaluate the ADEV of a stateof-the-art X-tal oscillator.

An ultra-stable quartz X-tal oscillator from Oscilloquartz
(modele 8607-B) [13] is simply compared to the CSO. The
measurement is made at 100 MHz to ensure a sufficient
resolution at short integration times. The beatnote frequency

1

10

100
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1000

10000

Figure 5. Relative frequency stability of a new Oscilloquartz 5 MHz X-al
oscillator as measured with the CSO.

As revealed by the CSO, the short-term frequency stability of
this X-tal oscillator constitutes a world record. The measured
ADEV is limited by a flicker floor of 5 × 10−14 and still
remains better than 8 × 10−14 at τ = 1, 000 s.
V. ACKNOWLEDGEMENTS
The authors want to thank M. Jacques Chauvin from Oscilloquartz to provide ultra-stable X-tal oscillator and to participate
to the measurement compaign.
The ULISS team wish to express acknowledgements to the
“Fond Européen de développement Régional ” (FEDER), “le
Conseil Général de Franche–Comté” and OSEO for their
support.
R EFERENCES
[1] S. Grop, P.-Y. Bourgeois, N. Bazin, Y. Kersalé, E. Rubiola, C. Langham,
M. Oxborrow, D. Clapton, S. Walker, J. D. Vicente, and V. Giordano, “A
crycooled 10 GHz oscillator with 10−15 frequency stability,” Review of
Scientific Instruments, vol. 81, pp. 025102–1–7, 2010.
[2] S. Grop, P. Y. Bourgeois, R. Boudot, Y. Kersalé, E. Rubiola, and
V. Giordano, “10 GHz cryocooled sapphire oscillator with extremely
low phase noise,” Electronics Letters, vol. 46, pp. 420–422, 18th March
2010.
[3] A. Luiten, A. G. Mann, A. Giles, and D. Blair, “Ultra-stable sapphire
resonator-oscillator,” IEEE Transactions on Instrumentation and Measurement, vol. 42, pp. 439–443, Apr. 1993.
[4] G. Marra, D. Henderson, and M. Oxborrow, “Frequency stability and
phase noise of a pair of x-band cryogenic sapphire oscillators,” Meas.
Sci. Technol., vol. 18, pp. 1224–1228, 2007.
[5] K. Watabe, J. Hartnett, C. R. Locke, G. Santarelli, S. Yanagimachi,
T. Ikegami, and S. Ohshima, “Progress in the development of cryogenic
sapphire resonator oscillator at NMIJ/AIST,” in Proc. 20th European
Frequency and Time Forum, (Braunschweig, Germany), pp. 92–95,
March. 27–30 2006.
[6] G. Dick, D. Santiago, and R. Wang, “Temperature compensated sapphire
resonator for ultra–stable oscillator capability at temperatures above
77K,” IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency
Control, vol. 42, no. 5, pp. 812–819, 1995.
[7] G. Santarelli, P. Laurent, P. Lemonde, A. Clairon, A. G. Mann, S. Chang,
A. N. Luiten, and C. Salomon, “Quantum projection noise in an atomic
fountain: A high stability cesium frequency standard,” Physical Review
Letters, vol. 82, June 1999.

527

[8] P. Wolf, S. Bize, A. Clairon, A. N. Luiten, G. Santarelli, and M. E. Tobar,
“Test of Lorentz invariance using a microwave resonator,” Physical
Review Letters, vol. 90, pp. 060402–1–4, Feb. 14 2003.
[9] S. Grop, P. Bourgeois, N. Bazin, E. Rubiola, C. Langham, M. Oxborrow,
W. Schafer, J. De Vicente, Y. Kersalé, and V. Giordano, “High Stability
Cryocooled 10 GHz Oscillator for the European Space Agency,” in Proceedings of the 2010 IEEE International Frequency Control Symposium,
(Newport beach CA, US), 2010.
[10] S. Grop, P.-Y. Bourgeois, E. Rubiola, W. Schäfer, J. De Vicente, Y. Kersalé, and V. Giordano, “Frequency synthesis chain for the ESA deep
space network,” Electronics Letters, vol. 47, pp. 386–388, Mar. 17 2011.
[11] E. Rubiola, J. Groslambert, M. Brunet, and V. Giordano, “Flicker
noise measurement of HF quartz resonators,” IEEE Transactions on
Ultrasonics, Ferroelectrics and Frequency Control, vol. 47, pp. 361–
368, Mar. 2000.
[12] A. Kuna, J. Cermak, L. Sojdr, P. Salzenstein, and F. Lefebvre, “Lowest
flicker-frequency floor measured on BVA oscillators,” IEEE Transactions
on Ultrasonics, Ferroelectrics and Frequency Control, vol. 57, no. 3,
pp. 548–551, 2010.
[13] http://www.oscilloquartz.com/.

528

A Multi-Channel time interval measurement
for Time Comparison
SHI Shao-hua 1,2,3, LI Xiao-hui 1,3, ZHANG Hui-jun 1,2,3, ZHAO Zhi-xiong 1,3
1

National Time Service Center, Chinese Academy of Science, Lintong, Shaanxi, 710600, China
2
The Graduate School of the Chinese Academy of Science, Beijing, 100049, China
3
Key Lab. of Time & Frequency Primary Standards, CAS, Lintong, Shaanxi, 710600, China
measurement is comes in 2U form factor for an optimized
proprietary backplane bus. The selection of TDC-GPX for the
time comparison of our project was motivated by the existing
experience with it.

Abstract—This paper presents improvements on a multichannel time interval measurement for Time Comparison. The
measurement has eight channels and measurements the time
interval between nine clocks at the same tine. The measurement
design is based on a commercially available GPX ASIC from
acam-messelectronic gmbh provides a maximum of 86ps
resolution per channel. In this measurement precision the
measurement range of system is less than 10us and goes beyond
the requirement of the time comparison. We extend the
measurement range to endless by the internal start re-trigger and
external interrupt. The architecture details of this system as
shown in figure 1. We also develop a software runs on pc can
control the measurement and display the measurement result in
real time. We analyze the resolution variation of the
measurements and the present linearity plots finally. The
calculate results indicate that the precision per channel just a
little decline after the measurement range was extended.

The principle of high resolution of the TDC-GPX is based
on digital tapped delay line within the phase-locked loop. The
line is composed of a number of delay cells, i.e. logic gate unit,
each having the same propagation delay. It can be picoseconds
resolution by modern CMOS technology. The use of the PLL
ring oscillator can be regarded as a multiphase clock driving
the clock inputs of the edge-triggered D-type flip-flops of the
associated register, as shown in figure 1. Then the delay time
can be precisely determined by counting the number of logic
gate that start signal pass through.
Phase
Detector

Clock

I.

INTRODUCTION

VCO

Time comparison is crucial in many areas of research and
application such as timekeeping, navigation and positioning,
laser distance measurement and so on. Multi-channel, highresolution and low-power time interval measurement is
demanded by time comparison for measuring time intervals
between several received time signals to the standard time
reference signal.

Start

Stop

Coarse
counter

Dynamical value Memory

Figure 1. the principle of high resolution of the TDC.

This chip provides 8 channels with a typical resolution of
81ps least significant bit and can be slightly adjusted. The
double-pulse resolution is 5.5 ns with 32-fold multi-hit
capability, resulting in a peak hit rate of 182 MHz per channel.
Over all channels a continuous rate of 40 MHz can be achieved.
It measures the time difference between each of the eight
stop inputs and one common start input uses digital delay line
techniques, and the total measuring range is 17 bit. In order to
keep delays in the internal delay locked loop constant of this
chip, it also had a phase locked loop circuit for the core voltage
to compensating temperature drifts and manufacturing
tolerances. The interval measurement results are stored in
internal FIFOs of the chip, which are read out by a 28-bit
parallel port clocked with 40 MHz.
Fig 2 depicts the proposed major part of the measurement
according to the block diagram. The hardware architecture of
the system consists of a power supply circuit, a pretreatment
circuit, a time to digital converter circuit, a main-controller
circuit, a reference frequency standard, power and resolution
adjustment circuit and some other circuits.

DESIGN

In order to measure the intervals between the reference
clock and other clocks in the time standard assembly, we had
developed an eight channel time interval measurement based
on the TDC-GPX time to digital converter ASIC. The
Supported by the National Natural Science Foundation of China
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reference
clock

Data post processing

We developed a multi-channel time interval measurement
based on time digital converter for comparing time between the
reference clock and other clocks in a certain project. Time
digital converter (TDC) is one of the most important tools to
measure time intervals precisely [1] between several time
signals. We used a commercially available time to digital
converter to provide a two-level resolution for expediting
progress of the measurement.
Measurement system is
communicated with personal computer (PC) by serial interface,
this configuration provides a simply and efficient way of using
the software running in the PC controlled the measurement,
displaying the experimental results and storing these data in the
hard disk of PC [2]. Such design is easy and efficient and
convenient to modify. The experimental results are presented
and the performance of this measurement is discussed in the
end.
II.

Control
Voltage
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absolutely temperature stable and regulates the core voltage of
the TDC, so that the resolution of TDC is set exactly to the
programmed value [6].

Reference frequency
standard

Start Channel

Reference clock

Stop Channel 1

clock 1
Pretreatment
circuit
clock 8

Stop Channel 8

Power supply
circuit

Data line

Time to
digital
converter
circuit

Data FIFOs

Address line
Control line

Micro-control
circuit

Furthermore the implemented software consists of three
main components, the device driver, the firmware of microcontroller and an application program runs on PC. The block
diagram of software as shown in fig. 3.

Serial
interface
circuit

Power and resolution
adjustment circuit

Figure 2. the hardware architecture

The pretreatment circuit has nine input interface and nine
output interface. The time signal of clock was converted to
TTL signal or LVTTL signal. So that it could be measured by
the time to digital converter. The power supply circuit provides
3.3V direct current to pretreatment circuit, power and
resolution adjustment circuit, micro-control circuit, serial
interface circuit and so on.

Figure 3. The software architecture block diagram.

The device driver is basic segment of the software which
communicates with the measurement through the computer bus
to the measurement hardware. When an application software
program invokes a routine in the driver, the driver should
issues commands to the device. Once the device sends data
back to the driver, the driver may invoke routines in the
original calling software. Driver provides the interrupt handling
required for the serial interface and is hardware-dependent and
operating-system-specific.

The time to digital converter circuit is the core of the
hardware of measurement which includes a high-resolution
measurement circuit based on TDC-GPX. The principle of high
resolution measurement part is based on digital tapped delay
line within the phase-locked loop [3]. The TDC circuit consists
of a start input channel and eight stop input channel which can
accept TTL or LVTTL signals by the SMA connector.
The main-controller circuit consists of data FIFOs, microcontrol circuit and serial interface circuit. This circuit connects
to the TDC circuit by data bus include address line, data line,
control line and some flag bit output lines and so on. The
micro-control circuit is based on a 32-bit micro-controller
which working frequency is up to 40 MHz [4]. The operation
to the TDC circuit is directly accomplished by this microcontroller such as power-up reset, configuration of the registers,
initiating measurement of input signal and readout the
measurement result. The data FIFOs was a 28 ×100 Bit register.
The results of time intervals were pre-stored individually in the
register and are read out all together by the personal computer.
The interface with the computer becomes very simple using the
serial interface circuit, control data and measurement results
transmit between the main-control circuit and personal
computer by the serial RS232 interface.

The firmware is involved with very basic low-level
operations without which the measurement would be
completely non-functional. It resides in the ROM or RAM of
the micro-controller, and directly operates the time to digital
circuit and so on. The firmware implements the power-up reset,
the registers configuration, enabling the measurement and
readout the measurement data from the time to digital circuit.

The reference standard circuit provides a 40 MHz sine
wave frequency signal as reference clock signal of the TDC
circuit which is converting four times by the 10MHz high
resolution frequency signal. The jitter of the reference was
controlled less than 80ps. Because the jitter of the reference
clock signal has a direct affection on precise measurement
when the internal start retrigger signal of TDC circuit is used.
In principle the high resolution of the TDC circuit is
derived from the internal gate propagation times. The logic
gate propagation time depends upon voltage, temperature and
the manufacturing process, the resolution of the TDC is not
known and must be calculated via calibration measurements [5].
In addition, the resolution is not stable with the swing of
voltage and temperature. So a power and resolution adjustment
circuit is indispensable to adjust quartz-accurately and
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Figure 4. The customer interface of application program

The customer interface of application program as showed in
fig. 4. It automatically detects when the measurement device is
being prepared, initializes the serial communication and starts
the data acquisition. The software displays the result of the
measurement which read from the firmware and plots the

29S + 51.3237 ns and the standard deviation of the result is
316ps.

graphics of these data, save all the measurement result in the
hard disk of the personal computer.
III.

EXPERIMENTAL RESULT

Measurements have been carried out with the help of
master clock of national service center in order to check if the
measurement conforms to the requirements with regard to
resolution and measurement range for time comparison.
For the resolution and range measurement, the master clock
of NTSC produces 10Mhz sine wave frequency was
reduplicate four times by the measurement circuit as the
reference clock. A 1pps signal synchronized with the master
clock as the start signal. And the 1pps output from master clock
is divided into the two same signals and added some time
delay. The two divided 1pps are connected to two stop channel
respectively. The TDC is configured as the I-mode and the
resolution is actually 130ps and the measurement range is from
200 ns to 30s. It accepts only one stop event per channel,
therefore the next measurement is made after Master-Reset.

Figure 6. The long-term measure rang result.

IV.

A.

Short measure range
The short measure rang result as shown in figure 5. The
delay between the start pulse and stop pulse is 1251275835 ns
(include the delay of cable and channel) and the measurement
time is 1200 second. The mean of result is 1251275836.479 ns;
the maximum positive offset from mean is 0.39 ns and the
maximum negative offset from mean is 0.42 ns. The standard
deviation of the result is 134 ps.

CONCLUSION

The measurement has eight input channels plus a common
channel and realizes common-start and common-stop
operations. It can provide a maximum of 134ps resolution per
channel with the measurement range approximately 1.25
second and a maximum of 316ps resolution per channel with
the measurement range approximately 30 second. The
experimental result show that the resolution per channel was a
little decline along with measurement range was extended from
1s to 30s. We will improve the precision of this multi-channel
time interval measurement with a large measurement range and
extend the measurement rage to endless in the future work.
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based optical components [9-11]. The focus of this paper is
to study the noise performances of an assortment of such
optical components under vibration.
A conventional frequency shifted Mach-Zehnder
interferometer (MZI) for measuring vibration sensitivity of
fiber-based optical devices is shown in Fig. 1. During the
course of setting up a measurement of vibration sensitivity, the
interconnecting fibers (F1 and F2 in Fig. 1) that deliver the
optical signal to and from the device under test (DUT) were so
sensitive to vibration that the measurement of a given device
could not be made with assurance. Since these delivery fibers
cross between the stationary reference frame and the moving
frame of the vibration actuator, they undergo not only
vibration due to the actuator, but also bending and stretching
between the two frames. Mechanical distortion of the core
and surrounding cladding causes fluctuations in the phase of
the optical signal passing though the fiber [3]. Many fiberbased optical components are connected via integrally
included optical fiber ‘pigtails’ (FA and FB in Fig. 1). The
sensitivity of these pigtail fibers cannot be ignored and must
be viewed as an integral part of the DUT. The effect of these
pigtail fibers are not to be confused with, and should be
separated from, the delivery fibers that connect the DUT on
the vibration actuator to the measurement interferometer.
Unfortunately, in many cases the delivery fibers that bridge
the stationary and vibratory frames undergo larger phase
fluctuations than those experienced by the DUT being
evaluated. In this letter, we propose and experimentally
demonstrate a novel scheme for reducing the vibration effect
on the interconnecting delivery fibers while measuring the
vibration sensitivity of an assortment of optical fiber-based
components.
Sections II and III constitute the technical
portion of this paper. Section II describes the setup for
reducing the vibration effect on the interconnecting fibers
while measuring a component under vibration. Section III
discusses measurements results of the optical component’s
vibration sensitivity.

Abstract—Building optical fiber-based systems presents
different challenges than free-space architectures due to the
inherent vibration sensitivity of the fiber and the associated
components. A survey of the vibration sensitivity of an
assortment of commonly used fiber-based optical components is
presented to identify problematic parts of a fiber-based design.
The measurement of vibration sensitivity is challenging due to
the difficulty of separating the sensitivity of the components from
the measurement apparatus itself. The noise introduced by the
interconnecting fibers bridging between the stationary
measurement system and the vibrating device under test can
dominate and mask the noise of the device being measured. We
propose and demonstrate a novel technique to measure the
vibration sensitivity of fiber-based optical components. It uses a
common-arm
counter-propagating
frequency-shifted
interferometer that cancels the vibration-induced phase noise of
the interconnecting fibers. The proposed technique improves the
vibration-induced phase noise floor by more than 30 dB
compared to a conventional frequency-shifted Mach-Zehnder
interferometer and allows measurement of low vibration sensitive
devices.
Index Terms— optical fiber, interferometer, phase noise,
vibration sensitivity

I. INTRODUCTION

T

here is a growing need for low phase modulated (PM)
noise and low vibration sensitive oscillators for many
applications such as radar, navigation, spectroscopy, and
timing. In recent years, ultra-low PM noise microwave signals
have been generated by dividing optical signals from
stabilized lasers. This division from the optical to microwave
domain has resulted in extremely low PM noise of -101
dBrad2/Hz or lower at 1 Hz offset from a 10 GHz carrier [1].
Opto-electronic oscillators (OEO) have also been used to
generate low noise microwave signals by use of a modulated
optical carrier [2]. Presently, the lowest PM noise has been
achieved only in quiet, low-vibration laboratory environments.
The vibration sensitivity of an OEO is on the order of 10-8 to
10-10 per g (1 g is the acceleration of gravity near the earth’s
surface, approximately 9.8 m/s2), and arises mostly from the
length fluctuation of the OEO’s long optical fiber that acts as a
resonator [3-5]. Extensive work involving vibration insensitive
Fabry–Pérot cavities have been reported [6-8]. However,
there is little information on the vibration sensitivity of fiber-

II. MEASUREMENT METHODS
In order to measure the vibration sensitivity of a component
accurately, it is important to know the noise floor of the
measurement system.
The initial measurement technique
employed to measure the PM noise, and hence the sensitivity
of optical components to vibration, is shown in Fig. 1. It
consists of a frequency-shifted MZI with an erbium-doped
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therefore necessary that compensated for fibers F1 and F2
while retaining sensitivity of the DUT connected between
them. A novel technique using a common-arm counterpropagating frequency-shifted Mach-Zehnder interferometer
(CACP-MZI) is proposed and shown in Figure 2. In this new
method the conventional MZI is modified with the addition of
four circulators. Two of these circulators, A and D, are
mounted on the stationary measurement system, and the
remaining two circulators, B and C, are mounted on the
vibrating platform. The optical signal is split into two paths by
use of a 50/50 coupler. The forward measurement signal path,
represented by the blue arrows, propagates through the
circulators A, B, the DUT, C and, D as shown in Fig 2.
Similarly, the reverse reference path represented by the red
arrows is frequency-shifted by the AOM and propagates
through circulators D, C, B and A respectively, while
bypassing the DUT. The forward and reverse signals combine
at the PD, creating a 40 MHz beat signal that is then analyzed.
The noise introduced from the flexing interconnecting fibers,
F1 and F2, is common to both the forward measurement and
reverse reference paths and thus cancels in the MZI, producing
a lower noise floor. It should be noted that in CACP-MZI,
there is a short uncompensated signal path between ports 2 - 3
of circulator B, ports 1 - 2 of circulator C and fiber F3 that
contributes to the noise floor.

fiber laser at 1550 nm as the optical source. A 40 MHz
acousto-optic modulator (AOM) is connected to the reference
path of the interferometer, shifting the frequency of the laser
by 40 MHz and translating the output of the MZI from
baseband to radio frequency for analysis. The DUT, mounted
on a vibration platform, is inserted in the non-shifted
measurement path of the MZI. The lengths of the two paths
are kept almost equal, to minimize differential delay. Finally,
the 40 MHz beat at the output of the photo-detector (PD) is
amplified and measured on a direct-digital PM noise
measurement system. All fibers used in the system are singlemode SMF-28.

Fig. 1. Block diagram of a conventional frequency-shifted MZI for residual
vibration sensitivity measurement of optical devices. PC: Polarization
Controller, OS: Optical Splitter, OC: Optical Combiner, AOM: Acousto-Optic
Modulators, PD: Photo detector, APC: Angled Physical Contact Connector.
DUT: Device Under Test, DPNMS: Digital Phase Noise Measurement
System, F1, F2: Interconnection Fibers, FA, FB: DUT Fiber Pigtails. Green
lines represent radio frequency signals and black lines represent optical
signals. The z-axis is perpendicular to the page.

Traditionally, vibration sensitivity is given by Γy, which is
defined as the ratio of fractional frequency fluctuations to
acceleration. For devices such as resonators and delay lines,
fluctuations in the length (l) or delay (τ) are often normalized
as δl/l or δτ/τ. The vibration-induced phase fluctuations
observed for short fibers are not necessarily proportional to
their lengths.
Therefore, an alternate vibration-phase
sensitivity, Γϕ, for two-port devices can be defined as [12]
Γϕ =

Sϕ ( f

)
Sg ( f )

rad/g,

Fig. 2: Common-arm counter-propagating frequency-shifted interferometer
for measuring vibration sensitivity of fiber-based optical devices.

(1)

where, Sϕ(f) is the double-sideband phase noise in rad2/Hz and
Sg(f) is the root mean square (rms) acceleration power spectral
density (PSD). Vibrational effects that are distributed with
length are best described using Γy. Localized or spot effects
due to vibration should not be normalized by total length and
can be described with Γϕ. Conversion to the traditional Γy can
easily be made with use of the carrier frequency.
To determine the noise floor of the conventional MZI
measurement system under vibration, the DUT is removed,
and fibers F1 and F2 are connected and secured to the vibration
platform. For this test, a random white vibration profile of
Sg(f) = 1 mg2/Hz is used for 10 Hz ≤ f ≤ 1000 Hz. The
vibration phase sensitivity of the conventional MZI is shown
by the top green curve in Fig 3. The noise floor due to the
bending and stretching (length fluctuations) of interconnecting
fibers was excessive and thus prohibited the measurement of
low-vibration sensitive devices. A different approach was

Fig. 3. The vibration sensitivity and residual phase noise floor of the
conventional MZI and CACP-MZI under vibration. A random vibration with
Sg(f) = 1 mg2/Hz is used for 10 Hz ≤ f ≤ 1000 Hz. The bottom gray curve
shows the noise floor measured under no vibration.
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The noise floor for CACP-MZI system iss measured under
the same vibration condition as that of convventional MZI by
replacing the DUT with 10 cm of SMF-28 fibber between ports
3 and 1 of circulators B and C. The noise flooor for CACP-MZI
(shown in red in Fig. 3) is limited primarily bby the noise floor
under no vibration. An improvement of moree than 30 dB over
conventional MZI noise floor is observed.

In order to understand the sensitivity
y contribution of the pigtail
fibers to the DUT, we first measurre Γϕ of 1 m long optical
patch cords of each buffer type. Th
he patch cord is coiled in a
10 cm diameter and is taped on thee shaker. For this test, Sg(f)
= 100 μg2/Hz from 10 Hz ≤ f ≤ 10
000 Hz is used. For each
fiber patch cord, Γϕ varied dependin
ng on the amount of stress
induced by the tape securing the fiber
f
coil. Under different
mounting conditions, about one to two orders of magnitude
variation in Γϕ is observed for a given
g
fiber. The min-max
plots showing this variation of Γϕ for these three kinds of
patch cords are shown in Fig. 4. Th
he result indicates that the
loose tube fibers, when constrained
d with mounting tape, can
be less sensitive to vibration than thee tight buffered fibers.

III. TEST RESULTS
The optical components considered for vibbration sensitivity
testing are listed in Table I and shown in F
Fig. 4. The fiber
pigtails associated with these components aare all 9/125/250
μm SMF-28 fiber. The buffer type and lenggth for each DUT
measured are indicated in Table I. For tthese DUTs, the
associated buffer consisted of one of three tyypes, namely, 900
μm tight buffer, 900 μm loose tube, and 3 mm
m jacketed buffer
shown in 5a.
TABLE 1 - Devices considered for vibratiion test
Device Under Test
Buffer Type
Pigtail
Length (m)
Power Splitter
900 um Loose T
Tube
1
Circulator
900 um Loose T
Tube
1
Etalon Filter
900 um Tight
1
(Finesse ~ 100, BW = 0.9 nm)
Buffer
Erbium-doped Fiber Amplifier
900 um Tight
2
(Gain = 23 dB, P1dB = 17 dBm)
Buffer
80 MHz AOM
3 mm Jacketed
2
Fiber potted in RTV Silicone
250 um Bare Fibber
0.1

Figure 5a. Depiction of 9/125/250 μm SM
MF-28 fiber with different buffer
types.

Fig. 5b. Min-Max plot showing the variation of the vibration sensitivity of 1
m long optical patch cords. The resonancess above 100 Hz are contributions
from the custom built vibration actuator and are
a not features of the DUT.

Next, the vibration sensitivity
y of fiber-based optical
components are measured und
der the same vibration
conditions, and results are shown in
i Fig. 6. The vibration is
applied only along the z-axis, as sh
hown in Fig. 1. Comparing
Fig. 5b and Fig. 6 indicates that the vibration sensitivity of the
power splitter, the Etalon filter and the AOM arises mostly

Figure 4. Picture of fiber-based optical components considered for the
vibration tests at 1550 nm.
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from the fiber pigtails, whereas for the circulator and the
EDFA, their high sensitivity comes from the device itself, and
not from the fiber pigtails. We also tested a 10 cm bare fiber
potted in room temperature vulcanized (RTV) silicone. The
sensitivity to vibration is found to be nearly two orders of
magnitude worse than a non-potted bare fiber of the same
length.

(Γϕ = 0.4 rad/g) would limit the overall fractional vibration
sensitivity of the spool to Γy = 7×10-11/g.
Methods similar to CACP-MZI can also be implemented
either with polarization or frequency division multiplexing to
combine the reference and measurement path in a common
fiber. These common-arm MZI methods may find additional
applications when it is critical to separate environmental noise
of the delivery fibers from a remote fiber-based sensor.
In the future, a similar technique will be used to reduce the
vibration sensitivity of coaxial cables in the microwave
frequency range [12].
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Fig. 5. Min-Max plot of the vibration sensitivity of the various optical
components listed in Table I.

IV. CONCLUSIONS
We propose and demonstrate a technique to measure the
vibration sensitivity of optical fiber-based components. It uses
a common-arm counter-propagating MZI, that reduces the
vibration-induced PM noise of the interconnecting fibers used
in the measurement system. To our knowledge, this is the first
implementation of this novel topology. This technique
improves the vibration-induced noise floor typically by 30 to
40 dB compared to that of a conventional MZI approach. The
proposed system has a sensitivity of nearly 1 mrad/g at 192
THz; therefore, it allows the measurement of low-vibration
sensitive optical components. Vibration sensitivity of many
optical components is dominated by the sensitivity of the
associated fibers pigtails.
Constraining the optical fibers to prevent movement is often
necessary for repeatability and consistency in fiber-based
systems. Stress induced in the fiber due to this constrainment
can dramatically increase vibration sensitivity. Different types
of buffers used to protect the fiber from other environmental
effects can either transmit or isolate the mounting stress to the
underlying bare fiber. Loose tube buffering has shown less
sensitivity to mounting stress than other buffer types.
Careful design of fiber-spool geometry has been used to
minimize vibration sensitivity for long lengths of fiber [11].
The sensitivity of the spool has been reduced to levels
approaching, or possibly below, the sensitivity due to the
interconnecting fibers. If a vibration-insensitive spool of 1 km
length were constructed, the connecting 3 mm jacketed fibers
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Abstract—Our recent research at JHU/APL has focused on
advancing algorithms and software control developments for a
next generation, disciplined USO based clock system. This
research shows promise that incorporating an in-situ control
system for removing USO deterministic frequency error based
on multi-variance methods and a Bayesian maximum likelihood
estimation (MLE) process could mitigate the burden of post
processing spacecraft clock data.
We found the effects caused by sudden frequency changes and
perturbations could be diminished with a dynamic, multivariance algorithm used to augment the drift estimation process.
We used the complementary aspects of the Allan and Hadamard
variance to form an MLE function. We then used the output of
the MLE function to drive the weighted decision process of a
simulated frequency correction control algorithm.
Our paper will discuss the mathematical approach used to
formulate the multi-variance MLE and discuss our findings on
its implementation in the disciplining algorithm developed from
the research. Using laboratory collected USO data, we will show
simulated USO timekeeping performance to a maximum time
interval error of < 1 μs over 70 days of operation and discuss the
impact of frequency anomalies and short term rate changes to
the behavior of the multi-variance approach.

I.

(DOWR) instrument deployed in each of two tandem flying
spacecraft to map the gravitational field of the Moon.
As described in these two examples, USOs are generally
used as very-low phase noise frequency sources in science
instruments. However, years of frequency data collected by
ground mission operations has consistently shown that the
frequency drift associated to quartz resonator aging over long
periods of space operation can become good enough for
consideration as timekeeping references.
For example,
frequency data collected from USO A on the New Horizons
spacecraft determines a current frequency drift of -3.4E12/day for a total accumulated frequency change of -19E-9
after 1800 days since launch, shown in Fig. 1 [1]. Also
noticeable in Fig. 1 is a slow monotonic improvement in
frequency drift with few frequency perturbations or anomalies,
the most observable at day 400 from ionizing radiation
associated with the spacecraft’s encounter with Jupiter’s
magnetopause [2].
Such regular occurrence in USO
performance for long-term frequency stability has motivated
JHU/APL to support research into the development of a
disciplined USO timekeeping system (TKS).
A disciplined USO TKS uses a remotely located reference
of higher accuracy, in our case the master clock of ground

DISCIPLINED SYSTEM FOR IMPROVED USO
TIMEKEEPING

The Johns Hopkins University Applied Physics Laboratory
(JHU/APL) has been providing ultra-stable oscillators (USOs)
for decades for use in mission critical space applications
where best performing frequency stability of less than 3E-13
in the 1 to 1000 s time interval is required for deep space
science data return. The New Horizons mission and the
Gravity Recovery and Interior Laboratory (GRAIL) are two
most recent examples. The New Horizons mission to Pluto
and the Kuiper Belt will use the frequency stability of the onboard USOs for a radio science experiment (REX) to
determine any residual atmosphere that may exist from Pluto’s
most recent perihelion. The GRAIL mission will use the
frequency stability of the USO in a Dual One Way Ranging

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Figure 1. New Horizons USO A frequency since launch, Jan. 19 2006
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control operations, to periodically correct the frequency of the
USO output and maintain synchronization of the spacecraft to
mission time. A disciplined USO TKS must perform two
important functions. First, it must be able to transfer and then
hold synchronization to mission time within some maximum
time interval error (MTIE). Second, it must correct the USO
frequency by removing its error during the time interval when
access to the ground control master clock is not available. In
USO’s, this error can be partitioned between changing
environmental conditions and dynamic drift (aging). These
error contributions must be uniquely characterized to the USO
frequency source in use. The information of the characterized
USO is then used by the clock model of the disciplining
control system to reduce the frequency error effects on the
accumulated time.
Fig. 2 describes a notional system block diagram of our
disciplined USO TKS. Our recent research shows, through
simulation on archived USO test data, a possible USO
timekeeping performance of less than 1 μs over 70 days of
operation. This simulated performance improvement was
accomplished through the development of three key
technologies, indicated within the red dashed area of Fig. 2:
Steering algorithm for frequency drift correction using multivariance based maximum likelihood estimator (MLE)
function,
Clock model interface to control the operation of a
Diophantine frequency synthesizer (DFS) [3],
Virtual state machine (VSM) autonomy controller to supervise
the update implementation to the clock model DFS interface
and alarm possible incidences of frequency perturbations or
anomalies, as determined by the MLE algorithm [4].
This paper will discuss the theory, development and
implementation of the MLE function from our research. We
will describe our use of a three-state clock model derived in
[5] and forward how its separation of deterministic frequency
coefficients from Gaussian noise diffusion coefficients
motivated our use of the dynamic Allan and Hadamard
variances to detect USO frequency anomalies and
perturbations.

The information from these two related statistics was used
to form a measure of likelihood that the frequency data
collected over the most recent USO characterization interval
was representative of previous clock model innovations.
Dependent on this measure of statistical likelihood the
influence of the data was selectively weighted for updating the
clock model. It was found that the higher order power law
noise of spectral density Sy(f) proportional to fα, where α is
less than -2 are indicative of USO frequency data that is highly
influenced by short-term frequency instability and should not
be used with high significance in the clock model innovation.
It was also found that a dynamic test comparing the statistics
of the most recent characterization interval to a cumulative
moving average could be used to check for the incidence of
increased white FM, α = 0, caused by outlier phase pops and
frequency jumps.
II.

THE CLOCK MODEL AND ITS RELATIONSHIP WITH THE
ALLAN AND RELATED VARIANCES

We use the title of [5] for this section heading as it clearly
presents the motivation of our work in the construction of the
MLE function to be described later in the paper. In [5], the
authors derive a description of a three-state clock model,
dX(t), from a generalized set of stochastic ODEs that
represent the standard rate algebra of a clock with frequency
offset, drift and a linear change of drift (µ1, µ2, µ3
respectively). Gaussian noise diffusion processes are assigned
to each equation with diffusion coefficients for white FM,
random walk FM and random run FM (σ1, σ2, σ3
respectively). The authors continue by showing that the
solution of this set of strictly linear equations can be found in
a closed form with a useful separation of the deterministic
and stochastic parts:

X(t ) Φ
=

t,0 X(t 0) + BtM

+ Gt ,

(1)

where the matrix Φt,s drives the transition Φt→s,0 , M is a
vector of µ1, µ2, µ3 and Gt is a vector that innovates only
the stochastic part of X(t). Moreover, the authors develop an
approach, offered by the separation of the deterministic and
stochastic parts, to produce the clock model mean, E[X(t)],
expressed in terms of a distribution of the vector M and
clock model covariance, E[Gt GtT], expressed in terms of the
distribution of the diffusion coefficients (σ1, σ2, σ3). The
mean, shown in (2) and the covariance, shown in (3) of the
clock model are reproduced from [5], as follows:

(2)

Figure 2. Block diagram of JHU/APL disciplined USO system
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σ2, σ3, but that the relation

H approaches one. We interpret
A

this result in two scenarios.
(3)
In subsequent sections of [5], the authors use the
2
2
definitions of the Allan, σ y(τ), and Hadamard, Hσ y(τ),
variances expressed as expectations of the mean and
covariance of X(t) to find the relationship of the clock
model deterministic and stochastic coefficients to these two
variances. The Allan, shown in (4) and the Hadamard, shown
in (5) are reproduced from [5], as follows:

For a quartz-based USO, it is typically expected that c3
(or µ2) should always exist, but gradually diminish in a
monotonic sense, as shown in Fig. 1, with some small value
(slow function) of µ3. So, in the very long term, the Allan
deviation should approach the Hadamard and each of these
identify the power law noises to a similar extent, although the
Allan variance is twice as strong at identifying random walk
FM, σ2, than the Hadamard. For this scenario, the relation
H would start at a value less than one and evolve toward one.
A

We consider this the nominal case.
(4)

(5)
With respect to our work, two highly interesting
observations can be made from (4) and (5). First, the
deterministic linear change of drift coefficient, μ3, is
separable from the noise related parts of the statistics and
contains contrasting information in the form of differing
2
power law orders, τ in the case of the Allan deviation and τ
in the case of the Hadamard deviation. µ3 is an important
parameter for our interest in disciplining a USO since its
dynamic behavior is the principle mechanism for the required
periodic correction of our clock model process. Referring to
Fig. 1, we expect that the μ3 parameter should be small in
respect to an update interval on the order of 12 to 24 hours.
Therefore, we use this insight to form a piecewise
comparative ratio, with the deviations segmented by octaves,
m

Α= ∑

i =0

σ y (2 i +1τ , t k )
i

σ y (2 τ , t k )

m

Η=∑

i =0

Hσ y ( 2

i +1

Hσ y ( 2

τ,tk )

i

τ,tk )

to form

Η , (6)
Α

The second scenario would be a slope reversal in the
apparent drift of the USO. This sometimes is called “hockeystick” aging where the drift starts in one sense (positive or
negative) over an initial period in the order of a few weeks
and then turns to the opposite sense over the longer term
operation, usually in a yearly time frame. The cause for
“hockey-stick” can be for various reasons, but it always
means that two (or more) processes are competing in the
composition of the USOs drift characteristic.
These
competing mechanisms may not be both intrinsic to the
quartz resonator. For example slow temperature stabilization
could overwhelm the apparent aging in the short term and
then, once the system becomes quiescent, the resonator aging
becomes dominant. It has been asserted that accumulated
dose effects of ionizing radiation can be observed in spacebased USOs as a competing process [6].
For our disciplining system, determining a possible
“hockey-stick” drift evolution is highly desired as
misidentifying this scenario as the nominal case would
degrade the accuracy and the extent of autonomy of our USO
timekeeping system. Our described work, then, concentrates
on examining the dynamic behavior of the relation H over
A

i

where m is an integer limit to the number of 2 τ, octave
segments, that can be made in a tk interval of data, such that
2mτ is accepted within the χ2n,p equivalent degrees of
freedom, n, for a chosen confidence interval, p. We can then
use this composite statistic to check dynamic intervals, tk, for
clock data where the relation H exceeds a value,

data collection intervals, tk to tk+1. We venture from the
basis of dynamic variance provided from [5] to formulate a
maximum likelihood function (MLE) that we use to weight
our periodic estimation of the deterministic coefficients, µ1,
µ2, µ3, and differentiate drift reversals and other short term
frequency anomalies from the expected nominal case
demonstrated in Fig.1.

A

hypothetically indicating the incidence of a pronounced level
of µ3.
The second observation made from (4) and (5) is that as
the deterministic coefficients of linear frequency drift
approach zero, the power law relationships of σy(tk ,τ) →
Hσy(τ). In this manner, we are not so concerned about
determining the level of the diffusion noise coefficients, σ1,

III.

A MAXIMUM LIKELIHOOD ESTIMATION FUNCTION
(MLE) FOR WEIGHTED DRIFT ESTIMATION

Significant and elegant work has been accomplished, as in
[7, 8 and 9] toward the use of multiple variances (multivariance), Bayesian inference and the moment condition to
separate, identify and determine the diffusion coefficients
from a mixture of power law noises and deterministic drift in
the spectral density of frequency sources such as USOs. We
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adopted the notions of this work, in a less sophisticated
approach, to construct a likelihood function using the
relation H , along with our a priori knowledge about the
A

evolution of H from the two USO drift scenarios expressed in
A

the previous section.
2

We consider our approach multi-variance in that Hσ y(τ)
is shown in (5) to estimate the power law diffusion
2
coefficients at different sensitivities than the σ y(τ) in (4). In
2
particular, the Hσ y(τ) assesses σ1 for white FM the same as
σ2y(τ); the Hσ2y(τ) is half as sensitive for σ2 random walk
FM and about 1/3 as sensitive to σ3 random run FM. In a
strict multi-variance approach these definite relationships
could be used to minimize uncertainty in power law
identification and improve the accuracy of diffusion
coefficient estimates. We did not perform this strict
technique, rather simply opting for the unique identification
2
of the Hσ y(τ) to the change of linear drift, µ3, as a power of
4
τ and the knowledge that the classic, non-dynamic σ2y(τ) is
not capable of resolving power law noises greater the random
walk FM. As will be explained later in our implementation
2
sections, we did use the aspect that the Hσ y(τ) and the
2
σ y(τ) react equally to white FM as a trap for phase pops and
frequency jumps.
We consider our approach Bayesian, in that we estimate
the extent of an unknown quantity, the change of linear drift
µ3, from measurements identifying µ3 and the power law
noises as found in the relation H . Further from the work of

that we can place a high pass cut-off, through our selection of
the base collection interval τ0, to be aligned within the latter
part of the flicker FM floor, nominally just high enough in
frequency that the relation H starts before the expected USO
A

drift and nominally only considers noise with power law
≥0
dependencies of τ . We therefore will treat white FM as an
anomaly in the expected result.
2

Finally we consider the Hσ y(τ) a sufficient variance as
defined by the moment condition because its insensitivity to
linear drift, µ2, provides for convergence for all power law
noises up to random run FM. Also, since our timekeeping
system is expected to act on daily or shorter updating periods,
this places a low frequency limit that should cut-off the
effects of higher order noises greater the random run FM.
We set four expected values, a minimum and a maximum
for both the A and H defined in (6), to develop our Bayesian
approach into a function that can operate as a maximum
likelihood estimator (MLE) for the discrimination of the
linear change of drift, µ3. We construct the MLE with a
bipolar selection effect for shifting the nominal case to the
negative side of the function and the “hockey-stick” or high
likelihood of µ3 toward the positive. In this manner, we
consider the positive indication in the hypothesis that µ3
exists as anomalous to the expected nominal case and any use
of the clock data collected in that update period should be
deemphasized in the revision of the deterministic coefficients
of the clock model. The four expected values are considered
test limits, given as follows;

A

 m σ y (2 i +1τ , t k ) 
 ⇒ 2m, drift >> noise (7)
i
i =0 σ y (2 τ , t k ) 
 m σ (2 i +1τ , t ) 
B; E min  ∑ y i k  ≤ 2m, drift < noise (8)
i =0 σ y (2 τ , t k ) 

A; E max  ∑

[5], we can express likelihood on the relation H by setting µ3
A

and certain power law noises to fixed values with an
expectation of how µ3 should evolve given our two a priori
drift scenarios, the nominal case and the “hockey-stick” case.
We did not perform the mathematics to derive the probability
densities p(µ3 | H ), p( H | µ3) and the a prior probability
A

A

 m Hσ y (2 i +1τ , t k ) 
 ⇒ 4m, µ 3 dominant (9)
i
i =0 Hσ y (2 τ , t k ) 
 m Hσ y (2 i +1τ , t k ) 
D; E min  ∑
 ≤ 2m, σ 2 or less (10)
i
i =0 Hσ y (2 τ , t k ) 

density π(µ3). However, we believe certain unique noise
properties of the USO can nonetheless enable us to express
the information provided by the relation H into a Bayesian

C; E max  ∑

A

theory formulation.
Specifically, high quality USOs such as in New Horizons
show a sharp contrast in the transition from flicker FM (F
0
FM) with lnτ dependency to linear drift with τ dependency
in the Allan deviation. As the drift improves the extent of the
flicker FM floor appears to increase with small evidence of
random walk FM with τ1/2 dependency. This characteristic in
USO noise offers the ability of the Allan deviation as
segmented in (6) to highly distinguish USO drift from noise.
This USO noise characteristic offers the additional advantage

Test limits A and B, (7) and (8), are the maximum and
minimum expected values for the Allan deviation function A
in (6). In test limit A, the expected value represents the result
of the summed, octave-sectioned power law slopes where
drift dominates over any other power law noises. Test limit
B is the expected value of A in (6) where drift has
m
diminished beyond 2 τ and only a random walk noise may
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be evident. Again m is the maximum number of segments that
can be statistically formed with a given confidence level in
the update period, tk. Test limits C and D, (9) and (10), are
the maximum and minimum expected values for the
Hadamard deviation function H in (6). Test limit C is the
expected value when the change of linear drift, µ3, dominates
over any other power law slopes. Test limit D is similar to
test limit B, but since H in (6) is insensitive to drift, D is also
the likely expected result.
We use the test result limits set by A, B and C, D to
construct a four zoned hypothesis based on the a prior
knowledge about the two drift scenarios for USOs. Fig. 3
depicts this conception of our four hypothesis zones and the
dynamic evolution of the USO drift scenarios. In Fig. 3, the
four hypothesis zones are laid out in a quasi-coordinate
manner with the dynamic evolution of the USO drift, as
measured by the Allan deviation, shown in the vertical axis
and unexpected changes in power law noise or the strong
incidence of change of linear drift, µ3 in the horizontal axis.
The visualization of the dynamics of the USO drift and noise
process is a vector moving from the nominal expected zone
A, D (aging drift and low mostly- stationary noise processes)
toward one of the other hypothesis zones. From our nominal
case a priori scenario, such as shown in Fig. 1, we expect this
vector to travel mostly vertical toward B.
The discrimination of the MLE function is then
constructed to determine short term shifts of the visualized
USO drift and noise process vector of Fig. 3 toward the
horizontal axis. Such shifts are considered short-term
anomalies and the significance of the clock data in the most
recent tk interval should be reduced in revising the clock
model.

B,C

B
Ho: drift in not
observable over tk,

H3: non-linear drift

F FM and σ2 likely
dominant in A and
H

μ3 dominant in H

H2: linear drift

H1: freq.

dominant over tk,
F FM and σ2 likely
dominant in H

A,D

The test limits A, B and C, D, (7-10), and the four
hypothesis zones H0, H1, H2 and H3 are assembled in the
typical method of expressing an MLE function as the natural
log of the test measurement ratios, in our case ln( H ) to
A

provide a monotonic expression
formulations;

H 0 : ln D − ln B = 0,

with the

following

F FM or σ 2 , drift not observable

(11)

H1 : ln C − ln A = ln2, σ 3 or µ 3 , freq. perturbations likely
H 2 : ln D − ln A = ln

1
2

, F FM or σ 2 , linear drift dominates

(12)
(13)

H 3 : ln C − ln B = ln2, µ 3 dominant , non - linear drift expected (14)
Fig. 4 graphically shows the MLE function ln( H ) as the
A

relation H changes from
A

μ2 drift dominated Allan deviation

with low noise, as found by A of (6), moves to higher order
μ3 dominated linear change of drift as found by H in (6).
Along the bipolar, monotonically increasing MLE function,
the hypothesis zones are placed by the expected test limits (710) and their associated hypothesis definitions (11-14).
Along the vertical secondary axis of Fig. 4 is placed the value
of parameter W, which represents the assigned weighting to
be applied to the update of the clock model coefficients, μ1,
μ2, μ3 using the function;

µx(t k +1 ) =

Wµx (t k ) + µx(t k +1 )
W +1

(15)

The value of W in (15) gives the highest significance to the
most recent clock data, tk+1, when the MLE is less than ln

1
2

or identified as likely in H2, our nominal USO case.

expected over tk,

perturbations likely
over tk,
σ3 and μ3
may appear in H

C

Figure 3. Four zones of MLE hypothesis based on USO drift evolution
scenarios. Vertical blue arrow indicates nominal case evolution. Horizontal
red arrow indicates “hockey-stick” case.

The weighting function proceeds to de-emphasize the
significance of the clock data in tk+1as the MLE function
moves positive. We assign a mid-grade weighting to W as
the function transitions through zero, since the MLE function
can have an ambiguity in the resolution of our two a priori
scenarios in this region. In the nominal case, the drift slowly
diminishes over a long time and it is expected that the MLE
approach zero; as stated earlier, the power law noise of the
Allan deviation should approach the Hadamard. However, in
the “hockey-stick” scenario or with the introduction of a new
competing drift process with a reversal in sign, the MLE
function will also temporarily approach zero, but likely in the
short term. We therefore diminish the possible outcome of
the ambiguity by introducing a precautionary mid-grade
significance. Above an MLE function value of zero, we give
the data for tk+1 the least significance. Clearly with this
approach, the number of weighting levels for W and the
delimiter values associated to the MLE could be tailored.
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Non-linear drift
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Frequency perturbations
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0
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noise, low likelihood
of perturbations

-0.8

Figure 4. Graph of MLE function with hypothesis zones and weighting values for W on the secondary vertical axis

However, we chose to operate in this simple manner to
examine how the process might work on real USO clock data,
as will be discussed in the remaining sections.
But before we finish our paper with operational results,
there is a special case we must consider in the MLE function
associated with the incidence of white FM from phase pops
or frequency jumps. We discussed earlier in this section that
the base collection interval τ0 was chosen to provide a high
pass cut-off to filter the USO clock data so that the MLE
≥0
function mostly operates on power law noises of τ .
Nonetheless in all real clock data, including the research USO
data to be presented, there are instances of discontinuous
phase and frequency that will issue large white FM noise into
the collected data for that interval. Our MLE function is
vulnerable to this condition since the Allan and Hadamard
deviation are equally sensitive to white FM, σ1 in (4) and (5).
Phase pops or frequency jumps that impart a white FM
dominance into the data could wrongly place the MLE
function into H0 or H2 and result in assigning the data more
significance than desired.
We design a trap for this condition by using a dynamic
analysis test, which compares the function A in (6) for the
most recent collected data interval, tk+1 against a cumulative
moving average of this function from previous intervals. A

similar technique is used for H in (6). The expressions for this
process are shown as follows;
i +1
τ , t k +1 )
m σ y (2
With Α(τ , t k +1 , m) = ∑
and
i
i = 0 σ y ( 2 τ , t k +1 )
i +1
τ , t k +1 )
m Hσ y ( 2
Η (τ , t k +1 , m) = ∑
i
i = 0 Hσ y ( 2 τ , t k +1 )
k Α(τ , t , m) 

k
E  Α(τ , t k +1 , m) − ∑
(16)
 = ±2− 2
k
1


k H (τ , t , m) 

k
E H(τ , t k +1 , m) − ∑
(17)
 = ± 2 −1
k
1


In (16) and (17) expected limits are set for the dynamic
analysis tests. The limits are based empirically on our
nominal dynamic drift scenario; the power law change from
tk+1 to tk is low compared to our update period. In (16), we
expect the summed power law will change no more than one
octave slope segment from drift to random walk FM.
Likewise, in (17) the change is no more than one octave
segment from random walk to flicker FM. In application to
our research data, we only used the negative side of the test
limits, such that when a result of (16) and (17) coincidentally
fall outside the negative limits, we trap tk+1 as a white FM
event and set W equal to 4. The A and H results for tk+1 are
also not brought into the cumulative moving average of these
functions.
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IV.

USO FREQUENCY DATA USED IN RESEARCH AND
DYNAMIC ANALYSIS RESULTS

We applied our theory of operation of the MLE function
into an algorithm that would process periodically collected
clock data. We set the processing period with a dynamic
window variable called tk, where tk is set by an integer
multiplication of the base τ0 of the data measurement. For
our research into the algorithm’s effectiveness, we operated
on 72 days of archived USO data. The USO data are phase
measurements of a USO compared to a hydrogen maser with
the USO maintained at 30 C in a space simulation
environment with vacuum levels below 50 µtorr. The USO
was powered on several days prior to the start of the data
collection with vacuum pump down also occurring in this
period. The phase collection measurement interval, τ0, was
600 s.
Fig. 5 shows the relative frequency of the USO, in red,
over the 72 day collection period with a fitted diffusion
equation, a+b(τ0 + c)½ shown in green. Fig. 6 shows the
residual of the USO data with the fitted diffusion equation
subtracted to more closely examine the dynamic behavior of
the USO. The inspection of Figs. 5 and 6 reveals several
aspects of the data that make it useful for our purpose of
assessing the MLE based algorithm’s performance in
determining the μ1, μ2, μ3 updates to our dynamic clock
model for the purpose of disciplining the USO.
In Figs. 5 and 6, the USO data appears to contain the
“hockey-stick” scenario of competing drift mechanisms.
Additionally, the USO data contains various phase pops and
short-term frequency perturbations that are traceable to
anomalies in the vacuum and temperature control systems of
the space simulation chamber, as sometimes occurs in longterm operation. The USO data also contains gaps in the data
caused by discontinuity in the service provided by the maser
signal. These gaps were subsequently filled into the data by
least squares quadratic fits. The combined occurrence of all

a+b(t+c)1/2

Figure 5. USO frequency data with diffusion equation

f req. perturbations

phase pops

f illed gaps

Figure 6. Residual frequency difference of USO data from diffusion equation

these data artifacts provides a challenging model for our
disciplined USO algorithm research in contrast to the nominal
scenario data such as shown in Fig. 1 from USO A of the
New Horizons spacecraft.
We estimate the dynamic Allan and Hadamard variances
for the USO data using one day windows, or tk equal to
144(τ0). Fig. 7 shows the dynamic Allan deviation in a three
dimensional presentation with τ and tk (slices) shown on the
floor projection and the frequency stability axis normal to this
time plane. As discussed, we estimate the variance in τ by
increasing octave sections from τ0 to 25τ0. Fig. 7 also shows
a two dimensional inset with just the stability and tk (slices)
axis. The dynamic Allan deviation of the USO data shows a
mostly constant drift with the stability proportional to τ. We
observe the aspect of the “hockey-stick” process in the first
fifteen tk slices, noting the power law relationship dipping to
lower order noise processes. We also see the effects of certain
frequency anomalies coordinate with the indications shown in
Fig. 6. These appear to have a mostly whitening effect as
expected. The filled data gaps have an artificial appearance
as the numerical noise from the calculated fits is not
significant.
Fig. 8 shows similar results for the Hadamard deviation.
In these presentations, we observe a mostly random walk FM.
We also notice the effects of certain frequency anomalies
similar to the Allan deviation of Fig. 7, although certain
anomalies, such as tk slices 29, 56 and 72 show indication of
higher order noises expected with evidence of the linear
change of drift, µ3. Figs. 9 and 10 show the density of the
two point power law slopes for the Allan and Hadamard
deviations, for each octave sections from τ0 to 25τ0. With
careful inspection, the effect of the “hockey-stick” process in
the first fifteen tk slices is apparent along with evidence of
the frequency anomalies. These analysis results provide
confidence that our MLE function should produce the
effective discrimination desired.
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Drift trend appears mostly constant

Drift -tau proportional

Filled data gaps
Frequency anomalies

600 to 19,200

Figure 7. Dynamic Allan deviation: one day windows, tk = 144(τ0)

Dominant noise appears mostly constant

Noise - tau1/2 proportional

Filled data gaps
Frequency anomalies
600 to 19,200

Figure 8. Dynamic Hadamard deviation: one day windows, tk = 144(τ0)
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Figure 10. Density of octave power slopes for Hadamard deviation
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We conclude by showing the performance of our MLE
based algorithm operating on the USO data. Figs. 11 and 12
are similar in presentation as Figs. 5 and 6. However, in the
case of Figs. 11 and 12, the green line represents the
propagated clock model based on the MLE algorithm’s
calculation of the frequency offset, drift and a linear change
of drift coefficients (µ1, µ2, µ3 respectively). Fig. 12 shows
the residual apparent corrected frequency with the propagated
simulated frequency subtracted from the USO data. Finally,
Fig. 13 shows the estimated timekeeping by converting the
residual data from Fig. 12 to phase. The simulation indicates
an effective timekeeping of the disciplined USO of about 1µs,
including the effects of short-term frequency perturbations,
phase pops and data gaps representative of the absence of a
master reference clock. With the inclusion of a periodic
phase adjustment, which would be available in our
implemented system, the possible performance could
maintain an MTIE of less than 1 µs over this same 72 day
operation period.

Figure 13. Simulated timekeeping performance of MLE algorithm
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Abstract—Long term reliability of piezoelectric micro-electro
mechanical systems (pMEMS™) resonators and oscillators has
been characterized for high performance frequency reference
applications. In particular, high-Q piezoelectric bulk acoustic
wave (BAW) resonators exhibit aging (frequency drift) within
measurement system accuracy (±2ppm) under two long-term
measurement conditions: over 9 months at 25°C, and over 1400
hours at 125°C.

I.

resonators. This paper presents the aging (frequency drift) test
results of the pMEMS™ resonators and oscillators at both
normal (25°C) and accelerated temperature conditions
(125°C).

INTRODUCTION

Quartz crystal resonator oscillators have been used for
frequency reference applications due to their excellent
performance, such as high Qs and stable frequencies for the
past few decades. Over the past few years, however, many
efforts have been underway to replace quartz with other
technologies with [1][2][3] or without MEMS resonators [4].
These disruptive technologies enable reductions of package
sizes and cost, and in some cases enable significant
improvement in performance and reliability. Among
commercialized oscillator products based on MEMS
resonators, electrostatically transduced vibrating resonator
oscillators have been the first to be introduced into the timing
markets. Compared to quartz counterparts, however, their
performance needs to be improved especially for high-end
frequency reference applications.
As a member of MEMS resonator family, pMEMS™
resonator has emerged as one of the strong candidates for
replacing quartz technology for high-end timing and
frequency reference products [1][5][6]. These pMEMS™
resonator oscillators have demonstrated short term frequency
stability and phase noise on par with quartz crystal oscillators.
However, for successful adoption in timing and frequency
reference markets these pMEMS™ resonators and oscillators
need to pass stringent qualification tests such as the ones
specified by JEDEC standards [7] among others [8][9].
Robustness of these low phase noise oscillators has been
demonstrated by subjecting these plastic packaged devices to a
large range of reliability tests [7]. Focus for this paper is on
aging, i.e., frequency drift over time.
Oscillator frequency drift over time is mostly a function of
the resonator, i.e., quartz resonators or in this case pMEMS™

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Figure 1. Teardown of a pMEMS™ oscillator sample in a plastic package

II.

™

PMEMS

RESONATOR

As the name implies, the pMEMS™ resonator is composed
of a piezoelectric material with single crystal silicon, taking
advantage of both worlds, i.e., combining advantages of
piezoelectric quartz resonators with advantages of MEMS
resonators. Specifically, pMEMS™ utilizes a piezoelectric
material for its high coupling between electrical and
mechanical interaction, and a single crystal silicon for the high
quality factor as the main vibration body that dominates the
frequency selective performance [1][6]. Figure 2 presents the
schematic of a pMEMS™ resonator with a piezoelectric layer
and a single crystal silicon layer. By electrically exciting
bottom and top electrode layers using ac-electric signals, the
piezoelectric material vibrates mechanically at the designed
frequency transferring the acoustic wave energy to single
crystal silicon layer. Making use of its excellent frequency
selectivity, the single crystal silicon layer in turn bounces most
of the acoustic energy back to the piezoelectric layer where
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the acoustic energy changes into electric siggnals sensed at the
top electrode. Due to the nature of silicon as the main element
of the vibrating structure, this pMEMS™ reesonator provides
sufficient quality factors (Q’s > 10,000)[1].. With the proper
selection of the piezoelectric material as the ttransformer of the
two energy domains, it eliminates the needd for external DC
biases required in capacitively transduced M
MEMS resonators
[10][11], and enhances high energy transmisssion ratio enough
to implement practical high frequency timinng and frequency
reference products.

to surrounding temperature. Thereforre, in this aging test setup,
temperature data are measured from platinum RTD sensor
readings at the time of frequency meeasurements and then later
used to extract aging data.

Figure 3. Schematic of Ag
ging Test Setup

Figure 2. Perspective schematic view of a pME
EMS™ resonator

For the aging reliability tests in this paper, very high
frequency (>100 MHz) pMEMS™ resonatoors were selected.
All the selected pMEMS™ resonators vibrate extensionally in
lateral direction at the following frequency,
f0 =

1
2 ⋅ Lr

Eeff

ρ eff

(1)

4 zed PCB board where a
Figure 4 (a) shows aFicustomiz
packaged pMEMS™ resonator / oscilllator and a platinum RTD
are soldered. Note that an RTD platinum sensor is epoxyglued on top of the plastic package to
o measure the temperature
at the time of a single frequency sweep as accurately as
possible. Total of 32 boards were mounted
m
to a Teflon rack
and put into a temperature chamber shown
s
in Figure 4 (b).

where Lr is the lateral length, Eeff the eeffective Young’s
modulus, and ρeff the effective density oof the composite
pMEMS™ resonator. Once the materials of ppMEMS™ are set,
the only parameter that determines the frequuency is the lateral
dimension of pMEMS™ resonator, meaning that the resonator
frequency is easily designed by a single ddevice layout and
implemented with etchings of the composite material layers.
III.

Packaged
MEMS
Devices

RTD
temperature
sensor

SETUP FOR RELIABILITY TESTS

In order to accommodate multiple pMEM
MS™ resonators in
a single aging setup, multiplexers, 3499A aand 34980A from
Agilent, are employed to switch both RF signals and low
frequency temperature sensors, respectively. Each multiplexer
for RF signals requires five quad dual switch modules
(N2268A from Agilent), four of which weere used for first
stage of switching and the last one for mulltiplexing the first
stage four switch modules. Each switch m
module has 50Ω
characteristic impedance with SMA cconnections. The
multiplexer for accurate temperature measuurements required
one low frequency switch module (34921A ffrom Agilent), and
it not only switches the RTD (Resistannce Temperature
Detector) sensors but also converts the RTD resistance reading
to temperature data. Therefore, each set off multiplexers can
take up to 16 units in parallel, and the im
mplemented aging
setup consisted of two sets of multiplexxers and network
analyzers. The overall measurement system sshown in Figure 3
is controlled by an automatic program througgh GPIB interface
to take measurements and extract data, suuch as resonance
frequency, quality factor, insertion loss, etc., from each
pMEMS™ resonator. Due to the high sensitiivity of resonance
frequency on temperature it is very im
mportant for the
pMEMS™ resonators to be accurately meassured with respect

(a) Test board

(b) Test boards on a rack

Figure 4. PCB test boards mounted on a raack inside temperature chamber

All the materials used in this setu
up can withstand high
temperature of 125°C to cover acceleration
a
tests. The
reliability test systems have been sett up at IDT’s long term
MEMS test lab shown in Figure 5.

Figure 5. MEMS lab for the long term aging tests of pMEMS™ resonators
and oscillators at Integrated Devicee Technology, Inc.
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IV.

RESULTS AND DISCUSSIONS

A. Aging of pMEMS™ resonators at 25°C
In the aging setup, ten pMEMS™ resonators were
measured in the temperature chamber set to 25°C for
approximately nine months, while their frequency data was
recorded automatically with open-loop configurations. To
extract the aging performance of the pMEMS™ resonators, the
frequency fluctuations with respect to temperature variations
within the temperature chamber were corrected using linear
least square regression.
Figure 6 below presents the plot for extracted aging data
for ten pMEMS™ resonators vibrating at high frequency. All
of the ten pMEMS™ resonators regardless of the device
locations have frequency variations less than ±2ppm for nine
months.

This suggests that the pMEMS™ resonators are very robust
and can withstand high temperatures over long periods of time
that exceeds any commercial application requirements.

Figure 7. Accelerated aging measurements of 10 pMEMS™ resonators /
oscillators over 1400 Hours at 125°C (Measurement accuracy ±2ppm).

For comparison, a typical AT-cut quartz crystal resonator
was measured along with pMEMS™ resonators at 125°C.
Since it was not easy to find quartz crystal resonators that
were commercially available and rated for 125°C operation, a
quartz resonator specified at 85°C was selected. The quartz
measurements exhibit frequency drifts of ±10ppm with a
negative slope over 1400 hours compared to ± 2ppm measured
for pMEMS™ devices. These ±10ppm quartz oscillator
measurements are comparable to burn-in test data published
by multiple commercial crystal oscillator vendors.
V.

™

Figure 6. Aging measurements of 10 pMEMS resonators / oscillators over
nine months at 25°C (Measurement accuracy ±2ppm).

Of the ±2ppm frequency changes, ±1ppm is attributed to
the accuracy of the network analyzer. We observed the
frequency changes with discontinuous quantum leaps, which
correspond to the frequency resolution of the network analyzer
at a given sweep span with a fixed number of data points. It is
worth noting that the compensated frequencies are somewhat
correlated with temperature fluctuations, suggesting that the
rest of ±1ppm of the total ±2ppm frequency variation likely
stems from two factors as follows.
1.

2.

Temperature gradient between the pMEMS™
resonator and an RTD sensor location: RTD
temperature sensor measures the temperature on
top of the plastic package not at the actual
pMEMS™ resonator inside of the package.
Inaccurate timing of the temperature sensing:
Temperature reading is based on the average by
the integration of digital multi-meter 34980A,
which means that the reading does not represent
the temperature exactly at the time of resonance
frequency detection. To make it worse, as the
temperature easily changes ±0.02°C in a short
period of time, there is an uncertainty in the
measured temperature.

B. Acceleration tests for pMEMS™ resonators at 125°C
In order to accelerate the aging tests, ten packaged
pMEMS™ resonators were placed for more than 1400 hours
inside the temperature chamber set to 125°C which is the
temperature required for accelerated burn-in tests in the
JEDEC standards [7]. Figure 7 presents the extracted aging
data showing less than ±2ppm frequency variation at 125°C.

CONCLUSIONS

Robustness of low phase noise pMEMS™ resonators and
oscillators has been demonstrated by subjecting these plastic
packaged devices to long term aging (frequency drift) tests.
pMEMS™ devices exhibit aging (frequency drift) comparable
to quartz at 25°C and significantly better at 125°C (accelerated
tests). Long term reliability tests presented in this paper
suggest that the pMEMS™ resonator oscillators are as robust
as quartz resonator oscillators in the long-term at nominal
temperatures (25°C) and much better over a wide temperature
range.

REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

547

S. Humad, R. Abdolvand, G. Ho, G. Piazza, and F. Ayazi, “High
frequency micromechanical piezo-on-silicon block resonators,” IEEE
Int. Electron Devices Meeting, Dec. 2003, pp.39.3.1-39.3.4.
W.-T. Hsu and A. R. Brown, "Frequency trimming for MEMS
resonator oscillators,” Proceedings of 2007 IEEE Frequency Control
Symposium, Switzerland, May 29-June 1, 2007, pp.1088-1091.
B. H. Stark, E. Radza, P. Gupta, J. Sharma, G. Peramaih, S. Deng, S.
Suen, R. Sheridan, A. Patridge, and M. Lutz, "An ultra-thin packaged
MEMS oscillator,” Technical Digest of the IEEE Solid-State Sensor
Actuator Workshop, Hilton Head, SC, June 1-5, 2008, pp.6-9.
M. S. McCorquodale, et al, “A silicon die as a frequency source,”
Proceedings of 2010 IEEE Frequency Control Symposium, Newport
Beach, California, June 2-4, 2010, pp.103-108.
M. Pardo, L. Sorenson, W. Pan, and F. Ayazi, “Phase noise shaping via
forced
nonlinearity
in
piezoelectrically
actuated
silicon
micromechanical oscillators,” 24th IEEE International Conference on
Micro Electro Mechanical Systems, Cancun, Mexico, Jan. 23-27, 2011,
pp.780-783.
A. Jaakkola, P. Rosenberg, A. Nurmela, T. Pensala, T. Riekkinen, J.
Dekker, T. Mattila, and A. Alastalo, “Piezotransduced single-crystal
silicon BAW resonators,” IEEE Ultrasonics Symposium, New York,
NY, U.S.A., Oct. 28-31, 2007, pp.1653-1656.

[7]

[8]

[9]

JEDEC SOLID STATE TECHNOLOGY ASSOCIATION, JESD47H
(Revision of JESD47G.01, April 2010), “Stress-Test-Driven
Qualification of Integrated Circuits”, Feb 2011.
R. N. Candler, M. A. Hopcroft, B. Kim, W. Park, R. Melamud, M.
Agarwal, G. Yama, A. Patridge, M. Lutz, and T. Kenny, "Long-term
and accelerated life testing of a novel single-wafer vacuum
encapsulation for mems resonators," J. of Microelectromechanical
Systems, pp. 1446–1456, 2006.
V. Kaajakari, J. Liihamaki, A. Oja, H. Seppa, S. Pietikainen, V.
Kokkala, and H. Kuisma, “Stability of wafer level vacuum
encapsulated single-crystal silicon resonators,” The 13th International

Conference on Solid-State Sensors, Actuators and Microsystems
(Transduers’05), Seoul, Korea, June 5-9, 2005, pp.916-919.
[10] V. Kaajakari, T. Mattila, A. Oja, J. Kiihamaki, H. Kattelus, M.
Koskenvuori, P. Rantakari, I. Tittonen, and H. Seppa, “Squareextensional mode single-crystal silicon micromechanical RFresonator,” The 12th International Conference on Solid-State Sensors,
Actuators and Microsystems (Transduers’03), Boston,MA, USA., June
8-12, 2003, pp.951-954.
[11] F. Bannon, J. Clark, and C. T.-C. Nguyen, “High-frequency
micromechanical filters,” IEEE, J. Solid-State Circuits, Vol. 35, no. 4,
pp.512-526, April 2000.

548

Slow Wave Resonator Based Tunable Oscillators
Ajay K. Poddar1,2, Senior Member IEEE

1

1

Synergy Microwave Corp., NJ 07504, USA
2
Technical University Munich, Germany

Abstract—Demands

for
high-speed
multimedia
data
communications increasing telescopically, pushing wireless
transmission data rate with 2Gbps or higher. In these highspeed data communication systems, the bit error rate (BER)
characteristic is dependent on a phase noise performance of the
VCO. To meet the above challenges, it is necessary for these
systems to have high performance VCO with low phase noise,
low cost, wide tuning range, and high DC-to-RF conversion
efficiency. The tiny VCO developed using SWR (Slow Wave
Resonator) and mode-coupling techniques support high DC-toRF conversion efficiency and low phase noise in compact size
and also easily amenable for integration in the IC (integrated
circuit) form. The typical measured phase noise @ 10 kHz offset
from the 12 GHz carrier is -110 dBc/ Hz with 5V, 30 mA DC
bias using slow wave dynamics in multi-mode regimes.

I. INTRODUCTION
Tunable oscillators are instrumental in the operation of
many systems, from commercial communications to military
radars. And, while many characteristics define the
performance of a tunable RF/microwave oscillator, one of the
more difficult parameters to optimize is phase noise, which is
critical to the performance of so many systems.
Communication systems rely on low-phase-noise signal
sources such as tunable oscillators or phase-lock-loop (PLL)
synthesizers for reliable voice communications and to ensure
transmitted data integrity. Constraints on cost, size, powerefficiency, performances are particularly demanding. As data
requirements increase beyond 2 Gb/s, the phase noise of one
possible tunable source solution, the voltage-controlled
oscillator (VCO), becomes critical for achieving acceptable
bit-error-rate (BER) performance [1]-[22].
VCOs are versatile, tunable sources, their resonators can
be formed in a variety of ways, including by printing coupled
resonators. VCOs reported in this paper using printed coupled
slow wave resonator (SWR) measure just 0.3 x 0.3 in. but can
match the phase-noise performance of more expensive
oscillators with high-quality-factor (high-Q) resonators. The
SWR network approach also lends itself to semiconductor
fabrication processes, to produce high-performance VCOs in
integrated-circuit (IC) form. The tiny SWR VCOs reported in
this paper are ideal sources for miniaturized PLL frequency
synthesizers and provide outstanding bandwidth versus phase
noise performances stability by locking in frequency to a
reference source as part of a PLL frequency synthesizer. In
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addition to this, these novel VCO solutions are inherently
immune to shock and vibration due to printed coupled
resonators. It is to note that SWR design parameters
(coupling coefficient, multi-mode sensitivity, and Q factor)
can be obtained using full wave EM simulation. It has been
found that degenerate modes play important role in
improving the Q-factor, therefore, rigorous mathematical
treatment is necessary for the minimization of the spurious
and jitters in pass-band. The theoretical treatment and
experimental validation of a new class of slow wave
resonator suggests the possibility of cost-effective alternative
of Dielectric and YIG resonator based signal sources [1]-[9] .
II. THEORY
As the frequency band for the wireless communication
shifts higher, generation of the power efficient ultra low noise
wideband and thermal stable compact signal sources with low
cost become more and more challenging due to the frequency
limitations of the active devices. The technique of harmonic
generation has been proven to be a cost-effective solution to
extend tuning range of the oscillator circuits [2]-[5]. These
techniques are based on the nonlinearity of the
transconductance of the active device under large signal drive
conditions but it introduces distortions and has poor phase
noise performances [6]-[7].
YIG oscillators are well known for broadband
configurable signal source but at the cost of size, power and
integrability in IC form [8]-[11]. In view of the limitations of
known YIG resonators for integrability and power-effective
operation, the present work describes a novel and innovative
topology as slow wave resonator (SWR) VCO, which
supports wideband tunability in compact size and easily
amenable for integration in the integrated chip form. SWR
VCO is planar structure and broadband in nature, and is well
suited for MMIC fabrication with affordable price. With the
potential to enable wide operational bandwidths, eliminate
discrete resonators (YIG sphere), and produce high Q planar
resonators for ultra low noise VCOs in the context of a planar
fabrication process compatible with existing IC and MMIC
processes, SWR VCO is widely believed to be promising
technology to meet the present and future requirements [22].
To solve the frequency-agility issue, radio manufactures
that serve the point-to-point and point-to-multi-point markets
would prefer to use SWR VCO that could emulate
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configurability, wideband tunability and low phase noise, yet
eliminate the crude YIG based signal source; and deliver
higher transmission speeds, cost and power-effective
solutions for present and later generation of the
communication systems [2].
A. Multi-Coupled Slow-Wave Resonator
A printed coupled resonator network realized by slow
wave dynamics is attractive due to compact size and provides
a wide spurious-free band. In addition to this, the physical
layout of slow wave resonators enables the implementation of
optimum EM couplings [10]. As a result, resonators are not
only compact size due to slow wave effect but also exhibit
high frequency selectivity, wider stop-band resulting from
dispersion phenomena. In order to facilitate a broad yet
precise description of the VCO topology and layout of the
SWR structure is selected in such a way that it minimizes the
effect caused by temperature and mechanical stresses, and
supports uniform negative resistance over wide tuning range.
In slow-wave propagation, as its name implies, the
electromagnetic wave is transmitted in the guided-wave
media with a slower phase velocity, namely, shorter guided
wavelength, at a specified operating frequency [8]. This is
achieved by modifying electric and magnetic energy storage
in the guided-wave media. Slow-wave resonators are
attractive due to several reasons: the slow-wave effect makes
them very compact and can support evanescent mode
coupling for obtaining Q-multiplier effect at resonant
condition, thus low phase noise signal source solutions.
Additionally, the geometrical configuration of SWR
resonators makes possible the implementation of compact
layout and amenable for RFIC/MMIC realizations [9]-[10].
A slow wave structure is one of the concepts that can be
used for reducing the size of the circuits, especially the length
of the transmission lines. For the electrical circuits, the
periodic shunt loading of the transmission lines can behave as
a slow wave structure. This periodic shunt loading reduces
the phase velocity, thereby increasing the effective electric
length of the line. In conventional transmission lines, the
phase velocity Vp is controlled only by the dielectric material
and can be expressed as [14]
c0

VP = f × λ =

eq

Fig. 1 shows the typical simplified topology of a singlecoupled slow-wave resonator. This consists of a slow-wave
resonator loaded at its near and far ends with series capacitors
CS. The resonator itself is made up of a transmission line of
characteristic impedance Z0 and electrical length ‘θ’,
periodically loaded by shunt capacitors Cp. The electrical
length θ of the unloaded transmission line is defined at
frequency f as [10]

θ = βd =

P

Leq Ceq

2π f ε reff
C

d⇒ θ

f = f0

= θ0

(3)

where εreff is the effective relative permittivity , d is the
physical length of the unloaded line, and C is the free space
light velocity. At the center frequency f0, the electrical length
is θ0. By using ABCD (cascade) matrices, the equivalent
characteristic impedance Zeq of a coupled slow-wave
resonator can be easily extracted.
As shown in Fig. 1, the real estate of SWR layout is quite
large, therefore not suitable for the application where size is
the constraint. Fig. 2 shows the typical layout of the printed
slow wave resonator, capacitively coupled between two arms
of the resonator leads to the slow-wave effect. For unloaded
transmission line there were no dispersion in the phase
velocity, however, for the periodically loaded line the phase
velocity is frequency dependant.
As illustrated in Fig. 3, the transmission line is
periodically loaded with identical open stub elements for the
realization of high Q-factor SWR structure. The input
impedance Zin2 for a lossless line can be given by [9]

Z in 2 = Z 0

Z in 2

(1)

µ r ε reff
where c0 is the velocity of light, μr is the effective relative
permeability, and εreff is the effective relative permittivity.
From (1), by increasing the effective relative permittivity
of dielectric material at a given operating frequency
decelerate the propagation electromagnetic (EM) waves in a
guided medium. The Slow Wave Effect can be realized by
adding periodical shields that decelerate the propagation
electromagnetic (EM) waves in a guided medium.
From (1), an equivalent inductance Leq, equivalent
capacitance Ceq, and propagation constant β can be described
as
1
(2)
β =ω L C ⇒V =
eq

From(2), both distributed inductance (L) and capacitance
(C) along the transmission line in the guided medium can be
increased for the realization of slow-wave effects owing to
increase of the propagation constant β , consequently, the
loss of the resonator can be reduced [8].

Z L + jZ 0 tan( βl )
,
Z 0 + jZ L tan( βl )

tan( β l ) → 0

=

where

Z0 =

Z0Z L
⇒ Z in 2 ∝ Z L
Z0

L
C

(4)
(5)

where L and C are the inductance and capacitance per unit
length of the line, Z0 and β are the characteristic impedance
and phase constant of the open stub, respectively.

Fig. 1. A typical topology of a single-coupled slow-wave resonator loaded at
the near and far ends with series capacitors Cs [10]
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From (5), for infinitesimal value of tan( βl ) , the input
impedance Zin2 is proportional to ZL, therefore, Zin2→ ∞ or 0
for corresponding ZL = ∞ or 0. Under these cases, the slowwave periodic structure loaded by Zin2 in Fig. 3(b) provides
passband (Zin2→ ∞ ) and stopband (Zin2→ 0) characteristics.
As illustrated in Fig.3, the layout size is large and not
attractive for tiny VCO applications. Fig. 4 shows the
modified version of SWR, where transmission line is loaded
by a square ring resonator with a line-to-ring coupling
structure.
As depicted in Fig. 4(b), Zin3 is the input impedance
looking into the transmission line lb toward the ring resonator
with the line-to-ring coupling.

(a) typical layout

(b) equivalent circuit

Fig.2 A typical slow wave printed coupled resonator (no of section, N=5) [8]

(c) top view of line-to-ring coupling structure

(d) side view of line-to-ring coupling structure

(e) equivalent circuit of line-to-ring coupling structure
Fig. 3. Slow-wave periodic structure. (a) Conventional type. (b) With loading
ZL at open end [9].

Fig. 4 Slow-wave ring resonator with one coupling gap (a) typical layout, (b)
equivalent circuit, (c) top view of line-to-ring coupling structure, (d) side
view of line-to-ring coupling structure, and (e) equivalent circuit of line-toring coupling structure [9].
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The input impedance Zr1 looks into the line-to-ring
coupling structure toward the ring resonator. The input
impedance Zin3 is [9]

Z in 3 = Z 0
Where
Z r1 =

(Z r + Z g )Z p

(Z r + Z g + Z p )

, Zg =

Z r1 + jZ 0 tan( β lb )
Z 0 + jZ r1 tan( β lb )

Noise Feedback
DC-Bias NW
Self-Injection
Locking

(5)

1
1
, Zp =
, ω = 2πf ,
jωC g ∆l
jωC p ∆l

Tuning-Diode
Network

(6)
The parallel fp and series fs resonances of the slow wave
ring resonator as shown in Fig.4 can be obtained by setting

B

Slow Wave
Resonator

SiGe HBT
Dual- Emitter

C

Output

E

Feedback
Network

Yin 3 = 0 and Z in 3 = 0 .
Figures 5(a), (b), and (c) show the typical block diagram
and layout of the VCO using mode-coupled SWR, which
validate a novel SWR (Slow Wave Resonator) approach,
using a SiGe hetro-junction-bipolar-transistor (HBT) active
device fabricated on low loss RF dielectric substrate material
with a dielectric constant of 3.38 and thickness of 22 mils
printed structure.

Mode-Coupling
Network
DCO/DXO Series (VCO Frequency: 100 MHz -12 GHz)
(a) block diagram of SWR VCO

The SWR structure is modeled in 3-D EM
(Electromagnetic) CAD simulator and incorporated into
optimized nonlinear oscillator circuit to enable configurable
and low phase noise operation over the band. This enables
SWR structure to set up optimum standing waves (within the
resonator) and the noise impedance transfer function over the
tuning range by controlling mopt (by optimizing injection
locking) and β opt (by optimizing mode tuning).
The nonlinear circuit contains the oscillator's active
device, with S-parameters. This partitioning of the oscillator
into its modeled component parts works quite well, and the
combination of the S-parameters and the nonlinear circuit
model agrees closely with the measured data in the circuits
we already built. The S-parameters used for these transistors
are large-signal S-parameters, which improve the
optimization cycles using commercial CAD tools such as
ADS 2010 (Agilent) and Ansys (Nexxim) to the limits
allowed by physics.

(b) layout mode-coupled SWR VCO

B. High Q-Factor Slow-Wave Resonator VCO
The Q (quality) factor of the Printed transmission line
resonator can be enhanced by introducing slow wave
coupling mechanism (electric/magnetic/hybrid).
Figure (6) illustrates the layout of the typical electric,
magnetic, hybrid-coupling planar resonator networks, and
oscillator circuits for comparative analysis. As described in
Figure (6), the coupling dynamics can be characterized by
proximity effect through the fringing fields, which
exponentially decays outside the region; electric and
magnetic field intensity tends to concentrate near the side
having maximum field distribution. The coupling factor β (βe:
electric, βm: magnetic and βh: hybrid) can be described as
f 2 − f ee2 C me (7)
coupled − electrical energy
≅ me2
βe ≅
≅
stored − energy of uncoupled − resonator f me + f ee2
C

(c) progressive wave coupled SWR VCO
Fig.5. (a) A typical Block diagram of SWR VCO, (b) layout mode-coupled
SWR VCO, and (d) layout of progressive wave coupled SWR VCO
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2π L(C + C me )

f em =
f eh =

1
2π C ( L − Lm )

, f me =

2π ( L − Lmh )(C − C mh )

1
2π LC

1
2π L(C − C me )

, f mm =

1

f0 =

w

Open Loop
Resonator#1

I1

, f mh =

1
2π C ( L + Lm )

2π ( L + Lmh )(C + C mh )

Cme
V1

CC

I2

p

I2

Open Loop
Resonator#1

Capacitance

(b)

βm

Magnetic Coupling

Open Loop
Resonator#2

C

Lmm

I1

p

Magnetic Coupling

(c)

C

V1

V2
Cme:Mutual

β e∝ Cme

,

I2
V2
Lmm: Mutual
Inductance

β m∝ Lmm
(d)

Lmh Hybrid Inductance

β mh∝ Lmh
β eh∝ Cmh

The loaded quality factor QL of the coupled resonator
network is given in terms of unloaded quality factor Qo as

ω 0  ∂φ 
2  ∂ω 

(12)

≅ 2Q0 (13)

Lmh

β h∝ Lmh+Cmh

-2Y12

Z11-Z12

Z22-Z12

2Z12

2Z12

Y12+Y22

p

Y11 = Y22 = jωC
Y12 = Y21 = jωCmh
Z11 = Z 22 = jωL
Z12 = Z 21 = jωLmh

(g)

Fig.6. Typical simplified structure of open loop microstrip line coupled
resonator networks:(a) Electrical coupling, (b) Equivalent lumped model of
electrical coupling, (c) Magnetic coupling, (d) Equivalent lumped model of
magnetic coupling, (e) Hybrid coupling, (f) Equivalent lumped model of
hybrid coupling and (g) Layout of VCO using electric and magnetic
coupling.

C. Phase Noise
The expression of phase noise can be given by [6, pp. 332]
2
2


f0
f c  FkT 2kTRK 0 


£ ( f m ) = 10 log 1 +
1
+
+

2
2 
f m  2 P0
fm
 (2 f m QL ) 

(14)

∂φ
is the rate of change of the phase, and Q0 is
where
∂ω

However, dynamic controlling and tuning the parameters
w, p, and d at high frequency in IC technology is challenging
task. For wideband tunability, the coupling factor βj has to be
dynamically tuned for low phase noise performances over the
operating frequency band.

Open Loop
Resonator#2

Cmh

(f)

β m →1

the unloaded Q-factor of the uncoupled single open loop
microstrip line resonator (Fig. 13). From (11), (12), and (13),
there is trade-off between improving the Q factor and the
permissible attenuation required (which is compensated by
active device for oscillation build up). The coupling
mechanism described in Figure (13) shows improvement in
quality factor in comparison to single uncoupled planar
resonator but drawback is limited tuning range (less than
1%). From (11), (12) and (13), loaded quality factor (QL) can
be maximized by either lowering the value of mutual
capacitance (Cm) and inductance (Lm) or maximizing the selfcapacitance (C) and inductance (L), therefore, upper limit of
the loaded Q- factor is dependent on the coupling β that can
optimized by controlling the width of the transmission line
(w), gap of the open line resonator (p), and spacing between
the two open line resonators (d).

βh

-2Y12

Y11+Y12

[QL (ω 0 )]magnetical −coupling ≅ 2[Q0 (1 + β m )]β →1 ≅ 2Q0

d

(e)

(10)

 Q0 
≅ 2
≅ 2Q0 (11)

 (1 + β e )  β e <<1

w

Open Loop
Resonator#1

uncoupled resonator.

 (1 + β mh ) 
[QL (ω 0 )]hybrid −coupling ≅ 2 Q0

 (1 + β eh )  β e <<1,

VCOs Layout Using Hybrid Coupling

Hybrid Coupling
p

, f0: Fundamental resonance frequency of

[QL (ω 0 )]electrical −coupling

L(Q0,ω 0)

d

I1

:

1

QL (ω 0 ) =

Electrical-Coupling

I1

, Lmm: Mutual Inductance

I2

(a)

L(Q0,ω 0)

, Cme: Mutual Capacitance

Open Loop
Resonator#2

p βe p

β e∝ Cme

Magnetic Coupling
w

d

Electrical-Coupling

1

f ee =

Electrical Coupling

L(Q0 ,ω0 )

where

2
f em2 − f mm
L
≅ mm (8)
2
2
L
f em + f mm
f mh2 CLmh + LC mh (9)
≅
f mh2 LC + Lmh C mh

L(Q0 ,ω0 )

coupled − magnetic energy
≅
stored − energy of uncoupled − resonator
f2−
coupled − electro − magnetic energy
≅ eh2
βh ≅
stored − energy of uncoupled − resonator f eh +

βm ≅

2


f0
f  FkT 2kTRK 02  (15)
1 + c 
£( f m ) = 10 log1 +
+

2 2
2 
f m  2 P0
f m2 
 (2 f m Q0 ) m (1 − m) 

where £(fm), fm, f0, fc, QL, Q0, F, k, T, Po, R, m and K0 are
the ratio of the sideband power in a 1Hz bandwidth at fm to
total power in dB, offset frequency, flicker corner frequency,
loaded Q, unloaded Q, noise factor, Boltzman’s constant,
temperature in degree Kelvin, average output power,
equivalent noise resistance of tuning diode, ratio of the
loaded and unloaded quality factor and voltage gain. From
(6), (7) and (8), m is given in terms of coupling coefficient as
m=

 2(1 + β mh ) 
QL  2 
(16)
≅
≅ [2(1 + β m )]magnetic ≅ 


Q0  (1 + β e )  electrical
 (1 + β eh )  hybrid

By differentiating (16), with respect to m and equating to
zero, local minimum value of phase noise for a given
resonator and oscillator topology can be given by
∂2
[£( f m )]m=mopt = 0 ⇒
∂m 2
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2

 f c  FkT 2kTRK 02 
f0
d2 
1 + 

10
log
1
+
+
 = 0 ⇒ mopt = 0.5

2
2 2
2 
dm 
f m2 
 (2 f m Q0 ) m (1 − m)  f m  2 P0


(17)

mopt → 0.5 ⇒ [ β e ]opt << 1, [ β m ]opt → 1, 0 < [ β h ]opt < 1

(18)

From (18), for low phase noise applications, mopt and βopt
should be dynamically tuned and must converge in the
vicinity of mopt≅0.5 and 0<βopt<1 respectively for best phase
noise performances.
From (18), broadband tunability and low phase noise
performance is opposing requirements due to the problem of
controlling the loop parameters, and the optimization of the
time average loaded Q of the resonator over the band
simultaneously. The novel mode-coupled SWR network
allows for a substantial reduction in phase noise by
dynamically optimizing impedance transfer function and
coupling factor across the progressive medium [6].
The new approach to designing tunable oscillators with
mode-coupled SWR yields compact VCOs that tune either
optimized or wide bandwidths with excellent phase-noise
performance, rivaling performance from high Q resonator
oscillators with excellent phase noise performance, and in
configurations that can be readily adapted to modern RF
integrated circuit (RFIC) and MMIC semiconductor
manufacturing processes. As an example for validation of
this approach, Figures (7), (8), (9), and (10) shows the phase
noise, tuning range, RF out power, and harmonics
characteristics for tiny SWR VCO (4200-9400 MHz) shown
in Fig. 6(g), fabricated on Rogers substrate material with a
dielectric constant of 3.38 and thickness of 22 mils (PCB
size: 0.3 x 0.3 x 0. 08 inches).

Fig.8. This plot shows the measured tuning characteristics of the SWR VCO
tunes from 4500 to 9000 MHz for coupling factor β opt ≅ 1.

Fig.9 This plot shows the measured output power characteristics of the SWR
VCO tunes from 4500 to 9000 MHz for coupling factor βopt ≅ 1.

As shown in Figure 7, SWR VCO offers typical measured
phase noise –105dBc/Hz at 100 kHz offset from the carrier
frequency of 9 GHz with 3V, 25mA DC bias (power
consumption: 75milli Watt). The reported novel SWR VCOs
offer more than 2:1 tuning bandwidths (Fig. 8).

Fig. 10. This plot shows the measured second harmonics characteristics of
the SWR VCO tunes from 4500 to 9000 MHz for coupling factor β opt ≅ 1.

These bandwidths support a wide variety of portable and
fixed communications applications.
Fig. 7. This plot shows the measured phase noise of the SWR VCO tunes
from 4500 to 9000 MHz for coupling dynamics mopt ≅ 0.5 and βopt ≅ 1.

The new SWR VCOs can also be designed into compact
housings with low phase noise and optimized bandwidths to
challenge the performance of high-Q ceramic-resonator,
surface-acoustic-wave (SAW) resonator, Dielectric resonator
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and YIG resonator oscillators as well as low-Q resonators
based on lumped circuit elements and printed transmission
lines but at about one-third the size.

Noise feedback
DC-Bias
Vsupply

The investigation perform includes the study of the
frequency reference sources for minimum jitter caused due to
mechanical and thermal stress, thereby less prone to phase
hits over the tuning range. The additional feature of this
topology is user defined frequency band by adjusting the
length/spacing and optimizing the phase velocity and group
delay of the SWR networks.

Base

Cc1

III. ULTRA LOW PHASE NOISE SWR VCO
The scope of this paper is to design ultra low phase noise
reference SWR VCO for PLL applications that supports the
fast convergence by using dynamically tuned SWR network
for maximum group delay, thereby, improved dynamic
loaded Q, and hence low noise performance over the band.
Fig. 11 shows the block diagram of novel SWR oscillator
topology, capable of operating over a wide tuning (600012000 MHz) and temperature range (–40oC to +85oC) with
minimal frequency drift (less than 10 MHz) due to the
temperature. As shown in Fig.11, multi-mode coupled-SWR
network is connected across the base and collector of the
three terminal active device (bipolar transistor), can be
characterized as high Q mode coupling resonator that
eventually improves the time average loaded Q over the
multi-octave-band operation. As illustrated in Fig.11, the
active impedance created by the 3-terminal active device has
a negative real part with a real magnitude, and an imaginary
part with an imaginary magnitude. The real magnitude is a
function of the imaginary magnitude and the imaginary
magnitude is selected such that the real magnitude
compensates the loss of the SWR as well coincides with a
maximum-slope inflection point of the phase characteristic
curve for improved group delay. In addition to this, the mode
coupling approach includes a methodology for optimum
dynamic coupling to enhance the dynamic loaded Q, and to
reduce or eliminate phase hits, while reducing the
susceptibility to microphonics to an extremely low level, and
retaining low phase noise and broadband tunability.
In addition to this, the noise feedback and DC bias circuit
is coupled across the base and collector terminals of the
active device. A multi-mode coupled resonator network as
shown in Fig.11 is capacitively coupled across the base and
collector terminals. A slow wave coupled resonator and a
progressive wave-coupled resonator described in Fig.11 are
coupled in distributed domain at the collector terminal. A
phase compensating network is capacitively coupled between
the base terminal and the slow-wave and progressive-wave
coupled resonators. An RF output signal is coupled through a
distributed coupled medium, which is coupled across the slow
wave and progressive wave resonator networks.
As shown in the Fig. 12, the lay of the coupled SWR
network is symmetrically structured to minimize the stray
reactance that would otherwise limit or reduce the circuit
tuning range or bandwidth.

3-Terminal Bipolar/FETs
(Active-devices:Q1, Q2)

Noise Filtering
Network

Noise Cancellation
Network

Distributed
Coupled-Medium

Collector

Slow-Wave
Coupled-Resonator

RFout

Progressive-Wave
Coupled-Resonator

Cc2
Cc3

Cc4

Multi-Mode
Coupled-Resonator

Phase Compensating
Network

Fig. 11: Block diagram of configurable SWR VCO (6000 MHz-12000 MHz)

SWR

Fig. 12: Layout of the SWR VCO (6-12 GHz) with 5 Volt, 30 mA

An objective of this paper was to improve the Q value of
the SWR by cascading a progressive wave coupled resonating
network having multiple asymmetric coupled line to increase
the phase derivative and group delay [δϕ/δω] of the resonator
in a given cycle. Therefore, VCO circuit is designed such that
the phase condition occurs in the steepest part of the phase
characteristics curve of the SWR network. In this way,
coupled mode resonance may substantially coincide with a
maximum-slope of the phase characteristic curve of the
oscillator circuit, and the operation of the oscillator circuit
about this point results in the circuit operating within the
lowest phase noise domain of the phase characteristic curve,
thereby improved effective dynamic loaded Q.
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The layout shown in Fig. 12 is fabricated on 22 mil thick
PCB of dielectric constant 3.38. The choice of substrate
depends on size, higher-order modes, surface wave effects,
implementations (couplings, line length, width, spacing, and
spacing tolerances), dielectric loss, temperature stability, and
power handling (dielectric strength and thermal conductivity).
In many applications, keeping resonator structures to a
minimum size and weight is very important. It would seem
that planar resonator structures which can be fabricated using
printed-circuit technologies would be preferred whenever
they are available and are suitable because of smaller sizes
and lighter weight. In this paper, we introduce a new class of
planar resonators based on coupled slow-wave structure,
depicted like saw-tooth/gear structure, which is not only
compact size but also have a wider tuning range.
Furthermore, SWR is loaded with variable capacitor for
uniform loaded Q over the tuning range. As we know that if
there were no dispersion, the phase velocity would be
constant but this is true only for the unloaded line. However,
for the periodically loaded line the phase velocity is
frequency dependent, therefore, there is trade-off between
constant phase velocity and dispersion.

100
90
80
70
60

Q 40
30
20

The noise factor F of the oscillator is minimized by noise
feedback circuit [2] and dynamically controlling the
conduction angle of the active device by adjusting optimum
drive level corresponding to the desire oscillation frequency.
By doing so, the control parameters such as negative
resistance, loop gain, and phase shift can be adjusted for
improving the phase noise performance over the band.
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Fig. 13: Measured quality factor (Q) of the slow wave resonator
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As shown in the Fig. 13, MCSWR (Multi-coupled slow
wave resonator) network acts like a Q-multiplier over the 612 GHz, peaking at 9 GHz due to evanescent mode- coupling.
The variable coupling capacitors Cc (Cc1, Cc2, Cc3, Cc4), as
shown in Fig. 11 are designed for the optimum loading of the
coupled resonator network across the active device, and
dynamically tuned for optimum loaded Q (mopt ≅ 0.5) for
minimum phase noise performance across the band. The
values of the coupling capacitor Cc are derived from the input
stability circle, and it should be within the input stability
circle so that the circuit will oscillate at a particular frequency
for the given lowest possible value of the Cc over the band.

Coupled Planar Resonator

10

Fig. 13 illustrates the measured Q of the uncoupled,
coupled and MCSW resonator. The quality factor (Q) is given
by
ω 0  ∂ϕ 
(19)
; ω 0 = 2π f 0
2  ∂ω 
where f0 and ϕ are the resonant frequency and phase of the
oscillator signal.
The dynamic time average Q factor of the resonator, as
well as the tuning diode noise contribution, sets the noise
performance of the VCO, and in general, the dynamic loaded
Q is inversely proportional to the frequency range of the
VCO. The phase noise can vary dramatically over the tuning
range of a multi-octave-band VCOs; therefore it is a major
challenge to explore and find ways to realize uniform loaded
Q over the tuning range.

Multi-Coupled Slow Wave Resonator
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Fig. 14. Simulated phase noise plot of MCSWR VCO with respect to mopt,

Figure (14) shows the CAD simulated phase noise plot for a
12 GHz MCSWR VCO (Fig. 13) at offset 10 kHz from the
carrier with respect to mopt and βopt.
Fig. 15 shows the typical measured phase noise plots at
for 12 GHz carrier frequency. The typical measured phase
noise @ 10 kHz offset from the 12 GHz carrier is -110 dBc/
Hz, which agrees within 3-4 dB of the CAD simulated results
and to author’s knowledge, the reported resonator topology
shows first oscillator using slow wave dynamics in multimode regimes.
The theoretical treatment and experimental validation of a
new class of slow wave resonator suggests the possibility of
cost-effective alternative of high Q dielectric resonator based
signal sources. Other features and advantages of the present
technology include power efficiency, low phase noise, and
amenability to integration in chip form.
IV. SYNTHESIZER USING MULTI-BAND TUNABLE SWR VCO
Technologies for creating frequency synthesizers are
diverse, from traditional analog methods using PLLs to direct
digital synthesizers (DDS) that rely on high-speed digital–to-
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analog converters (DACs) to transform digital input words
into analog output signals. Frequency synthesizers can be
categorized into mainly three groups: analogue, digital or
mixed signal (hybrid). The frequency synthesizer described in
this Figure (16) falls into the hybrid category [7]. As shown
in Figure (16), the block diagram for a typical synthesizer
includes a SWR VCO, phase-lock-loop (PLL) IC, charge
pump, loop filter, amplifier, and voltage regulator. A typical
unit tunes from 4000-8000 MHz in 1-MHz steps with settling
time of less than 4 ms and typical phase noise of -104 dBc/Hz
at 100 kHz offset from the carrier. Figure (17) shows the
measured phase noise plot for miniaturized wideband VCO
(0.2-1GHz/1-4GHz/4-8GHz/8-12 GHz) with limited power
supply (3.1V, 10mA) that enables power-efficient frequency
synthesizers (Figure 16) in a SMD package measuring just
0.6 x 0.6 inches.

Fig. 17. Measured phase noise plot of multi-band SWR VCO for mopt ≅ 0.50

Figures (18) and (19) show the measured data of phase
noise for 4000-8000 MHz configurable synthesizer. The
synthesizer draws typically 30 mA current from a 5-V supply
and can operate as low as 100 MHz and can be extended to
12 GHz using multi-band/multi-mode VCOs resulting low
cost and power-efficient configurable synthesizer in 0.6x0.6
inches with excellent performances in terms of cost and phase
noise.

Fig.15 A typical measured phase noise plot of 12 GHz MCSWR VCO

Fig.18. Measured phase noise plot at 4.15 GHz of synthesizer (4-8 GHz)

Fig.16. Block diagram of configurable synthesizer using Tunable SWR VCO

Fig.19. Measured phase noise plot at 7.635 GHz of synthesizer (4-8 GHz)
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V. CONCLUSION
We have reported details of multi-band SWR VCO providing
concurrent and seamless tuning over a wide tuning range for
feeding tiny configurable synthesizer circuit. The freedom of
selection of the frequency, low phase noise, low phase hits,
low power consumption, compact size, and stable over
temperature will make SWR VCO technology promising and
attractive for next generation high frequency mobile
communication systems and test and measuring instruments.
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Abstract—A laser-cooled rubidium fountain clock is studied at
Shanghai Institute of Optics and Fine Mechanics (SIOM). One
important characteristic of the setup was, instead of six laser
beams used in normal fountains, a fold optical path (FOP) was
used to trap, cool, and launch atoms, which decreased laser
power by 60% and the optical system was simplified greatly.
This fountain clock had been operated with the center Ramsey
fringe of line-width of 1Hz and the signal noise ratio (SNR) of
100. Recently, some evaluations of the fountain clock systematic
uncertainty have been finished. By comparing with an H-maser
(VCH-1003A), the evaluation of the frequency instability was
obtained by 8×10-13τ-1/2 and 6×10-15 in one day. The system
errors (type-B uncertainty) had been evaluating, and some
results, such as second-order Zeeman shift and blackbody
radiation shift, had been achieved. Some experiments of 85Rb
fountain were also reported in this paper.

I.

INTRODUCTION

As a combination of the separated oscillatory field [1]
method and the laser cooling techniques[2], the atomic fountain
clock (AFC)s have been developed to be the most accurate
running clocks in the world[3]. The combined standard
fractional uncertainties of the AFCs[4,5,6,7] have reached to 10-16.
The first laser-cooled rubidium fountain clock at SIOM was
constructed in 2005, and a center Ramsey fringe with the linewidth of 1Hz and the signal noise ratio (SNR) of more than
100 were obtained. Since 2009, the evaluating works of the
frequency stability and the fractional uncertainties were started
and some improvements for the fountain were advanced.
II.

soft iron (the external layer), the quality factor was 18 000, the
temperature of Ramsey interaction zone was kept at 52℃ to
ensure the resonance frequency of the cavity.
The optical system of the fountain was shown in Fig. 2. A
diode laser (TOPTICA TA100) was treated as a master, whose
frequency was locked to the saturated absorption crossover
optical resonance of F=2→F’=3 and F=2→F’=2 transitions,
exported 150mW laser power to supply the whole fountain.
The laser was divided into three parts known as detecting
beams, cooling beams and repumping beams. The detecting
beams and cooling beams were obtained by some of optical
components (wave plates and polarization beam splitters) and
four acousto-optic modulator (AOM)s to tune the frequency
and power of the beams. The repumping beams were
produced by a method of modulating a fiber electro-optic
modulator (FEOM) with 6.7GHz modulating frequency. There

FOUNTAIN SETUP

Schematic of the fountain device was illustrated in Fig. 1,
detailed description can be found in [8]. Atoms were trapped
and cooled by magneto-optical trap (MOT) and optical
molasses (OM), and then were launched by optical moving
molasses (OMM) in cooling zone, at the bottom of the device,
with its pressure under 2×10-7 Pa. The cylindrical stateselection cavity was located above the cooling zone, with the
mode of TE011 and its diameter and height of 6.92cm and
3.46cm respectively. The detection zone above state-selection
cavity included two parts to detect atoms at state F=2 and F=1,
respectively. The Ramsey cavity, the same with the stateselection cavity in cavity mode, diameter and height, was
located 59.7cm above the cooling center and inside the
magnetic shields made of miu-metal (three internal layers) and

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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Figure 1. Schematic of the Rb fountain clock at SIOM

were two characteristics at our optical setup: the first one was
a fold optical path (FOP) structure used to cool and launch
atoms. As shown in Fig.3, two input beams were reflected six
times by six mirrors to cool atoms instead of conventional sixbeam launching structure in normal (1, 1, 1) fountains. As
discussing in [9], FOP could work as a normal six-beam
fountain and fit all requirements of fountain, and compared
with a normal fountain, which reduced 2/3 of the laser power
and decreased a lot of parts for optics and fiber, it was less
power dissipation, more stable, compact, and easier to
manipulate. The results demonstrated in the experiment
showed that the trapping number (~108) and temperature
(2.5μK) of cooling atoms in FOP were approximate with that
in normal six-beam-fountain. The other characteristic was that
repumpping beams created by an FEOM instead of a laser
enhanced the stability of the optical system as FEOM was
more compact, stable and reliable than a laser.
The microwave system of the fountain was consisted of a
local oscillator and a microwave synthesis chain. The work
shown below was base on a device synthesizer (Agilent
E8257C) referring to H-maser or oscillator (OSA, 8607),
whose phase noise affected the SNR of Ramsey fringe and the
stability of fountain. And now, with the help of Giorgio
Santarelli at SYRTE, a new synthesizer was researched, the
residual phase noise of two synthesis chains was measured at
frequency 7.034GHz and was shown in Fig.4. In the pulsed

Figure 4. Residual phase noise of two chains at frequency 7.034 GHz.

operating fountain, the phase noise at Fourier frequencies,
close to multiples of 1/TC, was down-converted, which leaded
[10]
[11]
to degradation of frequency stability
named Dick effect ,
the data in Fig.4 means that the contribution of synthesizer to
the short-term stability would be less than 1×10-13τ-1/2.
III.

PERFORMANCE OF THE FOUNTAIN

The device cycled with a normal fountain procedure,
‘trapping and launching – state selecting – interacting detecting’, as description in [8], the falling atoms with
launching velocity of 4.188m/s was measured by time of
flight method at 106 level with the temperature at 2.5μK at
detection zone, and the fountain cycle was 2s. The acquired
Ramsey fringe was shown in Fig. 5, the interaction time
between the atoms and microwave field was 10ms, the free
evolution time was 0.5s, the line-width of the Ramsey central
fringe was 1Hz, the SNR is more than 100, and the short-term
stability was estimated to be 8×10-13τ-1/2 based on SNR.

Figure 2. Schematic of the optical setup of the fountain.

Figure 5. Ramsey interference fringe of 87Rb fountain at SIOM.

Figure 3. Schematic of input beams in cooling zone of the fountain device.
The launching atoms way was (111) in the cooling zone. (a) Normal 6beam-fountain; (b) FOP-based fountain
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The frequency instability (statistical error) of the fountain
was measured by comparing the local oscillator (5MHz, BVA8607) locked to the fountain with H-maser (VCH-1003A)
using a commercial phase comparator, the Allan standard
deviation was shown in Fig. 6. The short-term stability of the
fountain was limited by the Dick effect from previous
microwave synthesis chain. The compared result was
believable after 10s as every feedback signal to local oscillator
had a time delay about two fountain cycles (4s). Another
comparing method was used by taking the H-maser as the
reference of the commercial synthesis (Agilent E8257C) and
the feedback signal was sent to the synthesis by using GPIB488 card communication, the Allan standard deviation was
obtained from the error signal shown in Fig. 7, the evaluation
of the frequency instability was obtained by 9×10-13τ-1/2 and
6×10-15 in one day. The comparing time was about 10 days.
A series of interested experiments correlative with lasercooled 85Rb atomic fountain were performed in our fountain
device[12]. 85Rb atoms were trapped and cooled by MOT and
OM and were then launched by OMM when changing the
lock-in peak of the saturated absorption of laser and adjusting
the modulating frequencies of AOMs and FEOM, the cooling
temperature was about 1.5μK and the detected atomic number
in the detection zone was at 107 level. In our fountain device,
the cavities were designed for 87Rb with the resonance
frequency of 6.835GHz which was far away from the clock
frequency of 85Rb at 3.036GHz, so the microwave field for
85
Rb was built by antenna-coupling, an antenna was located
above the top window of the fountain, emitting two
microwave pulses for Ramsey interaction. The Ramsey fringe,
averaged by 7 times, was obtained and shown in Fig. 8 when
the launching velocity was 4.188m/s, and the line-width was
2.1Hz. The frequency stability of 85Rb atomic fountain was
evaluated, and the Allan standard deviation was shown in Fig.
9 with stability of 4×10-12τ-1/2 and 5×10-14 in 8000s. A +5.8Hz
deviation from 3 035 732 439.0(60) Hz was measured in the
experiments, however, as space microwave field brought
many large uncertainties, the accuracy was bad. A special

fountain device for 85Rb is necessary for measuring the clock
frequency of 85Rb with uncertainty at 10-15 level, which has a
potential application on measuring the variation of the fine
structure constant[13,14].

Figure 7. Allan standard deviation of the fountain measured against the
compare between the locked synthesis and the H-maser (VCH-1003A).

Figure. 8 Ramsey fringe of 85Rb atomic fountain.

Figure 9. Allan standard deviation of 85Rb atomic fountain.

Figure 6. Allan standard deviation of the fountain measured against the
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IV.

CORRECTED SYSTEMATIC FREQUENCY
BIASES

The frequency biases and frequency uncertainties due to
the systematic errors in the fountain were estimated in
experiments, and the corrected biases included second-order
Zeeman shift, blackbody radiation shift and gravitational
redshift.
The clock transition of the rubidium fountain occurred in
hyperfine ground state F = 2, mF = 0 to F = 1, mF = 0 , and
the first-order Zeeman shift was zero and the second-order
Zeeman shift must be considered due to the presence of the Cfield which afforded the quantized axis for the atoms. This
field brought clock frequency shift by Δν = 0.0575Hz/μT 2 . In
our fountain, the magnetic map was carried out by measuring
the Rabi transition envelope, two approaches were employed
by microwave antenna coupling[15] and simulated Raman
transition[16] respectively, and the data of the methods
coincided well. The magnetic field from lower cut-off
waveguide of the Ramsey cavity to the apogee of the atomic
trajectory was illustrated in Fig.10 by using the simulated
Raman transition approach. The second-order Zeeman relative
shift was estimated as 143.6×10-15 in the case, the current of
the C-field had been monitored for a long time (more than one
day) and the fluctuation was less than 0.015%, the
corresponding frequency uncertainty was less than 5×10-16.
The blackbody radiation shift was a little big as the
microwave cavity temperature was kept at 52.0℃ to adjust the
resonance frequency of the cavity to 6.835GHz. Four PT100
thermal resistances were adhered to the vacuum tube of
interaction zone to monitor the temperature of the zone, three
of them were monitors and the other one was employed as a
reference for the control system in the fountain. The
temperature fluctuation in the fountain was shown in Fig.11,
which indicated that the temperature gradient was about 2K
and the fluctuation was ±0.1K, the blackbody shift was
calculated to be -17.6×10-15 and the uncertainty was less than
5×10-17 by the quoting coefficient[17].
The clock frequency also changed with the gravitational
potential. The gravitational redshift was measured to be
1.0×10-15 and the uncertainty was about 1×10-16 by measuring
the altitude of the fountain from GPS.
V.

Figure 10. Magnetic map above the lower cut-off waveguide. The
horizontal axis is height above cooling zone central, the area between the
two red line is Ramsey cavity, the magnetic flux density in the different
position is measured by the simulated Raman transition approach.

Figure 11. Temperature fluctuation of the Ramsey interaction in the
fountain. The different color line represents the thermal resistor in the
different position.

UNCORRECTED SYSTEMATIC FREQUENCY
BIASES

The cold atom collision shift for rubidium was very small
compared with cesium. As the shift was estimated to be less
than 0.8×10-16 according to the experimental result in BNMSYRTE[18] and the uncertainty was less than 0.4×10-16, the
shift was not corrected. And direct measurement by method
of high/low density is one of our following works.
The Majorana transition due to nonadiabatic change of the
magnetic field encountered by the atoms resulted in frequency
shift of the fountain[19,20]. To estimate the effect, the magnetic
map in whole vacuum device was measured by the simulated
Raman transition shown in Fig. 12 and the zero field was not

Figure 12. Magnetic map above cooling zone.
found. The atomic numbers in state mF≠0 after the stateselection process were not found with in SNR at about 100,
and the shift was conservatively evaluated to be less than
4×10-16.
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Other uncorrected frequency biases are to be measured,
such as the correlative shift with microwave and cavity, light
shift, Ramsey and Rabi pulling and so on.
VI.

CONCLUSIONS

[7]

A rubidium fountain clock, continuously worked for more
than 10 days, was developed in SIOM, the statistical error and
the systematic error were estimated. The short-term frequency
stability of the fountain, limited by the microwave synthesis
chain, was 9×10-13τ-1/2 and the long-term stability had reached
6×10-15 in one day.
To improve the performance of the fountain, a better
simplified and stable optical system, with new microwave
synthesis chain, effective prepared method of the atomic state
and a set of the precise control system are in process. In the
near future, a new microwave synthesis chain will be used,
and the short-term stability is expected to be less than
3×10-13τ-1/2.
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Abstract—The 2nd harmonic signal has been recognized for some
time as a “status-of-health” indicator for Rb clocks.
Unfortunately, while the 2nd harmonic signal can provide
qualitative assessments of clock-signal health, at present there is
no analytic theory capable of connecting the 2nd harmonic to
various parameters of interest. In large part, the difficulty lies in
the fact that clocks operate in a regime where none of the
standard approximations for solving field/matter interaction
problems apply, in particular the Quasi-Static Approximation
(QSA) which arguably has the greatest intuitive appeal. Here,
we describe our first set of studies examining the validity of the
QSA under conditions where the Rabi frequency, the field’s
modulation frequency, and the atom’s dephasing rate are all
nearly equal. Specifically, we examine the QSA’s prediction of
the 2nd harmonic signal amplitude as a function of microwave
power. Our results suggest that the QSA can have utility for
understanding the relative change in the 2nd harmonic signal
with microwave power, and therefore potential quantitative
utility for understanding a Rb clock’s status-of-health.

I.

INTRODUCTION

In the standard frequency-feedback loop of atomic clocks,
a field’s frequency is modulated at fm; the atomic dynamics
are detected and demodulated at the modulation’s fundamental
frequency (i.e., the 1st harmonic signal), and this demodulated
signal is then used to generate a correction voltage for a
crystal oscillator. Typically, the intuitive understanding of this
process is obtained by viewing the atomic dynamics in terms
of the quantum system’s static response to the resonant field:
1st harmonic dynamics ⇔ Static lineshape 1st derivative,
2nd harmonic dynamics ⇔ Static lineshape 2nd derivative.
Consequently, the Quasi-Static Approximation (QSA) to the
atomic dynamics suggests that a 2nd harmonic signal can be
employed as a measure of the atoms’ frequency discrimination
capability (i.e., the slope of the static lineshape’s 1st
derivative). In a phrase, the 2nd harmonic signal can be
employed as a vapor-cell clock’s status-of-health indicator.
However, in order to obtain large signal-to-noise ratios and
narrow atomic linewidths in atomic clocks, it is typical to
operate under conditions such that fm ~ Ω ~ γ, where Ω and γ
are the Rabi frequency and dephasing rate, respectively.
Unfortunately, this regime of operation is neither quasi-static

(large γ), adiabatic (large Ω), nor sudden (large fm).
Consequently, none of the standard approximations of atomic
dynamics legitimately apply, notably the QSA.
In order to develop a better intuitive understanding of
atomic dynamics in the regime of clock operation, and in
particular the nature of the atoms’ 2nd harmonic response to a
frequency modulated field, we have begun a series of
experiments investigating 2nd harmonic signals under clock
operating conditions (i.e., fm ~ Ω ~ γ). Here, we discuss our
first set of experiments examining the amplitude of 2nd
harmonic signals as a function of microwave power, and the
comparison of our results to the predictions of a QSA model.
In the next section, we outline the QSA model, and discuss the
conditions of clock operation that would lead one to doubt its
validity. Then in Section III we discuss our experimental
system. Our results are presented in Section IV, where they
are compared with the QSA model as well as a 2-level density
matrix model of the 2nd harmonic signal. Our conclusions are
presented in Section V.
II.
A.

Overview of the QSA Model
As is well known, the signal of a Rb atomic clock is
obtained by passing the light from a lamp through an
absorption cell contained within a microwave cavity as shown
in Fig. 1 [1]. In the absence of microwaves, the light intensity
transmitted by the vapor is high as a consequence of optical
pumping [2], which removes atoms from the optically
absorbing state. However, when resonant microwaves are
applied to the vapor atoms return to the optically absorbing
state, and the transmitted light intensity decreases. Thus, the
light intensity transmitted by the vapor carries information on
the atoms’ response to the microwave field, which is the
origin of the Rb atomic clock signal.
Under static conditions, the light intensity transmitted by a
Rb vapor of length L, I(L), is given by the Beer-Lambert law
of exponential attenuation [3]:
I(L) = Ioe-ηNσL.

(1)

Here, Io is the light intensity at the entrance to the vapor, N is
the number density of Rb atoms in the vapor, σ is the optical
absorption cross section, and η corresponds to the fraction of

This work was funded by U.S. Air Force Space and Missile Systems Center
under Contract No. FA8802-04-C-0001.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

THE QUASI-STATIC APPROXIMATION

564

atoms in the absorbing state. According to the Generalized
Vanier Theory of the alkali atom’s 0-0 hyperfine transition
[4], η is given by

⎡ 2
2
⎛ γ ⎞ 2⎤
⎢ γ + Δ + ⎜ Γ ⎟Ω ⎥
⎝ α⎠ ⎥,
⎢
η =
g u B + gγ c ⎢ 2
⎛ γ ⎞ 2⎥
2
⎢⎣ γ + Δ + ⎜⎝ Γβ ⎟⎠Ω ⎥⎦
gpγc

(2)

Δ(t ) ≡ ν (t ) − ν o = (ν − ν o ) + δ m g (t, f m ) ,

where ν is the field’s average frequency, δm is the amplitude
of the periodic frequency modulation, and g(t,fm) is an
arbitrary periodic function of time with period 1/fm; then the
QSA assumes that γ >> fm, δm, along with the assumption that
the system is not in the regime of power broadening: γ >> Ω.
We now expand I(L) in a Taylor series about
Δ o ≡ (ν − ν o ) :

where Δ is the microwave field detuning,
gp = degeneracy of the optically excited ground-state
~
hyperfine level, F = F ,

I(t ) = I(L, Δ o ) + δ m g(t, f m )

gu = degeneracy of the non-optically excited ground-state
hyperfine level,

g = gp + gu,

Γβ =

rf-Discharge
Lamp

B
+ γc ,
2

+

g p γ c (B + γ c )
,
~
g p (B + γ c ) − FB

I(t )
δI(t )
δ 2 g 2 (t, f m ) ∂ 2 η
≡
− 1 = − NσL m
− η o NσL
I
I oe
2
∂Δ2 Δ

. (5)
o =0

Finally, computing the derivatives of Eq. (2) we obtain
NσLg p γ c γ (Γα − Γβ ) δ 2m g 2 (t, f m )Ω 2 .
δ I (t )
= −
(g u B + gγ c ) Γα Γβ ⎛ 2 ⎛ γ ⎞ 2 ⎞2
I
⎜ γ + ⎜ Γ ⎟Ω ⎟
β⎠
⎝
⎝
⎠

Photodiode
Rb87
52P1/2,3/2

B

52S1/2

F=2
6.8 GHz

6.8 GHz

(6)

B. The Atom’s 2nd Harmonic Response
From the photodiode shown in Fig. 1, the signal will
typically pass to a splitter, one branch of which will go to the
RF port of the “fundamental-signal” mixer. The local
oscillator of this mixer will be derived from g(t,fm) (e.g.,
sin(2πfmt)), and this mixer’s output, S1, will provide the
correction signal that is used to lock the microwave field’s
frequency to the 0-0 hyperfine resonance frequency (i.e.,
dS1/dΔo).

Microwave Cavity

Transmission

δ 2m g 2 (t , f m ) ∂I ∂ 2 η
+ ... . (4b)
∂η ∂Δ2 Δ
2

Since we’re interested in on-resonance conditions (i.e., Δo = 0
⇒ η = ηo), the first derivative of η with respect to Δ is zero,
and so we have to second-order in the Taylor-series expansion

6.8 GHz

Rb87

F=1

Figure 1: Generic diagram of a Rb atomic clock. In this figure, the
lamplight excites Rb87 atoms out of the F = 2 ground-state hyperfine
~
level, so that F = 2 , gp = 5, and gu = 3. The atoms are excited out of
the F = 2 hyperfine manifold at the rate B.

As employed here, the QSA model assumes that the
dephasing rate of the atomic system is larger than all other
parameters describing the atomic dynamics [5]. In particular,
if the field’s frequency, ν, is modulated in some fashion:
a

Δo

o

2γ c (B + γ c )(g u B + gγ c )
.
(g u − 1)B 2 + (g + 2g u )Bγ c + 2gγ c2

Microwave Frequency

+ ... , (4a)

⎛ ∂I δ m g(t, f m ) ∂ 2 I ∂η ⎞ ∂η
⎟
+
I(t ) = I(L, Δ o ) + δ m g (t, f m )⎜⎜
∂η2 ∂Δ ⎟⎠ ∂Δ Δ
2
⎝ ∂η
o

B = optical photon absorption rate,

Γα =

∂I
δ 2 g 2 (t , f m ) ∂ 2 I
+ m
∂Δ Δo
2
∂Δ2

or, since the transmitted light intensity only depends on the
microwave detuning through η,

γc = dephasing rate due to “collisions,” a

γ =

(3)

The other branch of the split signal will also go to the RF
port of a mixer. However, in this case the LO signal will be
derived from g2(t,fm) (e.g., cos(4πfmt)). The output of this
mixer, S2, yields the 2nd harmonic signal of interest for statusof-health monitoring, since it provides a measure of d2S1/dΔo2,
and after passing through a low pass filter the amplitude of S2
will be given by

S2 =
By collisions, we mean all processes other than light absorption that
lead to dephasing (e.g., diffusion out of the light field). Additionally, to
simplify the equations, we have assumed that the longitudinal
“collisional” relaxation rate equals the collisional dephasing rate.

565

NσLg p γ c γ (Γα − Γβ )

(g u B + gγ c )

Γα Γβ

δ 2m Ω 2
⎛ 2 ⎛ γ ⎞ 2⎞
⎜⎜ γ + ⎜ Γβ ⎟Ω ⎟⎟
⎝
⎠ ⎠
⎝

.
2

(7)

There are at least two things worth noting about Eq. (7).
First, independent of the form of the modulation (e.g.,
sinewave or squarewave), the QSA predicts a 2nd harmonic
signal. This is somewhat surprising in the case of squarewave
modulation, since the microwave field is never truly on
resonance; it simply samples the field at two specific
frequencies symmetrically placed about resonance.
Nevertheless, the QSA recognizes that the nonlinear nature of
the atom’s response to the field is captured by the atomic
dynamics, and that a 2nd harmonic signal is produced.
Additionally, the QSA indicates that S2 will have a
resonance-like response to the Rabi frequency. This is perhaps
best illustrated by writing Ω2 = αP, where P is the microwave
power, and then transforming to a new variable y ≡
ln(αP/γΓβ). In effect, the variable “y” is akin to the microwave
power measured in dB. With this transformation, Eq. (7)
becomes

⎛ NσLg p γ c (Γα − Γβ ) δ 2m
S 2 = ⎜⎜
γ2
⎝ (g u B + gγ c ) 4Γα

⎞
⎟⎟ sec h 2 ⎛⎜ y ⎞⎟ ,
⎝ 2⎠
⎠

(8)

where sech2(y/2) has a well-known resonance-like shape:
resonance occurs at y = 0 (i.e., αP = γΓβ) and the symmetric
lineshape has a FWHM of Δy1/2 ≅ 3.526 ⇒ 15.31 dB (i.e.,
Ω2high = αPhigh ≅ 5.83γΓβ and Ω2low = αPlow ≅ 0.17γΓβ.)
C. Fundamental Problems for the QSA
There are at least three serious problems with the quasistatic approximation in terms of its ability to describe the
atomic dynamics occurring in vapor cell clocks. First, and
perhaps most serious, vapor-cell atomic clocks do not operate
in a regime where γ >> fm, δm, and Ω. Ιn order to ensure a
high signal-to-noise ratio without losing atomic line-Q via
power broadening, vapor-cell atomic clocks operate with Ω ~
γ (i.e., clocks operate at the onset of saturation). Further, since
the linewidth of the 0-0 hyperfine resonance is on the order of
γ, S1 can be made largest by choosing δm ~ γ [6]. Finally, the
signal amplitude can be further enhanced through a process
akin to adiabatic fast passage if fmδm ~ Ω2 (and as a
consequence of Ω ~ γ, fmδm ~ γ2) [7]. Therefore, for reasons of
maximum signal-to-noise ratio and atomic line-Q, vapor-cell
atomic clocks typically operate under conditions where γ ~
fm ~ δm ~ Ω.

In addition to the above considerations, squarewave
frequency modulation posses an additional problem. When the
frequency of a reasonably strong resonant field changes
abruptly, a quantum system will undergo transient nutation
[8]. In the atomic dynamics, this will appear as a damped
oscillation: the oscillation frequency will be given by
−1
Ω 2 + Δ2o , and the decay time will be ~ γ . Of course, none
of this is captured by the quasi-static approximation, and we
are left to wonder how the transient nutation would influence a
2nd harmonic signal.
Finally, though not as serious as the previous issues but
nonetheless problematic, the QSA truncates the Taylor series
expansion at 2nd order. While this yields a relatively simple

expression for the 2nd harmonic signal, it is not necessarily
true that the higher-order terms are negligible. In particular, as
noted above δm ~ γ, suggesting that terms containing (δm/γ)κ
will not be negligible for κ > 2.
For all the reasons cited in the preceding paragraphs, we
must expect the QSA to fail in predicting the behavior of the
2nd harmonic signal. The question we want to (partially)
address in the following sections concerns the relative
magnitude of this failure. Said differently, to what extent can
the QSA provide us with any insight into S2?
III. EXPERIMENT
Figure 2 shows a block diagram of our experimental
arrangement. We stabilize our VCSEL diode laser wavelength
using the 87Rb resonance cell on the left of the figure (cell A);
this cell contains 10 torr of N2 as a buffer gas, and is
maintained at a temperature of 37 oC. Though the Rb atomic
clocks employed in GNSS and satellite communication
systems use an rf-discharge lamp [9] rather than a diode laser
as their light source [10-12], we use a laser to give us better
control of the light field. With the laser, we not only have the
ability to vary the intensity of the light and see its effect on the
2nd harmonic signal, we can also easily vary the laser
frequency. Varying the laser center frequency gives us an
opportunity to mimic spectral shifts in an rf-discharge lamp’s
output [13], and to thereby study the effect of such variations
on the 2nd harmonic signal, which might arise as a
consequence of the light shift [14].
The light intensity passing through cell A is kept very low,
so that optical pumping does not occur. The laser light also
passes through a second 87Rb resonance cell (cell B), which
again contains 10 torr of N2 as a buffer gas. The laser light
optically pumps the rubidium atoms in cell B, which is our
atomic-clock signal cell, and creates a population imbalance
between the atom’s ground state hyperfine levels. Since the
optical pumping process essentially removes atoms from the
optically-absorbing hyperfine level, the laser light passing
through this second cell is relatively high when the optical
pumping process completes. (The optical pumping process is
relatively fast, taking roughly a millisecond to complete.) If
microwaves of the appropriate frequency impinge on the
vapor of atoms, however, atoms are forced to return to the
optically absorbing hyperfine level with a concomitant
decrease in the transmitted light intensity. Consequently, as
illustrated in the top graph on the right, plotting the vapor’s
absorption as a function of microwave frequency yields a
Lorentzian absorption profile. In addition, we modulate the
frequency of the microwaves in our experiment at fm ~ 100
Hz. We can then monitor the atoms’ first harmonic response
to the microwaves or the atoms’ second harmonic response to
the microwaves using a lock-in amplifier and the appropriate
reference frequency for the lock-in. This is shown in the lower
graph on the right in Fig. 2. In this work, we are primarily
concerned with the amplitude of the 2nd harmonic signal when
the microwaves are on resonance, corresponding to locked
vapor-cell clock conditions.
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Figure 2: Block diagram of our experimental arrangement.

RESULTS

A. Experiment vs.Theory
The curve of the 2nd harmonic amplitude as a function of
Rabi frequency is known as a “Rabi resonance” [15], and this
is shown for our experiment in Fig. 3: γ = 136 Hz, fm = 118
Hz, and δm = 120 Hz. In the figure, the blue curve (rightmost)
corresponds to a 2-level density matrix calculation, and the
reddish curve (leftmost) to the predictions of the QSA. Note
that the density matrix calculations and the experimental
results agree reasonably well, indicating that the overall
nature of the atomic dynamics (at least with regard to S2’s
dependence on Ω) is not overly influenced by the multi-level
nature of the Rb system. At present, we believe that the slight
disagreement between the density matrix theory and
experiment may be due to inhomogeneous broadening [16],a
and in future work we plan to examine this possibility more
carefully.

the narrower curve) corresponds to the 2-level density matrix
calculation. In the case of Fig. 4, the QSA does very well in
predicting the shape of the Rabi resonance, to some extent
better than that of the 2-level density matrix calculations.
However, we should not infer too much from the QSA’s better
agreement with the experimental data, since this is very likely
coincidental, and due to the nature of our (hypothesized)
inhomogeneously-broadened transition lineshape.

If we don’t concern ourselves with the center position of
the Rabi resonance, then Fig. 4 shows S2 as a function of
microwave power in dB, where the normalizing power is set
equal to that corresponding to the peak of the Rabi resonance
in the three separate cases. Again the reddish curve (now the
wider curve) corresponds to the QSA, and the blue curve (i.e.,
a

Nevertheless, it seems strange that inhomogeneous broadening should play
a significant role in our experiments. As illustrated in Fig. 2, the 87Rb 0-0
transition lineshape is very well described by a Lorentzian. Typically,
inhomogeneous broadening leads to clear non-Lorentzian character in a
transition lineshape.
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Figure 3: The Rabi resonance: S2 vs. Ω. For these results, the
resonance cell temperature was 33 oC, corresponding to an optical
attenuation coefficient, NσL, of 0.8.

the normalized modulation frequency: circles and diamonds
correspond to two different values of the modulation depth,
while the dashed line is the prediction of the QSA. The first
thing to note from the figure is that in the limit of small
modulation frequency and small modulation depth the 2-level
density matrix calculations appear to asymptote to the QSA.
More importantly, however, under conditions of vapor cell
clock operation: fm ~ γ and δm ~ γ, the empirical expression of
Eq. (10) appears to be a reasonably good estimator of the Rabi
frequency that yields the maximum 2nd harmonic signal.
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Figure 4: The Rabi resonance: S2 vs. 20Log10[Ω/Ωpeak]. Here, Ωpeak is
the microwave Rabi frequency that maximizes the Rabi resonance.
The data is the same as that of Fig. 3.
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Figure 5 shows the peak of the Rabi resonance, Ωpeak,
(relative to the expression given by Eq. (10)) as a function of

fm γ

18

(9)

(10)

0.1

Figure 5: This figure shows the Rabi frequency that maximizes S2,
Ωpeak, as a function of the relative modulation frequency. Note that
Ωpeak is plotted relative to the empirical expression of Eq. (10). In the
figure, circles and triangles correspond to two different values of the
frequency modulation amplitude, δm, with the results obtained from
the 2-level density matrix calculations. The dashed line is Ωpeak as
obtained from the QSA: Ωpeak = γ.
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Of course based on Fig. 3, we know that this prediction of
the QSA is in error when the modulation parameters are not
small. However, we also know from previous work on Rabi
resonances that when the modulation parameters are large we
expect Ωpeak ≅ 2fm [15]. Thus, a reasonable empirical
expression to hypothesize for the Rabi frequency that
maximizes S2 is
γ 2 + 4f m2 .

QSA

0.0

Thus, under the conditions of most interest for vapor phase
clocks (i.e., B ≤ 3γc), we have 0.8 ≤ (Γβ/γ)1/2 ≤ 1; so that for
vapor-phase clocks the QSA yields Ωpeak ≅ γ.

Ω peak =

δ m/γ = 0.9

1.5

0.5

B. QSA vs. 2-Level Density Matrix
From Eq. (7), it is straightforward to show that Ωpeak =
(γΓβ)1/2 for the QSA. Note, however, that in the limit of large
ground-state degeneracy g,

4⎛⎜1 + B ⎞⎟
γc ⎠ .
⎝
≅
2
γ
⎛2 + B ⎞
⎜
⎟
γc ⎠
⎝

2.0

1.0

The results of Figs. 3 and 4 suggest that the QSA is likely
fairly good in predicting the shape of the Rabi resonance, but
not so much its peak position. However, from a practical
standpoint, it is the shape of the Rabi resonance that has the
greatest value in the 2nd harmonic signal’s employment as a
status-of-health indicator: given a change in the 2nd harmonic
signal, we want to know the relative microwave power change
that could have occurred. Therefore, given the agreement
between the 2-level density matrix calculations and
experiment, we decided to more fully examine the QSA’s
utility for status-of-health monitoring by comparing the
predictions of the QSA to those of the 2-level density matrix
under a wide variety of modulation conditions.

Γβ

γ 2 + 4f m2

0.0

0.1

1

10

fm γ
Figure 6: This figure shows the FWHM of the Rabi resonance, ΔΩ1/2,
as a function of the relative modulation frequency; the circles and
triangles correspond to two different values of the frequency
modulation amplitude, δm, with the results obtained from the 2-level
density matrix calculations. The dashed line is ΔΩ1/2 as obtained from
the QSA.

Figure 6 shows the FWHM of the Rabi resonance in dB
(i.e., Fig. 4 and Eq. (8)), as a function of the relative
modulation frequency. Again, the 2-level density matrix
calculations agree with the prediction of the QSA in the limit
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of small modulation frequency. However, even under
conditions of typical clock operation (i.e., fm ~ γ), the
agreement between the QSA and the 2-level density matrix
calculations is not too bad: the QSA only overestimates the
FWHM by about 20%, and for engineering status-of-health
purposes this is likely a tolerable error.
V. CONCLUSIONS
In this work, we have examined the quasi-static
approximation (QSA) and its ability to predict the magnitude
of the 2nd harmonic signal in vapor-cell atomic clocks as a
function of microwave power. More specifically, we
examined the QSA when the microwaves are resonant with
the 0-0 hyperfine transition frequency, since this is the only
condition of relevance for the 2nd harmonic signal’s use as a
status-of-health indicator. In general, the QSA does not predict
the position of the Rabi resonance very well. However, this
short-coming of the QSA is easily overcome through the use
of the empirical formula given by Eq. (10):
Ω peak = γ 2 + 4f m2 .
Under vapor-cell clock operating conditions, the QSA
does appear to do an adequate job in predicting the FWHM of
the Rabi resonance (in dB), though it overestimates the width
by about 20%. For the engineering application of status-ofhealth monitoring, this is likely not too large an error.
Specifically, if a change in microwave power produces a
significant change in the 2nd harmonic signal, we should be
able to use the QSA to estimate approximately how large a
microwave power change occurred.
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Abstract—In this paper we consider the theory of coherent
population trapping resonance formation in cell with antirelaxation wall coating illuminated by the narrow laser beam.
We study the dependence of resonance amplitude and width on
radiation intensity and illuminated zone diameter.

I.
INTRODUCTION
In Ramsey spectroscopy method [1] the ansamble of
quantum systems (atoms or molecules) is interrogated by
series (at least by two) of coherent field applications separated
in time. The Ramsey interrogation can be realized either with
an atomic (or molecular) beam passing through two spatially
separated fields, or with a pulsed electromagnetic field (see [2]
and references therein). The effect of atomic-motion induced
Ramsey narrowing of Coherent Copulation Trapping (CPT)
resonance has been studied both experimentally and
theoretically in buffered and coated cells, see [3-8] and
references therein. The signature of this effect is the spectral
narrowing of the dark resonance due to motion of oriented
atomic spin in-and-out of the optical interaction region, see
Figure 1 (a). In [4] the authors identify the main feature of the
phenomenon in buffer gas cell while in [5] they extensively
explain the model developed for the interpretation. In [6, 8]
the atomic-motion narrowing effect was studied
experimentally. It was found [6] that in weak fields the light
shift and light broadening increase linearly with the square of
illuminated zone, i.e. it behaves only on the total power of
laser beam. More detailed theory of the CPT resonance
formation in partially illuminated wall coated cell without
buffer gas was developed in [7]. In [8] the similar theory was
developed independently and demonstrates good quantitative
agreement with experiment. At the same time, divergences
between theory and experiment in [8] increases with the laser
intensity and beam diameter.
In present work we consider the theory [7] and the limit case
of this theory in weak laser fields. In present work we consider
a model based on a simplified three-level atom, see Fig.1.a.
We suppose all the main parameters of atom (such as energies
of levels, atomic mass, et.c.) close to the parameters of D1transition in 87Rb atom, where the transition between levels 1
and 2 is microwave and to level 3 is optical.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Figure 1. (a): Example of indiviual atom trajectory. Segments of trajectory
are shown by fringed lines inside and by solid lines outside the beam (red).
(b) Λ system describing the spin state of atom V1 and V2 are the laser Rabi
frequencies of resonance laser field components, Γ and 2γ are the ground
and exited state relaxation rates respectively, Ω L and ΩR are the optical and
two-photon (Raman) detunings. (c): time axis illustrating the individual
”history” of atom.b)

II.

THEORETICAL MODEL

A.

Density matrix equations
The density matrix evolution for this system can be
inscribed in common form as:



 ij  

i
  H ik kj  ik H kj    ij , kl kl 
 k 
k ,l



where H ik is the matrix element of the atomic Hamiltonian,




H . Following the standard theory is H  H 0  V (vz , t )

where H 0 is the Hamiltonian of the unperturbed atom

including static perturbation and V (vz , t ) represents the
atom-laser interaction which depends on the time, t, and on the
atomic velocity components along the quantization axis, vz ;
ij , kl is the relaxation matrix element describing the
relaxation processess. In the case of atomic system contained
in evacuated wall coated cell the relaxation processes are: the
collisions between the atom and the coating material, the spinexchange collisions and the reservoir losses. Also we suppose
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that the cell length is small in comparison with wavelength
 21 of microwave 1  2 transition. In such a case we can
neglect the Doppler broadening of this transition (Dicke
narrowing, see [9]).
Let us firstly consider the density matrix equations for
atoms inside the laser beam. After goto the rotating frame,
adiabatic elimnation of exited state 3 , and using the
normalization condition ρ11 + ρ22 = 1, one can obtain the
equation for spin state density matrix in the beam zone as:
V 2  V12
VV
f  G 2
 W    f  4 F 1 2 J 
'
'
V
V
R  G 1 2  W    R  (  ) J 
'
VV
J  F 1 2 f  (  ) R  W    J 
'

B. Motion of atom inside the cell
In this work we consider the cylindrical cell illuminated by
the co-axial cylindrical laser beam. We suppose that the laser
intensity is distributed homogeneously over the cross-section
of the beam. So we can subdivide all the cell volume by
“beam zone” inside the beam and “dark zone” outside the
beam. In beam zone the density matrix describing the internal
state of certain atom is governed by the equation (4) whereas
in dark zone it is governed by equation (6). Let us consider an
atom moving by the trajectory showed at Figure 1 (b).
Suppose that at observation time t A atom is in the point A in
the beam. During time T between tn and t A the density
matrix of this atom is governed by equation (4). The solution
is:

(2)


where
f  11  22 ,
R  Re(12 ) ,
J  Im(12 ) ,
 '     L / 2 is the optical coherence relaxation rate,
2  3.6  107 s-1 is the spontaneous decay rate of excited state

3 ,  L is a laser spectrum line width,   F (V12  V22 ) /  '

is a light shift, W  G (V12  V22 ) /  ' is an optical pumping
rate. F  F (vz ) and G  G (vz ) are the real and imaginary

33 

W
G  2

V1  V22   f  4V1V2  R 

2  2 ' 





(3)

The set of equations (2) can be symbolically inscribed as






 (vz , t )  A(vz )(vz , t )  B(vz ) 

and (4) as


33 (vz , t )  U T (vz )(vz , t )  D (vz ) 









(tn )  e A ' 'n1 (tn 1 ) 





et.c. Therefore we obtain an infinite sequence. After
averaging over atomic velocities and times spent in beam and
dark zones and summation one obtain [7]:

   

33  D  U T (e AT  1) A1B  U T e AT 

e


A ' ' 

1  e


1



A A ' '   A

e




e



 
 1  A1B.


(9)

The averaging procedure will be given below.
If the characteristic velocity of the density matrix
evolution is small in comparison with transition rate between
illuminated and dark zone, i.e., if


  (W   )  1   '   1 



where  and  ' are the average times what atom spent in
beam and dark zones continuously, we can expand the
exponents in (9) linearly. Keeping the zero power term of


5   A ,  ' A ' we obtain:

When atom is outside the laser beam, ρ33 = 0 and its ground

state density matrix  evolves according to the set of equation
similar to (4) but with zero values of V1, V2 and Δ:
 

 (vz , t )  A ' (vz , t ) 



In one’s turn, during time  'n1 between tn 1 and tn (see
Figure 1(c)) the density matrix evolution is governed by (6).

parts of  '/   ' i ( L  kvz )  respectively, k   / c is the
wave number of optical radiation. The variation of the
transmitted light is proportional to the exited state population
ρexc ≡ ρ33 which can be expressed via ground state density

matrix   ( f , R, J ) as









 
(t A )   e AT  1 A1B  e AT (tn ) 





 1 
  

33  D  U T   A '  '  A   B . 





This is an expression for 33 in the beam zone whereas
   0 in the dark zone. Averaging  over the atomic
33
33
trajectory or, the same, over the cell volume (this averaging is
denoted by brackets), we obtain:
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 D UT
33 

   '

1
   '    
A

A
'

 B  . 
 







Let us consider an expression (15) more detailed. It is easy to


see from (2) — (5) that D , U and B are proportional to the

squares of Rabi frequencies V1 and V2 and therefore D , U


and B linear over the radiation intensity. The matrix A can
  


be written as A  A ' A '' , where A ' is independent, and A ''
is linear on the radiation intensity. It allows us to rewrite (12)
as:




33  D  U T


A

B 

C. Averaging
Here we describe the details of numerical calculation
 of
(9). Let us denote the eigenvectors and eigenvalues of A as

X (i ) and i respectively:



Let us introduce the matrixes X and  :



e 2 t
0

0 
 
0  X 1 

e3t 


18

  
     
33  D  U T X (e T  1)  1b  U T Xe T X 1
    1
  
  

 X ' e ' ' X '1 1  Xe  X 1 X ' e ' ' X 1   19



 
  


 X e
 1 1b .



Here the overline denotes the averaging over vz , T ,  and
 ' . As an example, let us consider an expression

  
X e X 1   M1 (vz ) 











X (vz )e (vz ) X 1 (vz ) f ( ) d  dvz .



0

0

Here f ( ) is the probability density function of random value



 , M1 (vz )  (  vT )1/ 2 exp  vz2 vT2



is the one-dimensional



0

0  
3 

dependence on  is appeared only in arguments of e (vz )
and is reduced to the form of e '  ' . Therefore it is convinient
 to introduce the function


 

  


 
B   X (i )bi  Xb where b  X 1B 

g ()   exp() f ( )d  

1

0



Similarly we build the matrixes X ' and  ' by the


eigenvectors and eigenvalues of A ' . Vector B can be easily
 (i )
decomposed by X :



0







X  X (1) , X (2) , X (3) 
    1 0

  X 1 AX   0  2
0 0


 e1t
  
 
 X et X 1  X  0

 0


Maxwell distribution function for vz, vT  2k BT / m is the
14 most probable velocity, kB — is a Boltzmann constant, T is
a temperature, m is atomic mass. It is easy to see that the

 

AX (i )  i X ( i) 




At

Using (14) — (18) we can express (9) as

 

It should be noted that the calculation method is applicable
to the homogeneously illuminated wall-coated cell with
presence of buffer gas. In this case we should put  '  0 in
(11) and threat  as average time between collisions of active
and buffer atoms. It is easy to see that increasing of the buffer
gas pressure leads to decreasing of  . It leads to meet the
condition (11) of applicability of expression (13).



e

1

Therefore if (11) is fulfilled, the CPT resonance parameters
are determined by the total power by the whole cross-section
of the cell independently on the laser beam diameter.



Expressions like e At in (11) can be written as

and to write down the il-th matrix element of (20) as


17



   ' '  1 
X
'
e
X '     M 1 (v z ) 



il
k 

1
X 'ik (vz )  g '   'k (vz )   X 'kl (vz ) dvz .

i

This expression contains only one integral over vz .
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2

Now let us find the probability distribution functions
f ( ) , f '( ') and fT (T ) . The time  what atom spent in the
beam is







2 r 2  R 2 sin 2 

v

 

Nt  

dn

 1  F (t ')  dt ' dt ' 

It gives us the cumulative distribution function Ft (t ) :
dn
t 1  F (t ')  dt ' dt '




Ft (t )  1 


0





M 2 (v )  2 exp v2 / vT2 v / vT2 . The probability density

and the probability density function ft :

atom passes the beam. Therefore ()  R cos  / r . It gives
us the cumulative distribution function F () of random value
 as



()

M 2 (v )dv d 


2

2

g  ()  1    gt ( ) 



1


We should note that the function gt ()   ex  ft (t ) dt

4r 2
2 vT2

1  F (t )
.


4



vT 
e
4i r

0 1  F (t ') dt '



2

2 r  R sin 










0



1  F (t )



It gives:

arcsin  r R 



ft (t )  

dn
dt '
dt '

1  F (t ') 

function () of random value  is proportional to cos 
[8]. Note that the value of  varies from 0 to arcsin  r R  if

F () 

8

t

where  is an angle between the atomic velocity projection

v on the plane orthogonal to the cell axis and the vector
normal to the cell vall, R and r are the cell and beam radius

respectively, v | v | . The probability density function of
v is a two-dimensional Maxwell distribution function



(because 1  F (t ') is the probability for atom to survive in the
beam during time t ' ). Therefore the number of atoms what
already spent time t or more is

0

 2i r 
erf 
,
  vT 

can not be expressed via elementary functions. So we
approximated the exact expression (30) by

what gives us f ( ) аs
ft (t ) 



dF ()
1 v 
f  ()  
  T
e
d

4ir



4r 2
2 vT2

 2i r  
8r 2 
erf 
 1  2 2  . 5

  vT    vT 

2

ft ( x)  3 / 2 e


b x

vT   vT
ft  t
r
 r


, 




16 1  e a x


3/ 2 2

3

3



 A x ec x . 



x

The average time  what atom spend in the beam
continuously is










f ( )  d  

0

 1  F ()  d  
0

3 / 2 r
.
2 vT

The coefficients A  0.70839 , a  0.49 , b  2.286 and
c  1.272 were chosen so as to functions ft (t ) and
ft  t vT / r  vT / r have the same asymptotes at infinity
6 coincides near zero to a second-order terms by t inclusive,
and that the function ft ( x) has the correct norm


0

Now let us find the probability density function ft of time
t what atom continuously spent in the beam before the
observation time t A . Let dn / dt is a number of atoms coming
into the beam per unit of time. Total number of atoms in the
beam is:

gt ()  g t (r / vT ) 






Ntot 

dn

 1  F (t ')  dt ' dt ' 

ft ( x) dx  1 . It gives us



0
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2
1
16
A
g t ( )  3/ 2

 3 / 2  p ( )
2
b




c    3 
 3 p( a   ) 3 p(2a  )  p (3a   )  ,



where p()   ln  . It is easy to find g  ( ) using (33) and
(31).
At last we must found the probability density function f′(τ′)
for time τ′ what atom spent in dark zone before go to beam.
There are two different possibilities for atom when it is collide
with the cell wall: it can collide elastically, or stick to the wall
and after fly out in arbitrary direction. If atom is sticking to
the wall after collision, we should note that the probability for
atom to reach the highlighted zone between some pair of
consecutive wall collisions is much less than to move through
the cell in dark zone. In any wall collision act atom obtain
some random value of velocity, and the probability to reach
the highlighted zone is not depend on the number of collisions
what atom experienced being in dark zone continuously.
Therefore the probability density function f′(τ′) can be
approximated by the exponential distribution:



W 

W  r2
R

2



W 

 ' 



i.e. the optical pumping rate averaged both over vz and the
cell volume. The value of W

is determined by the ratio of

the laser power to the cell cross-section square.
It should be noted that the main contribution into the CPT
resonance formation comes from the slow atoms whose
velocity projection vz is less or of order of  '  / c . Therefore
it is useful to introduce the characteristic optical pumping rate
for slow atoms:


Wslow  V 2 /  '  W /(2G ) 



Typical dark resonance line shape calculated according eq.
(34) (9) is presented on Figure 3. The resonance has characteristic
“dual” structure: it consists on the broad “pedestal” with
several tenth of kHz width, and a narrow central peak whose
what gives
width is about 100 Hz. The broad peak is formed by atoms
whose passed the beam once whereas the narrow peak is
formed by multiply passage. This result is in agreement with
1

.
35 experimental data presented in [3,5,6,8].
g '( ') 
1 '  '
We studied the dependence of the central peak parameters
on the laser power and beam diameter and verified the
Average time  ' what atom spent in dark zone
applicability of eq. (13). The W - dependences of central
continuously can be calculated as



 f '( ') 



1
 ' 
exp    ,
'
  '

' 

R2  r 2
r2



peak amplitude and FWHM are presented on Figure 3 and
Figure 4 respectively. These dependences were calculated
 according (13) (solid line) and according (9) for various values
of r. It should be outlined that W is proportional to the laser

III.
RESULTS AND DISCUSSION
We made the simulations of the CPT resonance line shape
and dark resonance parameters in Λ-atomic vapors in
cylindrical cell with R  0.5 cm. Atomic mass Масса атомов
m was taken to be equal of 87Rb mass, T  20 ○С, ground
state relaxation rate   300 s–1, optical coherence relaxation

intensity what is inverse proportional to r-2 at fixed laser
power. Therefore the narrowing of the beam (at fixed power)
leads to the narrowing and decreasing of amplitude of the CPT
resonance.

rate  '  1,8  107 s–1, V1  V2  V ,  L  0 . Beam radius r
was a variable parameter. We took the optical pumping rate
W averaged over vz as a main characteristic of laser
intensity:



W

In our case

2V 2
G,
'



G



M1 (vz ) G (vz ) dvz 





G  0, 0168 , and V  2,3  104 W , where

both V and W are measured in inverse seconds (2π·1 s–1 = 1
Hz).
It is convenient to introduce the value of
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Figure 2. Dual structure of the dark resonance for W  103 s-1 and r = 1
mm.
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Figure 3. Dependence of the CPT resonance line width on

W . The

resonance line shape was calculated according (13) (solid line), and (9) (short
dash, dot and dash) for various values of r.

Let us consider now the applicability of eq. (13).
Characteristic values of  are:   5.9  106 s for r  0.5
mm,   1.75  105 s for r  1.5 mm, and   5.03  105 s
for r  5 mm (in the last case the time  is not the time what
atom spent in the beam continuously but the time between
velocity-changing collisions). Consider the conditions (10) of
applicability of eq. (13). In our case   300 s–1, and even at
r  0.5 mm the value of
 '  5,8  10 4 s, the second
condition of (10) is fulfilled. The first condition of (13) reads
as   Wslow  1 for slow atoms. It gives the following

bounds for

W :

W  56

s–1 for

W  170 s–1 for r  1, 5 mm, and

r  0, 5

mm,

W  660 s–1 for

r  5 mm. Figure 4 shows that the resonance linewidth
calculated according (13) and (16) are noticeably differs from

these values of W .

Dependence of the CPT resonance amplitude on

W

. The

resonance line shape was calculated according (13) (solid line), and (9) (short
dash, dot and dash) for various values of r.

The dependence of central peak amplitude on W

is

presented on Figure 5. As for FWHM, the formula (13) is
applicable if conditions (10) are fulfilled. But now these
conditions reads strongly, i.e., Wslow    0.1 . It should be
noted that even if the laser beam illuminate the whole cell
volume, the CPT resonance amplitude doesn’t reach the
values predicted by formula (13). To increase the amplitude it
is necessary to increase the velocity-changing collisions rate.
It can be attained by adding some amount of buffer gas into
wall-coated cell.
IV. CONCLUSION
In present work we present the theory of CPT resonance
formation in partially illuminated wall-coated cell without
buffer gas. This method is applicable also to the wall-coated
cell with buffer gas below the diffusion approximation density
limit, if these cells are illuminated by the laser light
homogeneously. We obtain a simple calculation formula (13)
what can be used if conditions (10) are fulfilled. It is found
that if conditions (10) are broken, both amplitude and
linewidth decreases with decreasing of the laser beam
diameter, but amplitude decreases more significantly.
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package maser is about 3.2dB at -80dBm microwave signal input,
and the H line-width is about 5Hz, as shown in fig1.

Abstract: This paper introduces a digital servo using single
frequency modulation for passive hydrogen maser. The main parts
of this system include ADC, FPGA and DAC which sample error
signal, process the signal and output two channels controlling
voltage.
The algorithm is used to separate two errors by single frequency
modulation principle. Then response curves of two channels are
gotten to calculate proper PID controller parameters. In the end,
two incremental PID controllers are used to get two channels
control voltage to control the resonant cavity and OCXO
respectively. The influence caused by the speed and precision of
DAC to frequency stability has been analyzed. The experiments
prove that the precision of DAC had a little influence on the short
and medium term frequency stability at high control speed

Figure 1. The parameters of the passive maser.

The frequency stability of passive hydrogen maser with this system
has been tested. It has achieved at σy(1000)<3×10-14.

I.

The main units of electronic package are detailed in
fig2.These units are in charge of frequency locking of an OCXO
(Oven Controlled Crystal Oscillator) and ACT (Automatic
Cavity Turning) varactor diodes which compensates the
frequency variation of the cavity.

INTRODUCTION

Shanghai Astronomical Observatory has devoted to
development of hydrogen maser for a long period, since 2002
study on passive hydrogen maser had been carried out [1]. Since
2008, the electrical system digitization of signal-frequency
passive hydrogen maser has been studying. The research of
digital servo is a part of it, which Simplifies parameter regulation.
And it has been achieved at σy(1000)<3×10-14.
II.

DESIGN

In the physics package, magnetron cavity is used. The bulb is
located in the center of cylindrical radiofrequency cavity. The
magnetic shielding of the physics package has 4 layers and its
shielding factor is about 50000.The passive Hydrogen maser is
subdivided into two principal functional packages, the physics
package which provides the actual atomic oscillator, and the
electronic package which provides the atomic signal processing
circuits and parameter control functions. The gain of physics

Figure 2. The functional block diagram of the passive H maser
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Δu is correction signal for OCXO and ACT varactor diodes;
e is error; P, I and D are the proportional, derivative and integral
parameters. PID parameters can be gotten from the response
curves of two channels scanning process, which calculate proper
PID controller parameters.

The 10MHz of the OCXO is directly multiplied by 140 to
1.4GHz, at the same time, it is multiplied to provide the clock of
DDS to generate 20.405157Hz FSK modulated signal. The
modulating signal is square wave frequency at 12.5 KHz
provided by CPLD. The 1.4GHz and the modulated signal are
mixed to allow double servo system for both the OCXO and
ACT. After the interaction with the hydrogen atoms in
microwave cavity, the output signal are first amplified by Low
Noise Amplifier (LNA), then frequency mix with a free running
oscillator to 20 MHz, and AM converted by envelope detector
after Intermediate Frequency (IF) amplifier to generate the error
signal at 12.5KHz. Finally the error signal is processed by the
servo system together with Phase shifter signal from CPLD to
get proper control voltage for OCXO and ACT varactor diodes.

The two ADC interfaces generate necessary control signal in
FPGA that control the DAC8812s and transfer the 16 bit data
from the PIDs to DACs respectively. DAC8812s output DC
voltage to control OCXO and ACT varactor diodes.
The state machine of the FPGA coding has 6 states, as shown
in fig.4.

FPGA maximizes the flexibility of the controller because it
can be varied through programming means, without modification
of the controller hardware. This paper introduces a digital servo
system based on FPGA.
The main hardware structures of this system include ADC,
FPGA and DAC. The block diagram of the digital servo system
is shown in Fig. 3.
Figure 4. The state machine of the FPGA coding

At first waiting for 5s, In this state, the OCXO_Ctrl (The
control variable of OCXO) set as the minimum, the ACT_Ctrl
(The control variable of ACT varactor diodes) set as initial value.
After 5s, get into OCXO_Scan state, in this state the OCXO_Ctrl
increases to maximum.by degrees At the same time the
maximum, minimum and square minimum error of the OCXO is
ongoing record (fig. 5). In the COXO_Hold state, The Kp, Kd
and Ki of PIDOCXO is calculated by response curve of
OCXO_Scan , and set the OCXO_Ctrl at error square minimum
point. The ACT_Ctrl has been also set as minimum. After 5s, get
into ACT_Scan state, in this state, similar with OCXO_Scan to
get response curve of ACT varactor diodes (fig. 6). In
ACT_Hold state, The Kp, Kd and Ki of PIDACT is calculated
by the results of ACT_Scan, and set the ACT_Ctrl at error
square minimum point. The system will be in locking state after
5s. In Locking state, two channel of PID control the OCXO and
ACT varactor diodes at its own speed.

Figure 3. Block diagram of digital servo system

The ADS1675 samples the error signal form receiver unit at
high sampling rate 1.28MHz. The ADC interface generates
control signals in the FPGA that control the ADS1675 and
transfer the 24 bit data to error separate module.
The error separate module separates two errors by single
frequency modulation principle [2].
The two increment PID control systems take the errors and
computes the correct signal based on the equation respectively
[3].
Δu (k ) = u (k ) − u (k − 1)

= P (e(k ) − e(k − 1))
+ Ie(k ) + D (e(k ) − 2e(k − 1) + e(k − 2 ))

(1)
Figure 5. The OCXO_Scan state
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The experiments in the influence caused by the speed and
precision of DA on frequency stability have been done for
component selection.
The FPGA controls the DAC to imitate 14 bit, 13bit, 12bit
DAC. The frequency stability has been tested with these
different DAC at 7ms control speed. The experiments prove that
DA had a little influence on the Short and medium term
frequency stability at high control speed.
IV.
Figure 6. The ACT_Scan state

This paper details the software and hardware design of a
digital servo using single frequency modulation for passive
hydrogen maser. Based on this servo system, good short-term
stability is achieved. In order to further validate the effectiveness
of the designed system, long-term stability will be tested with
parameter regulation in future.

Form these two figure, we can see that the response curve of
OCXO and ACT are linear within the scope of the scanning. The
scope of the scanning is gotten from the experiment, and they
will lock in this liner scope too.
III.

CONCLUSION

VERIFICATION

Based on the above software and hardware, digital servo
circuit is completed. In order to validate digital servo circuit, the
frequency stability of the passive H maser with this digital servo
is tested by PicoTime (from SpectraTime of Switzerland). The
active H maser VCH-1003 provides the reference frequency.
Tested results shown that frequency stability of the passive Hmaser has been achieved at σy(1000)<3×10-14.
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Abstract— The results of the theoretical and experimental
research of the light and orientation frequency shift effects in
laboratory scheme of the 87Rb cell frequency standard are
provided. The real orientation frequency shift importance is
shown.

I.

INTRODUCTION

The information on dynamics of behavior of so-called light
shift has principal significance for utilization of a radio-optical
resonance effect. With reference to vapors of the alkaline
metals light shift as it is known contains two components [1]:
•

Scalar shift Δν0 which has similar values for all
magnetic sublevels of the hyperfine structure F or F*

•

Tensor shift ΔνT which is connected to the atom
polarization dependence on the quantum magnetic
number mF

Light shift effect is a major destabilizing factor in the
optical pumped quantum discriminators used in the rubidium
vapor cell frequency standards [2]. In the classical scheme
which suggests usage of isotopic filtering of the pumping
light, the errors in these devices are largely determined by the
scalar component of the light shift.

Figure 1. An example of the light(a) and orientation(b) shifts recording

In the case of optical pumping of 87Rb vapor by
nonresonant light of the second isotope contribution of the
tensor component in the resulting light shift of the 0-0

978-1-61284-110-6/11/$26.00 ©2011 IEEE

transition does not exceed 15 and 2% respectively for the
pumping lines D1 and D2 [3]. As shown in [4], the situation
changes radically if the optical pumping of 87Rb vapor is
provided by the spectral lamp with isotopic filtering of
resonant light in a 85Rb vapor cell. So, when pumping is
provided by only D1 spectral line ΔνT values of magneticindependent microwave transition can be significantly (several
times) greater than the scalar frequency shift Δν0. In this case,
a characteristic feature of the light shift tensor component is
its proportionality to the factor 1-3cos2θ, where θ is an angle
between the direction of the working magnetic field and the
pumping light beam [5].
The consequence of this dependence is ability to control
the light shift in order to minimize it in the rubidium quantum
discriminators used in the technique of frequency model
measures [2]. This paper presents experimental results that
confirm analytical studies [4] for various modes of spectrally
selective optical pumping of 87Rb vapors.
II.

EXPERIMENT

The experiment was provided on a laboratory prototype of
a quantum discriminator, which functional diagram contains
the well-known set of composite components used in the gas
cell frequency standards.
The discriminator was placed to the center of Helmholtz
coils that create magnetic field in the working area of the
absorption chamber with a working substance inside. To
reduce external magnetic disturbances and irregularities of the
laboratory magnetic field the entire system was placed in a
dual-layer magnetic shield with a shielding factor about 103.
Resonant microwave field that induces transitions in the
hyperfine structure of rubidium atoms was produced by the
ordinary scheme of frequency multiplication of the reference
oscillator, followed by amplification. In the detection of the
radio-optical resonance signal the standard synchronous
detection technique and frequency servo-control of the
reference oscillator to the resonance value were used.
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Figure 3. Calculated dependences of the orientation (1) and light (2) shifts
on the filter cell temperature for different pumping modes: a) ID1=1,5ID2 b)
ID1=10ID2

IV.

Figure 2. Experimental dependences of experimental dependences of the
orientation (1) and light (2) shifts on the filter cell temperature for ID1=1,5ID2

Light-shift behavior was observed on the PC monitor at a
fixed change in the pumping light intensity by a neutral and
interference filters while changing the magnetic field direction
angle θ from 0 to 90° Fig. 1. The corresponding experimental
dependences of the light and orientation shifts on the filter cell
temperature in the case of optical pumping by the lamp source
with spectral components intensity ratio D1 and D2 as 2 to 3
are shown on the Fig. 2.
The figure shows that there is no such filter cell
temperature that provides a zero orientation shift for noticed
above pump regime. This conclusion sorts well with the
findings of the analytical studies [4] and illustrates the
importance of the tensor component of the D1 pumping line
even in the form of a significant weakening of the D2 line. To
determine their optimum ratio at which the orientation shift of
0-0 transition frequency is minimized, we calculated the
corresponding dependence, similar to how it is done in [4].
III.

CONCLUSION

Our experiments and calculations confirm an essential role of
the tensor component for the orientation frequency shift of the
0-0 transition for both spectral lamp and laser pumping. In the
experiment with lamp source interference filters usage can
only reduce but not eliminate the influence of this component.
However, it can significantly reduce the orientation shift of the
0-0 transition. For instance, ratio of intensities of the D1 and
D2 lines as 1 to 20 leads to a tenfold weakening of the
orientation shift in the filter cell temperature range 60-70 °C.
The results of these studies suggest that despite the
relatively weak dependence of the frequency of the 0-0
transition on the absolute value of the external magnetic field,
the requirement to ensure the constancy of the angle between
the pumping light direction and the magnetic field vector is
absolutely essential in quantum discriminators for moving and
rotating applications.

THEORY

The calculation was performed for the pump spectrum
approximated by the sum of the Doppler contours with
different weight contribution of the components D1 and D2
(Fig. 3 (a,b)) at a constant integrated intensity of the source
(100μW/cm2). It is clear that requirements for the spectral
component composition of the lamp source are not identical
for minimization both light and orientation frequency shifts in
the resonance transition. This situation causes to meet
compromise requirements to maintain a high stability of the
quantum discriminator’s operating frequency.
In the case of laser pumping of one of the D2 transition
lines, orientation frequency shift is much higher than the value
observed at the same integrated intensity of the spectral lamp
source Fig. 4. In this case, attention is drawn to the fact that
orientation shift takes place even at a zero light frequency shift
that corresponds to the laser source tuned on the resonant
frequency of the atomic transition.

Figure 4. The theoretical dependence of the orientation (1) and light (2)
shifts on the laser detuning from the center frequency of the D1. Δf=1.5 MHz
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Abstract—Adequate coherent pulsed microwave
input into microwave cavity of atomic clock can
induce Ramsey fringes of the atomic transition, by
which the line width of atomic clock can be greatly
reduced and the performance might be improved.
This method has been applied to the pulsed
optically pumped （POP） rubidium clock.

package which induces Ramsey interference
whose line width at central fringe is greatly
reduced.
Recently, a new method to induce Ramsey
interference emerges. Successively importing
two coherent pulsed microwave signals into the
microwave cavity could simulate two coherent
microwave fields which are separated in space.
Ramsey interference could also be induced in
this way. This method has been applied to the
pulsed optically pumped (POP) rubidium clock
successfully. Ramsey interference fringes have
been observed and the POP rubidium clock has
been locked on the central Ramsey interference
fringe.

Shanghai Astronomical Observatory has studied
the application of this method in passive hydrogen
maser. Electrical circuit for pulsed microwave
frequency sweeping has been designed, and the
Ramsey fringes of hydrogen atom have been
observed, which means that this method for
passive hydrogen maser is feasible. We plan to
optimize the parameters of the system and
microwave pulse to further reduce the line width
and design full-scale servo circuit to realize the
pulsed microwave hydrogen maser. Finally system
performance will be measured and optimized. This
work is original in China.

I. Introduction

Principle of passive hydrogen maser is
similar to rubidium clock. Atoms interact with
detecting signal. Stimulated transition is induced
and error signal is provided, by which
voltage-controlled crystal oscillator is locked.
And atomic signal gain of the passive hydrogen
maser is about 3dB. So the method inducing
Ramsey interference with pulsed microwave
could also be applied to passive hydrogen maser.
Time & frequency research center in Shanghai
Astronomical Observatory has carried out
research on pulsed microwave atomic clock
based on conventional passive hydrogen maser.
II. Theory

For the property of high stability and narrow
width, transition spectrum of specific atom can
be utilized as reference signal to control crystal
oscillator. This is the basic principle of atomic
clock. Line width of the atomic transition
spectrum is one of the most critical factors of the
atomic clock . All kinds of technologies are
taken to ensure the narrow line width. In the
passive rubidium clocks, glass cell filled with
buffer gas is adopted to keep rubidium atoms in
a rather limited space so as to reduce the
Doppler broadening; in the hydrogen clocks, the
atomic storage bulb technology is introduced,
which greatly extends the atoms’ storage time
and their life time; in the caesium beam clocks,
method of separated interaction regions works:
caesium atoms pass two separated in-phase
microwave fields when flying in the physical
[1]

When two coherent microwave pulses are
imported into the passive hydrogen maser, the
transition probability P (τ) of atom system is
[2]
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When the frequency of inducing microwave
fits the atomic resonance frequency, which
meansΩ , (1) and (2) give
(3)

Equation (3) shows that, when b×τ=π/2, the
transition probability P (τ) attains maximum. So
if τ=10×10 s, we should set b=157rad/s. In the
microwave cavity of hydrogen clock, b is
determined by (4):
-3

μ B BZ

b

,

h

/

.

(6)

×

10

b=157rad/s

, from (6) we have

-9

×

-3

To verify the applicability of inducing
Ramsey interference with microwave pulse in
passive hydrogen maser, we construct a set of
test system to detect the Ramsey interference
fringes of hydrogen atoms. Fig. 1 shows the
schematic of the test system.

0=0

b=

2

microwave power in the storage bulb of
hydrogen clock should be -59.6dBm.
Considering that the microwave cavity has
energy attenuation of about -13dB, imported
power of the microwave pulse should be about
-47dBm.
III.Experimental Setup

T

.

2 μ μ B QCη

W, about-59.6dBm. That is to say,
if the width of microwave pulse is 10 10 s, the
P=0.91

0

2

2

0

represents the Rabi angular frequency,
Ω is the angular frequency offset of imported
microwave signal from atomic resonance
frequency,
is the interval between two
coherent pulses and Ω is defined as

P (τ ) = sin bτ

2

0

2

where b

2
2
2
Ω =b +Ω .
0

ϖ Vb b h

The physics package of microwave pulsed
hydrogen clock is based on conventional passive
hydrogen maser. The physics package contains
electrode microwave cavity, whose loaded
quality factor is about 10000, energy attenuation
is about -13dB and filling factor is about 0.5.
The atomic storage bulb has a diameter of 60×

(4)

where μ is Bohr magneton, 〈BZ〉b is the mean
value, over the bulb volume, of the amplitude of
the projection of the microwave magnetic
induction on the direction z of the static
magnetic field. And the microwave power P in
the cavity is:
B

DDS

Reference signal of 10MHz
Frequency sweep signal in 20.405M

Mixer

140x Phase‐lock frequency multiplier
Frequency sweep signal in 1420.405M

P=

ϖ Vb BZ
0

CPLD

Digital attenuator

2

b

2μ

0

QCη

/

,

(5)

Pulsed frequency sweep signal in 1420.405M

Physics package of microwave
pulsed hydrogen clock
Microwave gain signal in 1420.405M

where ϖ 0 is the hydrogen atom transition
frequency, Vb is the volume of the atomic storage
bulb, μ0 is the permeability of vacuum, QC is the
cavity quality factor and η΄ is the filling factor of
the microwave cavity. From (4) and (5), the
microwave power P in the cavity is given by

Mixer

140x Phase‐lock frequency multiplier
Microwave gain signal in 20.405M

Microwave testing circuit
Voltage signal

Digital acquisition device
Data in text

Computer

Fig. 1. Schematic setup of the test system for Ramsey
fringes of hydrogen maser.
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10 m, a length of 150×10 m and a volume of
420×10 L. Storage time of atoms is about 0.8s.
The working current of 3×10 V ion pump is
300 × 10 A. Relaxation time T1 and T2 of
hydrogen atoms are about 200×10 s. There are
4 layers of magnetic shielding, whose shielding
factor is about 50000.
-3

IV.Most Recent Result

-3

At present, we have gotten the decay signal
of hydrogen atoms induced by the microwave
pulses, shown in Fig. 3. Ramsey fringes could be
obtained by collecting and processing the data in
effective region, shown in Fig. 4. The central
fringe with line width of about 1.5Hz and the
side fringes are clear in Fig. 4.

-3

3

-6

-3

In the test system, a reference signal of 10×
10 Hz is multiplied to 1.4 × 10 Hz by a
phase-lock frequency multiplier, then mixed
with intermediate frequency signal of 20.405×
10 Hz generated by Direct Digital
Synthesizer(DDS) to output microwave signal at
1.420405 × 10 Hz. Pattern control signal
generated by Complex Programmable Logic
Device (CPLD) has a pulse duration t ＝10×
10 s, a typical pulse interval t ＝100×10 s and
a Ramsey time T=t +t =110×10 s, which are
shown in Fig. 2. It controls the digital attenuator
which attenuates the 1.420405 × 10 Hz
microwave signal to obtain pulsed microwave
signal. We should adjust the power of the
microwave signal to ensure b × t =π/2. The
pulsed microwave signal is imported into the
microwave cavity and interacts with hydrogen
atoms, and then Ramsey interference could be
induced. Frequency of the intermediate
frequency signal is adjusted linearly to
implement frequency sweep whose center
frequency is 1.420405xxx×10 Hz and width is
100Hz. Microwave signal in cavity is exported,
mixed to about 20×10 Hz and transformed to
voltage signal by a microwave testing circuit
composed of AD8307. The voltage signal is
collected and stored by the digital acquisition
device. Accumulating a period of the data, we
can get the Ramsey fringes.
6

The S curve could be acquired by
differentiating the data of the Ramsey fringes
and be used to lock the hydrogen clock in future,
shown in Fig. 5. Changing the power of the
pulsed microwave to make b×t deviate from
π/2 will broaden the Ramsey fringes, shown in
Fig. 6. This fit the result of the relevant
experiments .
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Fig. 3. Relaxation signal of hydrogen atoms stimulated
by pulsed microwave signal.

6

Fig. 4. Ramsey fringes of hydrogen maser.

Fig. 2. Pattern control signal generated by CPLD.
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out theoretical analysis and relative researches
on pulsed microwave atomic clock based on
conventional passive hydrogen maser and has
constructed a set of test system. The Ramsey
fringe was observed and its line width is about
1.2Hz, smaller than conventional passive
hydrogen maser obviously. At present, we are
optimizing the pulse parameters to compress the
line width of the Ramsey fringes and to improve
the Signal Noise Ratio (SNR) of the fringes as
far as possible.

Fig. 5. S curve of pulsed microwave hydrogen maser.

In future we would deploy digital serving
circuit and high stability voltage-controlled
crystal oscillator to form a closed control loop
based on the existing test system. Assisting with
the auxiliary circuit such as temperature control
system, C field system and dissociator, a whole
pulsed microwave hydrogen clock would be
built up. We will optimize the system parameters
to obtain good electricity performance including
frequency stability and frequency drift.

Fig. 6. The Ramsey fringes of hydrogen maser at
deflected microwave pulse parameters.

Increasing the pulse interval t could
compress the line width of the Ramsey fringes.
Fig. 7 shows the contrast of the line widths of
the Ramsey fringes in different intervals. And
when t =160×10 s, the line width is down to
about 1.2Hz.
V. Discussion
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Abstract—A compact, portable rubidium atomic beam clock
based on lamp pumped and fluorescence detection scheme is
proposed. The expected short-term frequency stability can be
more than two orders of magnitude better than previous
experimental results. The usages of lamp pumping, fluorescence
detection and microwave slow-wave resonance structures make
this design robust and compact. The shortcomings will be
discussed too.

I.

INTRODUCTION

With the development of optical frequency standards
based on cold atoms or ions, improved accuracy and stabilities
have been achieved during the last few years. However, most
of them are still running in scientific laboratories and require
professional scientific researchers for day-to-day maintenance.
The traditional microwave frequency standards, such as
rubidium gas cell clock, cesium beam clock and hydrogen
maser are still the most popular commercial frequency
standards. Especially the most accurate cesium beam clock,
like Agilent 5071A, is widely used in time keeping, satellite
navigation and deep space exploration.
Here we propose a rubidium beam clock scheme similar as
cesium beam clock to improve the performance. The initial
idea and preliminary experimental results of an optically
pumped rubidium beam clock was reported by Arditi et al.
around thirty years ago [1]. Later, a detailed theoretical
analysis of the operation was developed [2]. From the analysis,
it was concluded that the performance limitation of this kind
of beam clock was dominated by the poor signal to noise ratio
of the optical detection signal.
With the development of the diode lasers, a few groups in
the world started working on the laser-pumped cesium and
rubidium beam clocks [3-7]. The main advantages are the
higher utilization rates of the atoms and the more compact
design. Experimental results also demonstrated the improved
results. However, due to the frequency drift of the diode lasers,
the long-term performance is not so great. This limits the
further improvements and the marketing of the products. Up to
now, as far as we know, there are still no commercial laserpumped cesium or rubidium beam clocks available.

II.

In ref. [8], we proposed the scheme based on lamppumping and fluorescence-detection. Here we briefly
summarize the main changes in comparison with Arditi et al.
design.
A. Lamp-pumping
In our scheme, we use 87Rb lamp with 85Rb filter cell to
produce pumping light, which can improve the pumping rate
of rubidium atoms by a factor of 2.
B. Fluorescence-detection
The fluorescence detection instead of transmission
detection can provide higher signal to noise ratio. The
improvement is around two orders, whose calculation can be
seen in ref. [8].
C. Multiple photo- detectors
Since the time constant of the servo-loop can be in the
range of second, multiple photo-detectors can be used to
detect the fluorescence signal, and the photo-detectors’ output
can be combined to further improve the signal to ratio. Taking
into account the actual available vacuum space, we estimate
that a reasonable number for the detectors is around 10, which
means the signal to noise ratio is improved by a factor of 3.
D. Microwave slow-wave structure
The microwave slow-wave structure is a widely used
helical type, where the microwave field propagates along the
wire of the helix. The other end of the helix is grounded. The
microwave is completely reflected and a standing wave field
forms inside the structure. For the Ramsey type beam clock
the linewidth is inversely proportional to the distance between
the two microwave interaction regions. For the microwave
slow-wave structure the linewidth depends on the total
effective length of the wire. This design has been widely used
in traditional rubidium gas cell clocks, and is much more
compact.

This work is supported by “the Fundamental Research Funds for the
Central Universities”.
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E. Multi-reflecting mirrors design
Since the light intensity of rubidium lamp is quite low, the
interaction length of light and atoms can be extended by multireflected to increase the fluorescence signal in the optical
detection region, which is similar as the design of Arditi et al.
The structure is shown is Fig. 1.

temperature of oven (110℃) of rubidium and cesium, on one
hand, the velocity of 133Cs and 87Rb are 247m/s and 305m/s,
respectively. On the other hand, the saturated vapor pressure
of rubidium is only one-third of cesium. In order to get the
similar linewidth, we have to extend the length of microwave
slow-wave structure, which should be around half meter and
larger than that of cesium beam clock.
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Abstract— The integrating sphere is used to generate the
diffuse light for cooling atoms. The microwave field is produced
in a cylindrical cavity on a TE011 mode. We have realized the
microwave interrogation with the pulsed optically pumped ( POP
) scheme. The Ramsey fringe is demonstrated and some factors
to affect the signal to noise ratio ( SNR ) and the contrast
of the fringe are discussed. Optimization of the experimental
parameters is still in progress.
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I. I
In 1989, Chu’s group built the first cold sodium atomic
fountain frequency standard [1]. And then, many other groups
built their own atomic fountain clocks. The cold atomic
fountain clock has an outstanding performance, but its size
is usually larger than 1 m3 , which restricts its applications
in some aspects, such as for space application. In making
a well performed compact cold atom clock, the integrating
sphere has its special features. It uses the diffuse light cooling
technique, which does not need any light beam collimation
and power balance, and the atoms can be cooled, prepared,
and microwave interrogated at the same place [2], [3]. This
technique was first realized by Ketterle in 1992 [4]. Cooling
cesium atoms directly from the background vapor with the
diffuse light was realized in 2001 [5] and Rubidium in 2009
[6]. Recently, Esnault et al. have developed the HORACE
Cesium clock [7], whose microwave cavity is spherical, and
the short term frequency stability has reached to 2.2 × 10−13 ,
and the long term performance is around 3 × 10−15 in 104 s
of integration.
Here we develop an integrating sphere rubidium cold atom
clock with the POP scheme, which has characters of all optical
cooling, simple structure with small volume, and low power
consumption, and has potential features in space application.
Different from the HORACE clock, we apply the cylindrical
microwave cavity, which is easy to be fabricated and sophisticated. The cylindrical cavity has better structure of magnetic
field, and we expect that the integrating sphere atom clock
with cylindrical cavity will have a better performance.
In this paper, firstly, we will describe the experimental setup
and the experimental procedure. Then we will demonstrate the
Ramsey fringe and discuss some factors to affect its SNR and
contrast.

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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The schematic of the experimental setup

II. E 
In our experiment, the integrating sphere is used to generate
the diffuse light [6], and the diffuse reflection coefficient at the
inner surface is about 98 % at 780 nm. The experimental setup
is shown in Fig. 1. A glass cell that is used to contain the
87
Rb vapor atoms is located inside the sphere. A cylindrical
microwave cavity on the TE011 mode, is tuned to be resonant
at 6.835 GHz, and the quality factor of the cavity is about 10,
000. Outside of the cavity, the temperature control system is
applied for the cavity to stabilize the resonant frequency. The
µ - metal is used to shield the geomagnetic field. C - magnetic
field is generated by a solenoid with a pair of compensating
coils, and it is around 20 mG in our experiment. The vacuum
is about 10−6 Pa, which is maintained by a 8 l/s ion pump.
Quartz oscillator is the local oscillator (LO) and the 6.835
GHz signal is produced by the microwave synthesizer.
Here, an external cavity diode laser is divided into three
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T cool=500ms

tp t
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tt
Transition Probability / arb. unit
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Fig. 2. The time sequence of experiment. T cool - time of cooling light, t p time of pumping light, τ - time of the microwave pulse, T - separated time
of the two microwave pulses, t - detecting time.

beams (cooling, pumping, and probe laser beams) whose frequency are shifted by three different acousto - optic modulators
(AOM). The cooling, pumping, and repumping laser beams
(repumping laser is generated by another external cavity diode
laser) are combined and injected into the integrating sphere
through two multimode fibers.
As shown in Fig. 1, the probe laser beam crosses the cold
atomic cloud vertically, and it is retroreflected by a mirror to
avoid heating the cold atoms. Finally, we use a photodiode to
detect the absorption signal at the bottom. And the power of
the probe beam is 0.7 µW, the radius is about 1 mm.

IV. R  D
With the above sequence, the Ramsey fringe can be determined when we sweep the microwave frequency around the
resonance frequency, as shown in Fig. 3. The linewidth of the
central fringe is about 45 Hz, which is determined by T + τ
[10].
We average the experimental data over five measurements.
The contrast is more than 70 %, and the SNR is about
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III. C  I
In order to capture more cold atoms, the loading time of
cold atoms in the integrating sphere is about 1 s [8]. In fact,
the cycle frequency is another important factor affecting the
instability of the clock. We can utilize the pulsed diffuse laser
cooling method [9] to shorten the cooling time to 500 ms, and
the dead time is 13.5 ms. Making further efforts to reduce the
cycle time is necessary in the next work.
Figure 2 is the experimental sequence. Firstly, we turn on
the cooling and repumping laser lights to cool the atoms.
The cooling laser is detuned -3Γ (natural linewidth) of the
transition of 52 S1/2 , F = 2 → 52 P3/2 , F 0 = 3. The total power
of the cooling laser is about 100 mW, the repumping laser is
6 mW. 500 milliseconds later, about 109 atoms are captured
successfully, and all of the cold atoms are populated in F = 2
states. Secondly, we apply a pumping laser light for t p = 1
ms, whose frequency is a little red shift from the resonant
frequency of F = 2 −→ F 0 = 2. Nearly all of the atoms can
be pumped into the ground states of F = 1. Then, two π/2
microwave pulses are applied to make the atoms accomplish
the clock transition of F = 1, mF = 0 −→ F = 2, mF = 0. The
time of each microwave pulse duration is 1 ms, i. e. τ = 1 ms,
the separated time between the two interactions is T = 10 ms.
Finally, after the clock transition, we turn on the probe beam
for 0.5 ms to detect the atoms which are populated at the states
of F = 2, mF = 0, i. e. t = 0.5 ms. Using this sequence, there
is about 30 % cold atoms experience the clock transition.
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Fig. 4. In the vicinity of the resonance frequency for 10 ms Ramsey pulse
separation time

100. Here there are some factors to affect the contrast. First,
collisions from the background gas will break the coherence
of the cold atoms. This effect can be reduced by improving
the vacuum of the system. Second, a relaxation caused by
the inhomogeneity of the magnetic field inside the magnetic
shield is another factor in breaking the coherence. This is
mainly caused by the imperfect of the magnetic shield, the
C - field and even the stray magnetic field caused by the
temperature control system. So we should put the temperature
control system outside the magnetic shield in the future work.
Third, the unbalance of the microwave pulses will also reduce
the contrast of Ramsey fringe, which may be caused by the
nonuniform of the microwave cavity along the probe beam
direction and the power shift of the microwave synthesizer. In
our system, the above three factors may be the main reasons
for the losing contrast. SNR is mainly determined by the noise
from the intensity and frequency of probe laser, and the noise
from the electrical system. In addition, variation of the atomic
population in F = 2 will also decrease the SNR.
Figure 4 is the Ramsey fringe in the vicinity of the resonance frequency, from which we can see that there is about
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170 Hz shift from the resonance frequency. It may be caused
by two main factors. First, the frequency deviation of the LO
generates an obvious frequency shift. In the future work, we
will use H - maser clock as the LO. Second, the residual
magnetic field inside the magnetic shield, as mentioned above,
will generate a second order Zeeman shift.
Now, we have locked the cold atom clock, but optimizing
the performance of the stability is still under progressing.

[10] A. Godone, S. Micalizio, and F. Levi, “Pulsed optically pumped frequency standard,” Phys. Rev. A, vol. 70, no. 2, p. 023409, Aug 2004.
[11] W. Z. Zhang, X. C. Wang, H. D. Cheng, L. Xiao, L. Liu, and Y. Z.
Wang, “Lifetime measurement of cold atoms in an integrating sphere,”
Chin. Phys. Lett., vol. 26, p. 083703, 2009.

V. C
We demonstrate the Ramsey fringe of the cold 87 Rb atoms
in the integrating sphere with the cylindrical microwave cavity,
and have discussed the factors to affect its contrast and
SNR. Now, we are improving the vacuum of the system and
performance of the magnetic shield and the homogeneity of
the C - field.
Our aim is to make a compact cold atom clock for space
application. In the micro - gravity environment, the loss of the
cold atoms is only determined by the thermal diffusion [11]
and the collisions from the background, so the lifetime of the
cold atoms in space is much longer than on the earth, and the
linewidth of the central fringe will be extremely narrowed.
Besides that, we can also recapture the cold atoms much
quicker in the micro - gravity environment, so the cooling time
can be shortened. The integrating sphere cold atom clock will
have better performance in space.
A
Supports from the National Natural Science Foundation of
China under Grant No. 11034008, 11074262, and 10874193
are gratefully acknowledged.
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Abstract— We demonstrate that the microwave resonant frequencies of ground-state 87 Rb and 133 Cs atoms have a nonlinear
dependence on the pressure of the buffer gas Xe. Surprisingly,
though the frequency shifts of Rb and Cs in the heavy noble gases
Ar, Kr, and Xe are all negative, the nonlinearity in Xe is of the
opposite sign to the nonlinearities in Ar and Kr. This discrepancy
suggests that the frequency shifts due to alkali-noble van der
Waals molecules in Xe are opposite in sign to the those in Ar and
Kr. The nonlinearity in Xe shows a reproducible deviation from
a simple model used to describe the shifts in Ar and Kr, which
suggests that the spin-rotation interaction plays a significant role
in the frequency shifts due to molecules. No nonlinearities were
observed with the gases He and N2 , as expected, and also Ne to
within experimental error, which suggests that molecules do not
form in Ne. Additionally, we present improved measurements of
the shifts of Rb in Ar and Kr and of Rb and Cs in He and N2 .

I. I NTRODUCTION
Compact, portable atomic frequency standards are based on
the microwave resonance frequencies of alkali-metal atoms in
inert buffer gas. The frequency shift of these resonances due
to the buffer gas is known as the pressure shift. The size of
the shift depends on the temperature and is remarkably linear
with the buffer gas pressure p. Previous work has uncovered a
nonlinear dependence of the pressure shifts of 87 Rb and 133 Cs
in Ar and Kr, but not He and N2 , which is thought to be due
to the loosely-bound van der Waals molecules that are known
to form between alkali-metal and buffer-gas atoms in Ar, Kr,
and Xe, but not He and N2 [1], [2]. The precise measurement
of nonlinear pressure shifts is a means to study van der Waals
molecules and poorly-known interatomic potentials, and is
important for determining optimal buffer gas mixtures. Here
we present the first measurements of the nonlinear pressure
shifts of 87 Rb and 133 Cs in natural abundance Xe.

laser to a (pressure-dependent) zero-shift optical frequency that
produces no light shift.
The Rb and Cs vapor cells are cylindrical Pyrex cells, 17
mm in diameter and 25 mm or 13 mm long, respectively, filled
with a small amount of 87 Rb or 133 Cs metal. Both cells have an
external buffer-gas reservoir, pressure gauge, and vacuum port,
which permit convenient changes of the buffer-gas species
and pressure. Section VI discusses the uncertainty in pressure
measurement.
An air-heated, non-magnetic oven (O) holds the cell at a
constant temperature of 40.0◦ C for Rb and 35.0◦ C for Cs. For
this work, we extended our measurements to higher pressures
than in Ref. [1]. We found that stabilization of the temperature
gradient along the section of the vapor cell that exits the
oven was necessary to reduce the additional clock noise and
drift at higher pressures that are due to temperature-induced
changes in the cell volume. Using the Rb cell and setup, we
were unable to detect any pressure difference between the
heated and unheated portions of the vapor cells due to thermal
transpiration.
Helmholtz coils (HC) cancel ambient magnetic fields and
provide a static longitudinal field B0 of 1.0 G for Rb and 0.2
G for Cs. A Toptica DL100 diode laser (DL) provides 795
nm D1 optical pumping light for Rb and 895 nm D1 light
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II. E XPERIMENTAL S ETUP

FG

We measured the resonant frequencies ν of 87 Rb and 133 Cs
as a function of the pressure p of a pure buffer gas for the
0–0 hyperfine (or clock) transition between the higher- and
lower-energy ground-state hyperfine sublevels |αi and |βi with
azimuthal angular momentum quantum numbers m = 0. Fig. 1
is a sketch of the experimental setup for both the Rb and
Cs measurements, which is a laser-pumped, vapor-cell atomic
clock that closely follows the description in Ref. [1]. To isolate
the pressure shift, we suppress the frequency shift due to the
laser, known as the light shift, by using feedback to lock the
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Fig. 1.
Experimental setup. DL, diode laser; FR, Faraday rotator; PE,
pellicle; PO, polarizer; LCW, liquid crystal wave plate; BS, beam shaper;
NDF, neutral density filter; BE, beam expander; I, iris; O, oven; H, horn;
HC, Helmholtz coils; L, lens; PD, photodetector; CP, current preamplifier;
LA, lock-in amplifier; PID, PID controller; FS, frequency synthesizer; FC,
frequency counter; FG, function generator.
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for Cs. A Faraday rotator (FR) isolates the laser from backreflected light. A pellicle (PE) skims off light for analysis with
a wavemeter and a Fabry-Perot interferometer (not shown).
Polarizers (PO) ensure that the pumping light is linearly polarized. A liquid crystal wave plate (LCW) driven by a function
generator (FG) provides about 30% intensity modulation of
the pumping light at a rate of 2 Hz. A beam shaper (BS), a
beam expander (BE), and an iris (I) ensure that the pumping
light fills the cell uniformly. A rotatable neutral density filter
(NDF) adjusts the pumping light intensity. A lens (L) collects
the transmitted pumping light onto a photodetector (PD).
Microwaves from a frequency synthesizer (FS) are transmitted towards the cell by a horn (H) roughly 10 cm away to drive
magnetic resonances. A frequency counter (FC) referenced
to a rubidium frequency standard (not shown) measures the
microwave frequency to a precision of 1 Hz. To estimate
the uncertainty in frequency measurement, we use the sample
standard deviation, not the standard deviation of the mean.
For Rb, the microwaves are frequency modulated internally
by the FS at a rate between 0.2-9.0 kHz, depending on the
buffer gas and pressure, and a modulation index of about
1. For Cs, the microwaves are frequency modulated at a
rate of roughly 255 Hz by modulating an external 10 MHz
quartz oscillator (Stanford Research Systems SC10) used as an
external reference for the FS. This method lead to a restricted
range of usable modulation parameters and to increased carrier
noise for the Cs measurements.

III. N ONLINEAR P RESSURE S HIFT OF 87 R B IN X E
The linear pressure shifts ∆1 ν = ν − ν0 of alkali-metal
atoms in the heavy noble gases Ar, Kr, and Xe are all negative
[3], as measurements show for 87 Rb in Fig. 2. Previous work
has shown that, after subtraction of the linear, limiting shift
sp at high pressures, there is a residual nonlinear pressure
shift ∆2 ν = ∆1 ν − sp for Ar and Kr due to van der Waals
molecules [1].
Fig. 3 shows data for 87 Rb in natural abundance Xe.
Subtraction of the linear, limiting shift reveals a nonlinear
pressure shift that is significantly larger than, and of opposite
sign to, the nonlinear shifts observed in Ar and Kr. While the
shift is described well by the model ∆20 ν of Ref. [1] (Eq. (3),
with parameters in Table I), developed for Ar and Kr, the fit
residuals ∆3 ν = ∆2 ν − ∆20 ν show a reproducible, nonlinear
dependence on pressure not accounted for by that model.
As shown in Fig. 3(c), a new model ∆21 ν (Eq. (7), with
parameters in Table I), described in Section V, is an improved
fit to the data. This model includes the effects of the spin-

A lock-in amplifier (LA1) with a 10-300 ms time constant
provides an error signal for a proportional-integral-derivative
(PID) controller (PID1) to lock the microwave carrier frequency to the clock transition. A second lock-in amplifier
(LA2) with a time constant of roughly 1-3 s provides an
error signal for another PID controller (PID2) to lock the laser
to a zero-shift optical frequency using a piezoactuator. As a
quick test for light-shift suppression, we use the NDF filter
to temporarily adjust the laser intensity by a factor of 2–4 to
verify the intensity independence of the clock output.

Fig. 2. Resonant frequency ν of 87 Rb in pure Ar, Kr, or Xe at a temperature
of 40.0◦ C and magnetic field B0 of 1 G, with zero-pressure frequency ν0 ≈
6.834683 GHz removed. Error bars are too small to display. Solid dots are
the data, solid lines are the linear-limiting shifts ν0 + sp, and dashed lines
are the binary shifts ν0 + sb p, where sb = s − sm . Insets show that the
linear-limiting shift is above the binary shift for Ar and Kr but below for Xe.

Fig. 3. Resonant frequency ν of 87 Rb in Xe at a temperature of 40.0◦ C and
magnetic field B0 of 1 G. The top panel (a) shows the shift ∆1 ν = ν − ν0
from the zero-pressure frequency ν0 ≈ 6.834683 GHz. The solid line is
the linear, limiting shift sp at high pressures. The middle panel (b) shows
the nonlinear shift ∆2 ν = ∆1 ν − sp. The solid curve is from Eq. (3) and
Table I. The bottom panel (c) shows fit residuals ∆3 ν = ∆2 ν − ∆20 ν for
three separate data sets. The solid curve is from Eq. (7) and Table I.
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rotation interaction, which were previously ignored. As a
result, the data suggest that the spin-rotation interaction plays
a significant role in the frequency shifts due to van der Waals
molecules.
IV. P HYSICS OF VAN DER WAALS M OLECULAR S HIFTS
Short-lived van der Waals molecules are formed by threebody collisions and destroyed by two-body collisions. During
the lifetime τ of a molecule, the alkali-metal atom is perturbed
by the hyperfine-shift interaction
Vhfs = δA I · S,

(1)

where δA is a perturbation to the hyperfine coupling of the
nuclear spin I to the electron spin S for the alkali-metal atom,
and by the spin-rotation interaction
Vsr = γ N · S,

(2)

where γ is the coupling coefficient of the electron spin to the
rotational angular momentum N of the colliding alkali-metal
atom and buffer-gas atom or molecule [1], [2], [4], [5].
For a hypothetical van der Waals molecule with a single
vibration-rotation state and negligible spin-rotation interaction
(hγN i = 0), density matrix modeling predicts the nonlinear
shift [1]


φ3
1
.
(3)
∆20 ν = −
2πT 1 + φ2

Fig. 4. Sketch of the different, effective hyperfine transitions indexed by σ
in Eq. (7), which contribute to the 0-0 hyperfine coherence ραβ for 87 Rb.
The transitions have different frequencies because of the first-order Zeeman
shifts from the molecular field B1 .

where the dimensionless parameter
r1 =

2gs µB B1
2hγN i
=
hδAi[I]2
hδAi[I]2

(8)

characterizes the relative strengths of the spin-rotation and
hyperfine-shift interactions, and the weight coefficients Wσ
for the 0–0 hyperfine transition are
87

Rb: [W3 , . . . , W−3 ] =[9, 9, 23, 23, 23, 9, 9]/105

(9)

133

Cs: [W7 , . . . , W−7 ] =[245, 245, 425, 425, 659, 659,
1231, 1231, 1231, 659,659, 425, 425, 245, 245]/9009. (10)

Here, the three-body molecular formation rate is 1/T and the
effective hyperfine phase shift per molecule is
φ = hδAi[I]τ /(2h̄),

(4)

where [I] = 2I + 1 and I is the nuclear spin quantum number
of the alkali-metal atom. The molecules also contribute a slope
sm = φ/(2πT p)

(5)

to the slope s of the linear, limiting shift sp at high pressures.
V. E FFECTS OF THE S PIN -ROTATION I NTERACTION
For most alkali-noble molecules, the spin-rotation interaction is a large perturbation which introduces an effective
molecular magnetic field
B1 =

hγN i
gS µB

(6)

oriented along N, whose direction is distributed isotropically.
Here, gS = 2.0023 is the electronic g factor and µB is the Bohr
magneton. For Rb and Cs in Xe, B1 is much larger than the
externally applied field B0 in our measurements, so the total
magnetic field seen by an alkali-metal atom in a molecule is
approximately equal to B1 .
In this case, for hypothetical van der Waals molecules
with a single vibration-rotation state, density matrix modeling
predicts the nonlinear shift
 X

2I
Wσ (1 + r1 σ)3 φ3
1
2
,
(7)
∆1 ν = −
2πT
1 + (1 + r1 σ)2 φ2
σ=−2I

The weight coefficients Wσ depend on the choice of hyperfine
transition, and as a result, so too does the nonlinear shift ∆21 ν
of Eq. (7). The analysis that leads to Eq. (7) also predicts
the molecular contribution sm of Eq. (5) to the linear, limiting
slope s at high pressures.
As sketched in Fig. 4 for 87 Rb, the summation index σ
corresponds to the different, effective hyperfine transitions that
contribute to the 0–0 hyperfine coherence ραβ after averaging
over all orientations for B1 . The terms in the sum over σ
in Eq. (7) are similar to ∆20 ν, but have different effective
phase shifts φ due to the first-order Zeeman shifts from B1 .
The additional nonlinearity ∆3 ν = ∆2 ν − ∆20 ν observed
in Fig. 3(c) is due to the interference of these terms as the
molecular lifetime τ varies with the pressure p.
For r1 = 0, the nonlinear shift ∆21 of Eq. (7) simplifies to the
previous model ∆20 ν of Eq. (3). In the limit of a large external
field B0 , the analysis that leads to Eq. (7) also simplifies to
Eq. (3).
VI. P RESSURE G AUGE N ONLINEARITY
We measured the buffer gas pressure p with capacitance
manometer gauges (MKS Instruments Baratron) to a precision
of roughly ±0.002 Torr and an accuracy of about ±0.25%.
We have found that these gauges typically have a significant
quadratic nonlinearity. This pressure gauge nonlinearity can be
mistaken for a nonlinear pressure shift, as Fig. 5 demonstrates
for the case of 87 Rb in Ne.
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Fig. 5.
Demonstration of a quadratic pressure gauge nonlinearity with
measurements of the resonant frequency ν of 87 Rb in Ne at 40.0◦ C and
B0 = 1 G. The top panel (a) shows the residuals after fitting ν versus the
gauge pressure pg with a line, which have a quadratic dependence on the
pressure pg . The bottom panel (b) shows the apparent nonlinear shift ∆2 ν
after fitting ν versus pg with the model ∆20 ν of Eq. (3), which is due to the
pressure gauge nonlinearity. For comparison, Fig. 6(b) shows the residuals
after fitting ν versus the estimated pressure p from Eq. (11) with a line.

We correct for this systematic error by estimating the actual
pressure p from the measured pressure pg as
p = r(α)(pg + αp2g ),

(11)

where the curvature α is determined for each pressure gauge
through measurements of the shifts of the buffer gases He, Ne,
and N2 . The coefficient
r(α) = (1 + 75α)/(1 + 150α + 6000α2 )

Rb cell: α = (−3.40 ± 0.22) × 10−5 Torr−1

133

−5

Cs cell: α = (−1.71 ± 0.46) × 10

−1

Torr

the Cs setup, where they were negative and could be as large
as roughly −20 Hz at 0.7 Torr for Cs in He, Ne, or N2 . For
the Rb setup, the low-pressure shifts were less reproducible
and smaller, typically < 4 Hz at 0.5 Torr in Ar, Kr, Ne, and
N2 , and were not observed in He. These shifts for Rb were
usually negative, but could be of either sign for Rb in Ar.
Detailed understanding of these low-pressure shifts requires
further investigation.
VII. N ONLINEAR P RESSURE S HIFT PARAMETERS

(12)

minimizes
the least-squares linear bias of this correction,
R
(p − pg )2 dpg , over a 0-100 Torr pressure range. From our
measurements, we determined the curvatures to be:
87

Fig. 6. Measured nonlinear shifts ∆2 ν for 87 Rb at 40◦ C and B0 = 1 G and
for 133 Cs at 35◦ C and B0 = 0.2 G. The top panel (a) shows the nonlinear
shifts of Rb and Cs in Xe. The bottom panel (b) shows the nonlinear shifts
of Rb in Ar and Kr and of Rb and Cs in He, Ne, and N2 . The curves shown
are the model ∆20 ν of Eq. (3). Fit parameters are listed in Table I.

(13)
.

Table I lists the pressure-independent fit parameters for the
nonlinear pressure shift data shown in Fig. 6. For Xe, the table
includes results for both of the nonlinear pressure shift models,
Eqs. (3) and (7). For Rb in Xe, the pressure-independent, spinrotation parameter

(14)

Though the curvature for a pressure gauge may vary over time
and with environmental conditions, these measured curvatures
appear stable over the duration of our measurements.
After applying the correction of Eq. (11), we find that the
pressure shifts of 87 Rb and 133 Cs in Ne are linear to within our
experimental error, as shown in Fig. 6. However, the analysis
for Ne is complicated by the observation of frequency shifts in
some measurements at very low pressures, below about 1 Torr,
which we think are systematic shifts of as yet undetermined
origin. These low-pressure shifts were most noticeable with

r1 φp =

hγN iτ p
[I]h̄

(15)

was set to an estimate calculated with the H1∗ and τ p of
Ref. [2]. For Cs in Xe, we were unable to estimate r1 φp due to
a lack of experimental data for τ p, and so results are given for
a fit to the data with r1 φp as a free parameter. For the other
gases, the table includes improved results over the previous
work of Ref. [1], which are corrected for the pressure gauge
nonlinearity.
As the data show, the effective φ due to molecules with
Xe are negative, in contrast to the molecules with Ar and Kr.
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TABLE I
F IT PARAMETERS FOR THE PRESSURE SHIFTS OF 87 R B AT 40◦ C
B0 = 1 G, AND OF 133 C S AT 35◦ C

AND

B0 = 0.2 G.

Metal

Gas

r1 φp
rad Torr

T p2
sec Torr2

φp
rad Torr

s
Hz Torr−1

87 Rb

Xe

0.082 ± 0.010
0.164 ± 0.013
0.070 ± 0.012
1.08 ± 0.31

−14.8 ± 1.5
−26.2 ± 1.2
2.21 ± 0.16
12.5 ± 1.9

133 Cs

Ar
Kr
He
Ne
N2
Xe

7.97
–
–
–

−1184.0
−1183.7
−53.71
−558.1
714.2
387.3
518.0
−2243.9
−2242.4
1141.9
579.9
828.7

2.79
–

0.0185
0.059 ± 0.006

−5.96
−15.8 ± 1.3

He
Ne
N2

in Ne, to within experimental error, suggesting that van der
Waals molecules do not form in vapor cells with Ne buffer
gas. We correct for a previously unknown pressure gauge
nonlinearity with improved measurements of Rb in Ar and
Kr and of Rb and Cs in He and N2 . Future work will explore
the isotope dependence of the shifts due to van der Waals
molecules with measurements of the nonlinear pressure shifts
of 85 Rb in Ar, Kr, Xe, He, Ne, and N2 .
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Abstract—An update to a previous long term frequency
comparison of cesium fountain primary frequency standards [1]
has been made. This update covers the approximate three year
interval from March 2008 to March 2011 and also includes two
new standards. Also, simulated data have been used to estimate
the biases and standard deviation of the Birge ratio as a function
of the degrees of freedom.

I.

INTRODUCTION

In January 2010 the results of a long-term frequency
comparison of cesium fountain primary frequency standards
were reported in Metrologia covering the interval from August
2000 to June 2009 [1]. The new study presented here gives an
update covering ten fountains from seven laboratories over the
time frame from approximately March 2008 to March 2011.
Included are two new fountains, NPL-CsF2 (at the National
Physical Laboratory in the United Kingdom) and PTB-CsF2
(at the Physikalisch Technische Bundesanstalt in Germany),
that were not present for the study in [1]. The methodology
followed here is substantially the same as that in [1], but with
one difference. Rather than using either NIST-F1 (at the
National Institute of Standards and Technology in the USA) or
SYRTE-FO2 (at the Laboratoire National de Métrologie et
d’Essais, Systèmes de Référence Temps Espace in France) as
references, only SYRTE-FO2 was used as the main reference.
This change was made only because SYRTE-FO2 is almost
always present for comparison. In the few instances when
NIST-F1 was used as the reference, an adjustment based on
the average frequency difference between NIST-F1 and
SYRTE-FO2 was applied.
Details of the comparison
methodology are given in [1]. Also new in this paper are
estimates from simulated data for biases and the standard
deviation of the Birge ratio as a function of degrees of
freedom. This information provides confidence levels for the
Birge ratios.
II.

FOUNTAIN COMPARISON METHOD

The comparisons were made using fountain data available
in the BIPM (Bureau International des Poids et Measures)

publication Circular T (www.bipm.org/jsp/en/TimeFtp.jsp?
TypePub=publication). Pairs of data points that occurred
close in time were used and in most cases there was some
overlap. Both TAI (International Atomic Time) and AT1E (a
post-processed maser ensemble at NIST) [1] were used as
flywheel frequency references, and the average of the two
independent results was calculated in order to gain a small
reduction in the dead-time uncertainty.
In all, 128
comparisons were made.
For a pair of runs all type A uncertainties, uA, from both
standards were combined in quadrature. Also the type B
(systematic) uncertainties, uB, from both standards were
combined in quadrature. Over multiple runs the combined uA
averages down, while for multiple runs the weighted mean of
the combined uB was used. Consequently, uB does not average
down over time. uA and uB are added in quadrature to get the
total uncertainty. It has been assumed that the uB between
standards are uncorrelated and that the uB for the same
standard is highly correlated over time. Neither assumption is
strictly true, but the approach is a reasonable compromise.
Table 1 shows an example of a fountain comparison from
a data pair. In the table MJD is the Modified Julian Date and
y is the fractional frequency difference in units of 10-15. udead
is the uncertainty introduced by the noise in the flywheel due
to misalignment of the run times shown in column one. udead =
0 if the start and stop times are identical. uTAI is the transfer
noise into TAI [2]. ul includes dead time internal to the
laboratory. uA, ul, uTAI, udead are all type A uncertainties. uC,
uCA and uCB are the combined uncertainties of the comparison.
All fountain uncertainties are 1 standard uncertainty (1 sigma).
The top left section in Table 1 shows the frequency of TAI
with respect to NIST-F1 over the specified MJDs along with
the associated uncertainties. The lower left section shows the
same for SYRTE-FO2. The middle right section shows the
comparison results, where udead comes from the lack of perfect
overlap. AT1E was also used as a reference fly wheel in a
manner similar to that in Table 1, and the two results were
averaged to gain a small reduction in the dead-time
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TABLE 1. Example of a fountain comparison data pair and the difference calculation for NIST-F1 and SYRTE-FO2.
Fractional frequencies are in units of 10-15.

NIST-F1
MJD

MJD

54314-54339

54326.5

Duration y(TAI-F1)
25d

-3.4

uA

uB

ul

uTAI

0.3

0.3

0.1

0.4

udead

y(FO2-F1)

uC

uCA

uCB

overlap

0.7

0.3

1.2

1.05

0.58

15d

SYRTE-FO2
MJD

MJD

54309-54329

54319

Duration y(TAI-FO2) uA
20d

-3.7

0.3

uB

ul

uTAI

0.5

0.1

0.5

uncertainty. The same procedure was used for all of the
fountain comparisons.

Estimated Standard Deviation of Birge Ratio

0.5

III.

BIRGE RATIO

The Birge ratio, RB, is a consistency test and should be
close to unity if stated uncertainties are correct. It is a test to
see if the scatter in the data is consistent with the stated
uncertainties. The definition of the Birge ratio is shown in
2
equations (1) and (2) below, where χ r is the reduced chisquare. RB can be calculated either for the same pair of
standards over time or for the average frequency differences in
a group of standards.

Estimated Standard Deviation

RB = χ r2

0.4

(1)

0.3

0.2

0.1

( yi − y )
ui2
i =1
(n − 1)
n

RB =

∑

From Simulated Data
From Chi-Square Calculator

2

(2)

0
0

The standard chi-square calculator (for example
www.fourmilab.ch/rpkp/experiments/analysis/chiCalc.html) is
stated to be not accurate when the degrees of freedom, DOF,
are less than about ten. Therefore simulated data made up of
81,920 samples were used to confirm the standard deviation
and bias of RB as a function of DOF. The simulated data were
generated using a common spread sheet random-number
generator and the Box-Muller transformation to provide a
Gaussian distribution. The results are shown in Figs. 1 and 2.
The standard deviation (for a +/-34 % interval) as a function
of DOF provides a confidence interval for the Birge ratio and
is essentially the same for the simulated data as from the
calculator as shown in Fig. 1. This is also true for the median
as seen Fig. 2. The mean and median however are not the
same because the distribution is asymmetric. Here the DOF is
one less than the number of data points.
IV.

FOUNTAIN COMPARISON RESULTS

Table 2 shows the results of the nine fountain comparisons
for the interval of approximately March 2008 to March 2011.

10

20

Degrees of Freedom

30

40

Figure 1. Estimated standard deviation of the Birge
ratio from simulated data and from a chi-square
calculator.
Each fountain is compared to SYRTE-FO2, and the average
frequency difference, yavg, is shown. The type A and type B
uncertainties of the comparisons are UCA and UCB, and the
combined total comparison uncertainty is UC. The last column
on the right gives the number of data pairs for each
comparison. RBA is the Birge ratio using only the type A
uncertainties, and RBC is the Birge ratio using the combined
uncertainty. Here the Birge ratio is based on the scatter over
time. In general one would expect RBC to be less than 1 and
RBA to be larger than 1 [1]. There is cause for concern if RBA
is smaller than one in a statistically significantly fashion or if
RBC is larger than one in a statistically significantly fashion.
This would indicate that the uncertainties are either overstated
or understated respectively. Only SYRTE-FOM and IT-F1
(operated by the Istituto Nazionale di Ricerca Metrologica,
(INRIM) in Italy) exhibit such behavior, with SYRTE-FOM
having a small Birge ratio and IT-CSF1 having a large ratio.
In both cases the deviation from 1 is more than two standard
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Mean and Median of Birge Ratio
1.01

6

Best_estimate_allvsFO2.grf

Mean (From Simulated Data)
Median (From Simulated Data)
Median (from Calculator)

0.93

-2
-4
-6

0.91
10

20

Degrees of Freedom

PTB-CsF2

IT-CSF1

weighted mean

Birge Ratio = 1.27

.

0.92

0

¯



minimum unc.
of mean

NICT-CsF1

0.94



SYRTE-FOM

0.95

0

NPL-CsF2

0.96

2

SYRTE-FO1

0.97

NIST-F1

yavg(10-15)

Mean and Median

0.98

SYRTE-FO2

0.99

PTB-CsF1

4

NMIJ-F1

Fountains vs Weighted Mean

1

30

1

40

2

3 4 5 6 7 8
Frequency Standards

9

10

Figure 3. Average fountain frequencies vs the weighted
mean.

Figure 2. Biases in the Birge ratio at low degrees of
freedom.

TABLE 2. Fountain comparisons relative to SYRTE-FO2. All frequencies are in units of 10-15.
In this type of comparison an offset of 1.4 sigma or less is considered entirely normal.
yavg

UC

UCA

UCB

RBA

RBC

# pairs

PTB-CsF1 vs SYRTE-FO2

+1.53

0.95

0.27

0.91

1.97

1.09

10

NIST-F1 vs SYRTE-FO2

+0.66

0.59

0.25

0.54

1.16

1.02

18

PTB-CsF2 vs SYRTE-FO2

+0.41

1.02

0.43

0.92

1.22

0.99

8

ITCS-F1 vs SYRTE-FO2

-0.32

0.79

0.31

0.73

1.89

1.56

15

SYRTE-FOM vs SYRTE-FO2

-0.66

0.88

0.24

0.85

0.56

0.43

14

SYRTE-FO1 vs SYRTE-FO2

-0.81

0.63

0.14

0.62

0.83

0.61

21

Fountains

NPL-CsF2 vs SYRTE-FO2

-0.82

0.64

0.27

0.58

1.08

0.93

15

NMIJ-F1 vs SYRTE-FO2

-1.14

3.93

0.28

3.92

1.68

0.55

21

NICT-CsF1 vs SYRTE-FO2

-1.28

1.22

0.60

1.06

0.71

0.59

6

deviations. Significant errors in total uncertainties may come
from sources other than the fountains themselves because
substantial uncertainty is introduced by frequency transfer and
dead time.
Three fountains in Table 2 show a positive average
frequency offset relative to SYRTE-FO2, and six have a
negative offset. In five cases the average frequency difference
is larger than the total combined uncertainty, but no
comparisons with SYRTE-FO2 exceed 2 sigma. In this type
of comparison an offset of 1.4 sigma or less is considered
entirely normal [1]. NMIJ-F1 is operated by the National
Metrology Institute of Japan (NMIJ) and NICT-CsF1 is
operated by the National Institute of Information and
Communication Technology (NICT) in Japan.

from the mean for all ten fountains are shown in Fig. 3. The
Birge ratio for the group of fountains shown in Fig. 3 is
calculated using the combined uncertainties from each
fountain. At 1.27 it is just over one standard deviation for
nine DOF which is about 1.20 (see Figs. 1 and 2). The
uncertainty of the weighted mean is about 2x10-16 if one
assumes that all of the individual fountain uncertainties are
uncorrelated. This is probably not true, but accurately
quantifying the degree of correlation would be nearly
impossible. Six of the ten standards in Fig. 3 are within 1
sigma of the mean and all are within 2 sigma. However,
several standards are more than 2 sigma separated from each
other. Specifically, NIST-F1 and PTB-CsF1 on the positive
side of the mean versus SYRTE-FO1 and NPL-CsF2 on the
negative side are separated by nearly 2.5 sigma.

A weighted mean of the offsets from SYRTE-FO2 can be
calculated using the data in Table 2, and the average offsets
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V.

CONCLUSIONS

Overall, the fountains are in fairly good agreement,
although some deviate from the mean by nearly 2 sigma and
from each other by nearly 2.5 sigma. The Birge ratio at 1.27
is just over one standard deviation and therefore does not
indicate any serious problems. In the earlier study [1] the
Birge ratio was 0.77, indicating less scatter relative to the
stated uncertainties, which were generally larger than in the
current study. In the current study, the scatter among the
fountains is a little larger than one would expect from the
stated uncertainties, but not enough to cause serious concerns.
The Birge ratio indicates that there is a 90 % probability that,
averaged over all the fountains, the uncertainties (including

dead time and frequency transfer) have been understated by
perhaps 20 %.
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Abstract—In this paper, we propose a new method to reduce the
temperature sensitivity of Chip Scale Atomic Clocks. We studied
the relationship between RF power and the light shift as well as
the relationship between the temperature and the collision shift,
and the results are given. It is shown that the frequency shift
caused by the change of the temperature can be compensated by
the variation of light shift through the adjustment of RF power,
in order to reduce the total output frequency shift.

I.

II.

INTRODUCTION

Recently, chip scale atomic clocks (CSACs) [1, 2] have
been recognized to be significant in the future portable
electronic devices and other frequency standard fields [3-5].
Generally, CSACs are based on Coherent Population
Trapping (CPT) [6-8] phenomenon which will occur in a Λ
transition if the frequency difference of the two laser fields is
close to the hyperfine splitting of the two ground states [9-11].
In CSACs, the atomic ground state hyperfine splitting
frequency may be shifted as a result of collision between
buffer gas atoms and alkali atoms. This frequency shift is
sensitive to cell temperature. Because of the harsh application
environment of CSACs, it is difficult to improve the
temperature stability of the cell, which will limit the CSACs
to achieve a good long-term stability. Many methods have
been studied to reduce the temperature sensitivity of CSACs
[12-14]. In our previous experiments, the rate of frequency
shift with cell temperature is about 0.4Hz/K after optimizing
the two buffer gases’ ratio and pressure.
In order to reduce the dependence of the output frequency
of CSACs on cell temperature, we propose that the frequency
shift rate which is related to temperature can be compensated
by adjusting the RF power level. The remarkable advantage of
this approach is that we can relax the requirement on ambient
temperature control. In the experiment, we measure the rates
of frequency shift with temperature and RF power respectively.
Then in the operation of CSACs, the cell temperature drift is
detected and RF power level is adjusted exactly through the
microprocessor in the control circuit to compensate the
frequency shift coming from temperature drift.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Generally, the long-term instability of the temperature is
around 1K. In this case, a frequency shift rate of 0.6Hz/K will
lead to the clock frequency instability of 2×10-10. After
adjusting the RF power, the clock frequency instability is
supposed to be improved to 10-11 region, which will broaden
CSACs’ application fields.

LIGHT SHIFT AND COLLISION SHIFT

Figure 1 shows the Λ type structure from simplifying the
energy levels of the real atoms [15]. |1> and |2> are the two
hyperfine splitting levels of ground state of alkali atoms,
while |3> is the excited state. Γ* stands for the relaxation rate
of the spontaneous emission of the upper level. γ2 represents
the rate of the coherence in the ground state tending to zero.
Δ is the lasers detuning from optical resonance, while ω1 and
ω2 are the laser angular frequencies.

FIG. 1.Energy level of 85Rb. Γ* is the decay rate from the excited state to
the ground-state levels; Δ is the detuning; γ2 is the ground-state relaxation
rate of the coherence.

The total shift of the CPT resonance frequency can be
expressed as
(1)
ν total = ν B + ν c + ν ls .

Here νB is the magnetic field shift which is independent
on the cell temperature. νc is the collision shift, and it is
caused by the collisions between the buffer gases and the
rubidium atoms and mainly influenced by the temperature as
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ν c = P0 [ β + δ (T − T0 ) + γ (T − T0 ) 2 ] ,

(2)

where P0 stands for the pressure of the buffer gases, β is the
pressure shift coefficient, T is the atom cell temperature, T0 is
the reference temperature at which the coefficient δ is
measured, and δ and γ are the first and second order of the
temperature coefficient respectively. The relationship can be
simplified in a small temperature range as
(3)
ν c = P0 [ β + δ (T − T0 )] .

νls is the light shift, and both the RF modulation depth
and the temperature will influence it, but generally we neglect
the effect caused by the temperature. Every sidebands create
FIG. 2. Experiment Setup for measuring the shift of CPT frequency. RF
light shift because the AC stark effect caused by the pump generator
and temperature control part can be used to adjust RF power level
light. The AC stark effect is caused by a varying electric field, and temperature respectively.
typically a laser, and leads to the shift of the atom energy
The transmitted light was converted to electronic signal by
levels. The contribution of each sideband to the total light
a
photo
detector. Within the first lock-in loop, the laser’s
shift can be measured as
wavelength was locked on the 85Rb D1 line absorption
1
∆
2
∆ω n = ω R
,
(4) spectrum. The RF generator (model Agilent E8257D), which
2
was phase locked into a commercial rubidium clock, was
2
*
4
∆ + Γ /2
modulated at 190Hz. As a result of the difference between the
where ωR represents the Rabi frequency, Δ is the lasers CPT resonance frequency and the microwave frequency, an
detuning from optical resonance and Γ* also stands for the error signal was given. When the error signal was tuned to
decay rate from the excited state to the ground-state levels.
zero, the output RF generator frequency was the same as the
The total light shift can be calculated through a CPT resonance frequency. We used full hyperfine frequency
summation over all sidebands of the modulated laser which modulation in our experiment [20].
can be expressed as
(5)
∆ω = …… + C− 2 I − 2 + C−1I −1 + C0 I 0 +C +1I +1 + C+ 2 I + 2 + ...... ,
IV. EXPERIMENT RESULTS
where Δω stands for the total light shift as same as the
meaning of νls, C±n means the coefficient of sideband ±n,
In FIG.3, it is shown that in the range -8~-3 of RF power,
and I±n is the intensity of each sideband. Taking the influence the CPT frequency shift is getting bigger with the increasing
of all the sidebands into account, we can put the relationships of RF power and the curve is approximately linear. However,
the shift has a sharp reduction in the range of -3~-1 dBm. It’s
in a simple way as
because
that the increase of RF power in this range leads to an
(6)
∆ω = αI ,
increase of intensity on the ±2 or other high-order sidebands
With the changing of RF modulation depth, which will which are not the pump light. As a result, the intensity of the
increase when RF power level goes up, the intensity will turn pump light is reduced, the CPT phenomenon is weak, and the
into another distribution, which means the coefficient α will CPT frequency shift is small correspondingly. So the range of
change while the total light intensity is remaining the same.
-8~-3 dBm is suitable for emerging CPT resonance since the
pump light has enough intensity in that range.
III. EXPERIMENT SETUP

(

)

In the experiment, the rubidium cell we used was 1cm in
length and 1cm in diameter. The cell contained a mixture of
natural rubidium, i.e. 72% 85Rb and 28% 87Rb [16-19], with
buffer gases Ne and Ar. The temperature-controlled Vertical
Cavity Surface Emitting Laser was modulated by the laser DC
current and the RF generator, and these two parts were
coupled by the Bias-Tee. The laser beam was collimated and
was 3mm in diameter. After being circularly polarized and
attenuated, it went through the rubidium cell which had
magnetic shield and was temperature controlled.
FIG. 3. CPT frequency shift with RF power level.
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Figure 4 shows that the CPT frequency shift goes up when
the temperature increases [21]. The amplitude of the CPT
signal is given by

S∝ n

ω12Rω22R

(Γ )

* 3

1

ω2 + ω2 
2 γ 2 + 1R * 2 R 
2Γ



.

(7)

Here n is rubidium atom vapor density, ω1R and ω2R are rabi
frequencies, γ2 is the ground-state relaxation rate of the
coherence and Γ* is the relaxation rate. When the cell
temperature is lower, the number n will become smaller. So
the CPT signal is weak when the temperature is too low.
However, as a result of the absorption of the light, the signal
will become weak with a high cell temperature as well. So we
have to control the temperature in a proper range, i.e. from
35℃ to 55℃ in FIG.4 with the size of cell considered.

V. CONCLUSION
In this paper, we propose a new method to reduce the
CSACs’ temperature sensitivity and demonstrate it through
theory analysis and experiment results. The total CPT
frequency shift can be reduced by the compensation of the
light shift varying with the RF power and the collision shift
caused by the change of temperature.
Reducing the temperature sensitivity is crucial for the long
term stability of CSACs. It may enhance the commercial
feasibility of CSACs and also improve their reliability,
especially when they are used in harsh application
environmental conditions where it is difficult to improve the
temperature stability of the cell. And this also can relax the
requirement on the accuracy of the buffer gas pressure.
ACKNOWLEDGMENT
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Abstract—In view of a novel miniature atomic clock with low
power consumption, we investigate on the potential for a laserpumped double-resonance atomic clock based on a microfabricated Rb vapor cell. We obtain a clock short-term stability
of 2x10-11 τ-1/2 and the stability stays below 1x10-11 up to τ = 104s,
which demonstrates the feasibility of the approach.

I.

II.

Laser
Head
Optics
elements

INTRODUCTION

Developments towards miniaturized or even chip-scale
atomic clocks (CSAC) [1] up to today were mostly based on
the Coherent Population Trapping (CPT) scheme [2]. This alloptical technology has the advantages of being compact with
low power consumption. The alternative Double-Resonance
(DR) scheme [3] has been widely abandoned for arguments of
power consumption and size of the microwave cavity
required. However, implementation of laser optical pumping
can replace the bulky and power-consuming discharge lamp
[4, 5], and micro-fabrication has opened new ways in
microwave structure design [6]. These facts make it
interesting to investigate further on the DR clock scheme,
which avoids several issues of the CPT approach such as
higher signal background or the difficulty to control precisely
the spectrum of the modulated laser over time. It has also been
demonstrated that DR short term stability is roughly 5 times
better than CPT’s in comparable experimental conditions [7].
CELL PRODUCTION

The fabrication process for the micro-fabricated cell used
in this study is similar to the anodic bonding technology
reported previously [8] and is described in [9]. First, a silicon
wafer is “drilled” by deep reactive ion etching (DRIE), and
then is anodically bonded to a glass wafer. This wafer stack is
diced to obtain preforms, that are then handled individually.
Rb filling is done with a commercially available Rb dispenser
from SAES getters, Italy. Finally cell sealing is achieved by
anodic bonding of a second glass plate, performed in a buffergas atmosphere with appropriate gas mixture and pressure.

C-Field

Magnetron
cavity

Commercial
synthesizer

Magn.
shield
Photo
Detector

Rb cell
6.834GHz

L.-I.
Amplifier

X 683.4…
Int. Xtal

EFC

P.I.
controller

Figure 1. Experimental setup.

III.

EXPERIMENTAL CLOCK SETUP

The setup is presented in Fig. 1. Pump light on the Rb D1
line is provided by a DFB laser stabilized to saturatedabsorption lines obtained from a small in-house made glassblown evacuated Rb reference cell. The light beam sent to the
clock cell has 1mm diameter and is linearly polarized. The
physics package is composed of the micro-fabricated cell
placed in a compact magnetron-type microwave cavity [10] to
orient and enhance the microwave field applied to the cell.
The cavity is surrounded by a C-field coil that produces a
static magnetic field parallel to the light beam to isolate the
clock transition. Mu-metal shields are used to isolate the
system from external magnetic fields. The 6.834 GHz
microwave is produced from the 2.278 GHz output of a
commercial synthesizer via a frequency tripler. This
microwave
frequency
is
modulated
at
≈ 187 Hz to generate the error signal using a lock-in (L.-I.)
amplifier. The clock loop is closed by sending the error signal
to a Proportional/Integrator (P.I.) controller that acts on the
EFC (Electronic Frequency Control) of the synthesizer.
IV.

RESULTS

A typical clock signal is presented in Fig. 2. A contrast of
nearly 2 % is achieved with a linewidth of 6.3 kHz (FWHM).
This work was supported by the Swiss National Science Foundation
(Sinergia grant CRSI20-122693/1) and the European Space Agency (ESA).
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Figure 2. Typical double-resonance clock signal.

The corresponding error signal has a discriminator slope of
D = 30 pA/Hz for a cell temperature of 373 K and a pump
light power of 40 µW. Linewidth extrapolation to zero light
intensity gives a value of 2.2 kHz. Using the formula [11]
(1)
where N is the total detection noise and f0 the frequency of the
microwave clock transition, a signal-to-noise limited shortterm stability of σy(τ) = 1.8x10-11 τ-1/2 and a shot-noise limit of
6x10-12 τ-1/2 are calculated.
At medium and long-term timescales, the main
degradations of clock stability result from fluctuations in
temperature and light intensity. Fig. 3 shows the temperature
shift of the clock frequency, consistent with predictions based
on the buffer gases content of the cell [12]. A temperatureshift coefficient is measured as 8.2x10-10 /K (at the operating
temperature of 373 K), which limits the clock stability to
4x10-12 at longer time scales. Straight-forward optimization of
the buffer-gas mixture [13] will shift the point of minimized
temperature sensitivity (currently around 76°C) towards the
operating temperature and will result in an improvement of
this stability limit by up to two orders of magnitude.
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CONCLUSIONS

We presented an experimental DR clock based on a microfabricated Rb vapor cell that already meets the typical stability
requirements for a miniature atomic clock. The intensity lightshift is identified as the main factor limiting the long-term
stability. Optimizing the cell’s inner atmosphere (buffer gas
and Rb isotopic ratio) will allow us to further improve on the
clock stability. Combining these encouraging results with a
new micro-fabricated microwave cavity will open the way for
a novel extra small DR clock with competitive frequency
stability.







The measured clock frequency stability is 2x10-11 τ-1/2 for
τ < 100s, in excellent agreement with the signal-to-noise limit
(see Fig. 5). The clock stability stays below 1x10-11 up to 104s
averaging time, in agreement with the estimated limitations
from the temperature and intensity light-shift effects. The
main limiting factor here is the intensity light-shift.
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the buffer-gas broadened |Fg=1>ö|Fe> Doppler transition
obtained on the micro-fabricated clock cell, but at the price of
a reduced signal-to-noise ratio that degrades the short-term
clock stability.
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Figure 4. Light-shift measured for different laser frequencies. The inset
shows the laser lock points used.

Allan deviation, s(t)

Intensity light-shift results for different laser frequencies
(i.e. laser lock points) are shown on Fig. 4. With the laser
locked to the |Fg=2>ö|Fe=1> sub-Doppler transition obtained
from the reference cell (our experimental clock conditions) the
intensity light-shift coefficient is 1.9x10-9 /µW, resulting in a
clock instability contribution of 8x10-12 at 1000 s. This value
can be reduced by a factor of 4 by locking the laser on
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Figure 5. Measured Allan deviation of the clock, compared to other
relevant clock data reported.

Figure 3. Measured temperature shift (data points) and parabolic fit to
the data. The straight line is a linear fit at 100°C.
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Temperature dependence of a Cs vapor cell clock:
pressure shift, signal amplitude, light shift.
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Abstract—We present the investigation on the temperature
dependence of the pressure (collisional) shift of the Cs clock
transition in presence of buffer gases (Ne, N2 and Ar). The
temperature dependence of the signal amplitude and light shift
are also investigated. From the obtained coefficients of
temperature dependence it is possible to foresee the buffer gas
mixture which cancels the temperature sensitivity at a given
temperature. These results as well as the results of the
investigation on the signal amplitude and the light shift can be
useful for improving the frequency stability of the Cs vapor-cell
clocks.

I.
INTRODUCTION
Compact and stable frequency standards are needed in
many applications such as telecommunications or navigation.
Alkali vapor-cell atomic clocks are currently used for this
purpose. In such clocks a buffer gas is added to the alkali
vapor in order to reduce the relaxation by collisions on the cell
walls and to reduce the Doppler broadening by Dicke effect.
However the collisions between alkali atoms and the buffer
gas can shift the frequency of the clock transition by several
kHz per torr, and this shift is temperature dependent. This
effect can limit the long term frequency stability of cell clocks
and indeed has limited the stability of our clock prototype
which uses a pulsed coherent population trapping (CPT)
scheme. That is why we have undertaken a metrological study
of these shifts for some buffer gases of interest, with the aim
of reducing or cancelling the temperature dependence.
We have measured the pressure and temperature
coefficients of the clock frequency shift induced by three
buffer gases: Ne, N2, Ar, see Section II. This allows to foresee
the composition of a gas mixture canceling the frequency
temperature sensitivity at the wished working temperature. It
is experimentally verified on a N2-Ar mixture. The working
temperature can be the one for which the signal amplitude is
maximal. We show in section III that this temperature also
depends on the laser intensity. In section IV we show that the
light shift is also temperature dependent.

II.

CANCELATION

A. Pressure and temperature coefficients
The frequency shift, induced by alkali-buffer gas
collisions, can be written [1]:

(

Δυ = P0 β + δ (T − T0 ) + γ (T − T0 )

2

)

(1)

where P0 is the buffer gas pressure in the cell at the reference
temperature T0, β is the pressure coefficient (Hz·Torr-1), δ is
the linear temperature coefficient (Hz·Torr-1·K-1), γ is the
quadratic temperature coefficient (Hz·Torr-1·K-2) and T is the
buffer gas temperature.
Following our previous works [2, 3], we present here the
results of the pressure and temperature coefficients for three
buffer gases (Ne, N2 and Ar). In order to avoid any bias we
use 4 cells filled with Ne, 5 with N2 and 5 with Ar made by
three different suppliers. The cells are filled with different
pressures ranging between 15 and 180 torr. The actual
pressure in the cell after sealing is unknown, so the accuracy
on the frequency shift rates measurements is generally limited
by the uncertainty on the gas pressure. We have measured the
pressure of the buffer gas in each cell by measuring the
frequency shift of the optical transitions of the Cs D1 line [3].
The pressure is then calculated using the published optical
shift rates [4, 5] corrected for the temperature (for more details
see [6]). Once the pressure of the buffer gas is determined, the
temperature dependence of the clock frequency is measured
for each cell with our CPT pulsed Cs clock described in [3].

This work is partly supported by Direction Générale de l’Armement
(DGA) under contract n° 2009 34 0052. O. K. was supported by DGA.
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TABLE I.

EXPEREMENTAL PRESSURE AND TEMPERATURE
COEFFICIENTS FOR CS WITH TRHEE BUFFER GASES

Buffer
gas
Ne
N2
Ar

Pressure
coefficient β,
(Hz·Torr-1)
686 ± 14
922.5 ± 4.8
-194.4 ± 1.6

Linear
temperature
coefficient δ,
(Hz·Torr-1·K-1)
0.266 ± 0.006
0.824 ± 0.006
-1.138 ± 0.010

Quadratic
temperature
coefficient γ ,
(mHz·Torr-1·K-2)
-1.68 ± 0.05
-2.51 ± 0.03
0.0 ± 0.3

In Table I, measured pressure and temperature coefficients
for Cs clock transition are shown. The accuracy of the present
work is still limited by the uncertainty on the buffer gas
pressure. We have precisely determined the quadratic
coefficients for N2 and Ne. The coefficient of Ar is much
smaller and we have estimated an upper limit.
It is important to notice that gases with a quadratic
coefficient exhibit an inversion temperature, where the
temperature dependence vanishes, Tinv = T0 − δ/2γ. Ne buffer
gas shows a strong quadratic temperature coefficient. The
inversion temperature computed from the coefficients of the
fitted polynomials for each cell, in order to avoid pressure
additional uncertainties, is Tinv = (79 ± 3) °C, which confirms
previous evaluations [7, 8]. It makes Ne very attractive for use
in the Cs chip scale clocks which needs a high working
temperature. The calculated inversion temperature with N2 is
(164 ± 13) °C, while no inversion temperature can be given
for Ar.

•

r(PAr/PNe) = 0.234(9) – 0.00295(11) · (Tinv – T0)

•

r (PN 2 / PNe ) = −

0.18
0.16

(2)

0.14
0.12
0.10
0.08
0.06
0.04
0.02

where r (P2/P1) is the pressure ratio of two buffer gases, δ1,2
and γ1,2 are the temperature coefficients for buffer gases, T0 is
the reference temperature (0°C), Tinv is the inversion
temperature.
We have calculated the equation (2) for three possible
buffer gas compositions (Ar-N2, Ar-Ne and N2-Ne).

0.266(6) − 0.00336(10) ⋅ (Tinv − T0 )
0.824(6) − 0.00502(6) ⋅ (Tinv − T0 )

In order to verify the calculated values several cells with
different Ar-N2 mixture were carefully filled in the laboratory
and studied. For each buffer gas mixture cell the inversion
temperature was measured. Fig. 4 shows the temperature
dependence of the clock frequency in the Ar-N2 mixture cells
with different proportion of two gases.

Pressure ratio, r(PAr/PNe)

δ 1 + 2γ 1 (Tinv − T0 )
δ 2 + 2γ 2 (Tinv − T0 )

r(PAr/PN2) = 0.724(12) – 0.00441(9) · (Tinv – T0)

Note that in case of mixture containing Ar buffer gas (for
which the γ coefficient is zero) the equation (2) could be
simplified to r = – [δ1/ δ2 + (δ1/2 γ2 )·(Tinv – T0)]. The Fig. 1, 2
and 3 illustrate the calculated dependences.

B. Buffer gas mixtures
One can also cancel the temperature dependence at a
chosen temperature by a mixture of gases with temperature
coefficients of opposite signs [9, 10, 11, 12]. From the
obtained coefficients for three buffer gases the mixture
composition canceling temperature dependence at a given
temperature can be calculated:
r (P2 / P1 ) = −

•
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Figure 2. Ar-Ne pressure ratio versus inversion temperature. Black solid
line - calculated values from the obtained temperature coefficients, black
dashed lines – 1σ uncertainty for the calculated values.
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Figure 1. Ar-N2 pressure ratio versus inversion temperature. Black solid
line - calculated values from the temperature coefficients, black dashed lines
– 1σ uncertainty for the calculated values. Red circles – experimentally
measured inversion temperatures Tinv for 8 cells. Red dotted line – fitted line.

Figure 3. N2-Ne pressure ratio versus inversion temperature. Black solid
line - calculated values from the obtained temperature coefficients, black
dashed lines – 1σ uncertainty for the calculated values.
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increases with the temperature, due to the increase of the Cs
density. At higher temperatures the signal decreases because
the medium becomes optically thick and also because of the
increasing relaxation rate. We have notice that the maximum
signal amplitude of the CPT resonance with cell temperature
depends on the laser intensity (Fig. 5). Such dependence was
observed in both CW and Ramsey interrogation modes.
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Figure 5. Signal amplitude versus cell temperature for two different laser
intensities. Red and black points – experimental data for 60µW/cm2 and
300µW/cm2, respectively. Red and black curves – theoretical model for for
60µW/cm2 and 300µW/cm2, respectively. Red and black arrows show the
discrepancy between theory and experiment. Cell with Ar-N2 mixture,
pressure ratio r (PAr/PN2) =0.595. CW mode of interrogation.
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Figure 4. Temperature dependence of the clock frequency in Ar-N2 Cs cells
with different compositions: a) r = 0.608; b) r = 0.595; c) r = 0.568.
Experimental points are fitted with N2 pressure and the ratio r as free
parameters, the pressure coefficients and temperature coefficients for both
gases as fixed.

The comparison between calculated and experimentally
measured values is presented on Fig 1.
The expression given by the fit of the experimental points
is r = 0.718(9) − 0.00441(18)·(Tinv − T0). The good agreement
between calculated and experimental values confirms the
validity of the measured microwave shift coefficients.
The coefficients values of Table I and the equations for the
mixture gas composition can be a useful guideline for
manufacturers of Cs vapor cell frequency standards.
III. SIGNAL AMPLITUDE
In order to determine the optimal working temperature the
signal amplitude was measured as a function of the cell
temperature, see Fig. 5. At low temperature the signal

A theoretical model was developed in order to explain this
dependence. It is based on the calculation of two absorption
coefficients: one on CPT resonance and the other off CPT
resonance, both at optical resonance. Contrary to the model
developed in [13], there is no empirical parameters (such as
Cs density or Rabi frequencies) adjusted in our model. The
developed model and the experimental data are in qualitative
agreement: the temperature for which the signal is maximal
increases with the laser intensity. We find better agreement for
lower intensity (as in [13]). For the lower laser intensity
(60µW/cm2) the experimental value of the temperature for the
maximal amplitude is 29.0°C, while the theoretical value is
27.7°C. For the higher laser intensity (300µW/cm2) the
experimental value is 32.0°C and the theoretical value is
28.5°C. Note that our model is sensitive to the value Cs
density, which is known with maybe ~10% uncertainty [14,
15, 16], and this uncertainty limits our model. A fitted value of
the Cs density is probably necessary. However this does not
explain the unexpected large variation of the temperature of
the maximum with the laser intensity. Further investigations
are needed.
IV. LIGTH SHIFT
The light shift is one of the major effects, with the buffer
gas pressure shift, which can limit the long-term stability of
alkali vapour cell clocks [1]. It must then be well controlled.
We have measured the light shift in cells with different buffer
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Shift (offset is different fot each temparature), Hz

gases, as a function of the laser intensity and the cell
temperature. We have noticed that the light shift is sensitive to
the cell temperature: the slope of the light shift versus laser
intensity changes value and even changes sign (Fig. 6). So for
a given temperature of the cell it is possible to have a zero
slope and to cancel the light shift. Here we present the results
for N2 buffer gas, but the similar behavior was observed in
cells with Ar and with Ar-N2 mixtures.

induced by the buffer gas is temperature dependent. But in
these experiments the laser frequency was locked on the
saturated absorption spectrum in another Cs cell, it was then
fixed, independent of the temperature of the buffer gas-Cs cell
of the clock.
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Figure 8. Temperature dependence of the shift of the D1 line in presence of
Ne, N2 and Ar buffer gas, logarithmic units.

260

2

The temperature dependence of the optical shift induced
by the buffer gas can be written [18, 19]:
n

S m ⎛ Tm ⎞
=⎜ ⎟ ,
S r ⎜⎝ Tr ⎟⎠

Figure 6. Light shift for different temperatures. For better visibility a
different offset is applied for each temperature. Each color corresponds to the
temperature (from 24.5°C to 39.8°C). Ramsey mode (Tr=4ms) interrogation.
Cell 30 torr N2.

Fig. 7 shows the slope of the light shift versus cell
temperature. The slope should be null for a temperature of
about 31°C in this case.
30 torr N2 (T)

When n is known, we can plot again Fig. 7, but as a
function of the laser detuning instead of temperature. Fig. 9
shows the slope of the light shift versus optical detuning. The
value of the optical detuning is calculated for each temperature
according to (3).

2

Slope, Hz*µW *cm

-1

0.002

-0.002

where Sm and Sr are the shifts measured at the temperature Tm
and Tr respectively, the value of n is determined by the Csbuffer gas interactions and the energy dependence of the cross
section. We have measured the temperature dependence of the
optical shift for three buffer gases, Ne, N2 and Ar, see Fig. 8.
The obtained values for n are: 0 ± 0.2 (Ne), 0.18 ± 0.03 (N2),
0.56 ± 0.07 (Ar) [6].

Y =0.01446-4.70081E-4 X

0.004

0.000

(3)
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Figure 7. Slope of the light shift for different temperatures. Ramsey mode
(Tr=4ms) interrogation. Cell 30 torr N2.

This sensitivity can be explained by the temperature
dependence of the detuning of the optical transitions. Indeed,
the light shift is expected to have a dispersion line-shape with
the detuning of the optical resonance [17], and the optical shift

Note that the zero slope of the light shift does not
correspond to the zero optical detuning (the zero slope
corresponds to the optical detuning 4 – 5 MHz). In fact the
absorption spectrum in the cell with buffer gas is broadened
by Cs-buffer gas collisions. In our case (30 torr N2) this
broadening leads to a Lorentzian width in the Voigt profile of
about 460 MHz. For the temperatures used in the experiment
the Doppler width is about 360 MHz. As the light shift
depends also on the width of the optical transition, another
temperature dependence is induced by the width variation.
Moreover the half of the hyperfine splitting of the excited state
is 584 MHz, so the overlapping of the profiles of two excited
states is possible. This could explain why the light shift
cancels for a detuning different of zero.
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of the CPT pulsed clock. Further investigations are in
progress.
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Abstract—We describe the progress towards the realization of
a cold-atom frequency standard based on coherent population
trapping (CPT). We explain our particular CPT configuration
and give details on the experimental setup.

I. I NTRODUCTION
The performance of atomic clocks based on coherent population trapping (CPT) has improved considerably over the
last few years in terms of stability and reliability [1], [2],
[3]. Frequency stabilities in the low 10−10 τ −1/2 range are
now realized within package volumes of a few tens of cubic
centimeters [3]. Nevertheless, a significant frequency drift
(≥ 10−12 /day) is observed in these devices. The use of wall
coatings and buffer gases, which are required for high-contrast
narrow-linewidth CPT resonances, degrades the long-term
stability through cell aging and large temperature-dependent
pressure shifts. Light shifts also contribute to the drift of CPTbased clocks.
To circumvent these issues, we began a study of a microwave CPT frequency standard based on laser-cooled atoms
(CA-CPT). Cold atoms can provide good long-term performance, while the all-optical CPT interrogation enables good
stability through narrow atomic resonances [1] and allows
miniaturization of the physics package by eliminating the
microwave cavity. This project aims at reaching a frequency
stability of better than 10−11 τ −1/2 and an accuracy of
around 10−13 within a miniaturized physics package. Our
work focuses both on the experimental realization and the
metrological evaluation of a CA-CPT clock and on efficient
ways of producing a cold atom sample in a millimetric volume
(see [4]). Consideration of the expected systematics, including
light shifts, second-order Zeeman effects and Doppler effects
are given in [5].
II. CPT INTERROGATION
Many schemes and configurations with differing atom types,
optical excitation lines, light polarization, etc., have been
proposed to improve the metrological properties of a clock
based on a CPT resonance [1]. Improvements can be made,
for example, by use of a polarization configuration that does
not involve so-called “trap states” (extreme mF sublevels)
[6], [7], [8], and by use of a larger intensity in the CPT
beams to increase the pumping rate into the “dark state”.

U.S. Government work not protected by U.S. copyright

Fig. 1. Energy diagram of the 87 Rb D1 line at 795 nm and transitions
involved in the lin||lin configuration.

However, this latter option has two major drawbacks. A large
intensity broadens the resonance, so that the high contrast is
quickly counter-balanced by a broader linewidth ∆ν; secondly,
it increases the magnitude of the second-order Stark shift (light
shift).
The sequence and configuration that we propose, a pulsed
Ramsey-like sequence on a cold 87 Rb sample combined with
a lin||lin configuration [8], can achieve high contrast without
being limited by power broadening and large light shifts. The
advantages of this approach are described in the following.
A. lin parallel lin configuration
The lin||lin configuration was first proposed and studied by
Taichenachev et al. in [8] and then investigated further in [9],
[10], [11], [12], [13]. The CPT resonance is the superposition
of two Λ systems (see Fig. 1) connecting the ground state
sublevels |F = 1, mF = ±1i and |F = 2, mF = ∓1i through
the excited level |F 0 = 1, mF = 0i. Because this configuration
does not involve any “trap state” we expect an increased
contrast. Indeed, contrasts of up to 40 % have been reported
in [8] and of 25 % in [11]. From an experimental perspective,
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this scheme is well suited for a frequency modulated diode
laser, as both beams have the same polarization.
B. Pulsed interrogation
Ramsey-like pulsed interrogation with CPT interactions was
first performed in the late eighties with a thermal sodium
beam and spatially separated interactions [14], [15], [16]. More
recently, several groups have used the technique in alkali
vapor cells [7], [17] and on cold atoms [18] with two optical
pulses separated in time by TR . The first pulse pumps the
atoms into the “dark state” (duration τp ); then the atoms
evolve freely for a period of TR , after which the second
pulse (duration τm ) measures the accumulated phase. An
absorption measurement gives rise to an interference pattern
typical of Ramsey interrogation. In this scheme, because the
atoms evolve most of the time in the dark, the linewidth ∆ν
no longer depends on the atomic saturation but is Fourier
limited and scales as 1/(2TR ). For a miniaturized cold atom
clock, the interrogation period is limited by the atomic free fall
under gravity to about 10 ms duration (500 µm displacement),
leading to a 50 Hz linewidth.
III. E XPERIMENTAL S ETUP
The experimental apparatus has been fully assembled. This
section presents some aspects of our designs and ideas concerning the vacuum chamber and the optical bench.
A. Vacuum chamber
We use a vacuum chamber produced by Cold Quanta1
for atom-chip Bose-Einstein condensation experiments. The
chamber is shown in Fig. 2 and described in detail in [19],
[20]. The main chamber, where a 3D optical molasses is
realized, is separated from a 2D-MOT zone containing a
Rb dispenser by two pinholes of 1 mm diameter, ensuring
differential pumping. The vacuum level in the main chamber
is currently below 10−7 Pa, thanks to a 2 l/s ion pump and a
getter pump.
The whole chamber is mounted horizontally to realize CPT
interrogation parallel or perpendicular to gravity. A set of three
pairs of Helmholtz coils is used to cancel the residual magnetic
field and to define a proper quantization axis along the CPT
beams.
B. Laser cooling setup
We use a single diode laser to feed both the 2D-MOT and
the 3D-optical molasses regions. We have about 16 mW of
power after a double-pass AOM and fiber coupling. The light
is tuned about 2 Γ below the |F = 2i → |F 0 = 3i transition
of the 87 Rb D2-line, where Γ is the resonance linewidth. The
2D-MOT is generated by use of two elliptical retroreflected
beams of area 12 × 25 mm2 with 5 mW of power in each
beam. The quadrupole field is produced by two permanent
1 Products or companies named here are cited only in the interest of
complete scientific description, and neither constitute nor imply endorsement
by NIST or by the US government. Other products may be found to serve
equally as well.

Fig. 2.

Picture of the current apparatus.

magnets (12 G/cm). A 1 mW push beam (1 cm diameter)
provides a 2D+ -MOT geometry. For the optical molasses we
use retro-reflected 3 mm beams (diameter @ 1/e2 ) with about
1.5 mW in each pair. With this setup, we are able to capture
a few ×106 atoms per second, which is currently limited by
laser power. The fluorescence is collected with a fresnel lens
(NA = 1) with an efficiency of about 4 % on a high-gain
photodiode.
C. Optical PLL setup
In many cases, the bichromatic laser field needed for excitation of the CPT resonances is generated by modulating the
injection current of a diode laser. This produces a comb of
optical frequencies of varying amplitudes. The unwanted residual sidebands degrade the clock performance by contributing
to detection noise and the AC Stark shift, but they do not
contribute to the CPT signal.
To avoid spurious sidebands in the CPT light we use
two independent phase-locked diode lasers. We phase-lock
two commercial DFB/DBR lasers at 795 nm with measured
Lorentzian linewidths of 1 MHz and 0.6 MHz respectively.
The optical beat note is realized around the 87 Rb hyperfine
splitting at 6.8 GHz. The design of the optical phase lock loop
is shown in Fig. 3. The amplified optical beat note is mixed
with a 6.65 GHz signal coming from a microwave synthesizer
(referenced to a 10 MHz H-Maser signal), filtered, amplified,
and compared with a 150 MHz signal coming from a direct
digital synthesizer inside a digital phase frequency detector
(DPFD AD9901). This DPFD provides an error signal that
is filtered and fed back on the slave laser’s current. By use
of high-speed electronics and through careful measurement
of the FM response of both lasers to determine the best
master/slave combination, we are able to achieve phase-locked
operation with a bandwidth of about 8 MHz. We measured
the fractional power in the coherent carrier to be about 70 %,
which corresponds to a phase error variance of 0.35 rad2 over
a 20 MHz integration bandwith. We measured the phase noise
of the optically generated signal by comparing it to an external
RF synthesizer, as shown in Fig. 3. The results are shown in

613

R EFERENCES

Fig. 3.

Optical phase-lock-loop design

Fig. 4. Measured phase noise of the optically carried 6.8 GHz signal. The
small bump around a few hertz is an artifact due to the very narrow band
PLL used in the phase noise measurement.

Fig. 4. Out to several kilohertz, the phase noise is determined
by joint contribution of the DDS and Synth2, and then we
observe a noise floor corresponding to the PLL residual noise.
Above 100 kHz the increase in the noise spectrum is due to
the loss of PLL gain. With such phase noise, we estimate
that the Dick effect will degrade the clock stability at a
level of 5 × 10−12 τ −1/2 . Because the sensitivity function of
a pulsed CPT interrogation has yet to be derived, we used
the appropriate function for a standard microwave Ramsey
interrogation. The parameters used are a cycle duration of
100 ms, TR = 10 ms and τm = τp = 50 µs.
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Abstract—We report on the current status of the LNE-SYRTE
fountain clock ensemble composed of three fully operational
fountain, one of which is a dual Cs/Rb clock. We focus on the
comparisons between them and their impact as primary
frequency standards contributing to the accuracy of TAI..

I.

MOTIVATIONS

The LNE-SYRTE clock ensemble comprises three atomic
fountain clocks FO1, FOM and FO2 [1]. FO2 is a dual
fountain using both rubidium and cesium [2]. FOM is a
transportable cesium fountain. The clock ensemble also
includes an ultra stable frequency reference based on a
cryogenic sapphire oscillator (CSO) and disseminated to all
three fountains [3].
The main application of this fountain clock ensemble is to
contribute to the realization of the S.I. second by calibrating of
national and international timescales. All three fountains are
primary frequency standards regularly contributing to TAI.
Developments during the last years focused on improving
long term stability and accuracy, and ability to operate
unattended for extended periods of time. This is an important
step towards the completion of the ground segment for the
PHARAO/ACES space mission scheduled for 2014. The
second important goal of the fountain clocks is to perform
fundamental tests, such as the test of the stability of the
fundamental constants [4]. Here the Cs/Rb dual alkali fountain
clock provides an original tool. A third application is the
utilization of the fountains as frequency references for
absolute frequency measurements of optical clocks. At
SYRTE this concerns the two strontium lattice clocks now
fully operational, and in near future the Hg clock under
development. In addition, other optical clocks in foreign
laboratories have been measured against the transportable
fountain FOM. This is an important step in preparation for a
redefinition of the SI second.
Here we give an overview of the current status of the clock
ensemble, and present long term fountain comparisons
performed over the last three years.

II.

Each fountain uses optical molasses beams for atom
loading and cooling starting from a 2D-MOT cold atomic
beam presource, except the FOM which loads from a vapour
source. Each fountain, except the FOM, is operated in
differential mode HD/LD (high/low density) with atom
numbers NHD = 2NLD using adiabatic passage [6] to allow for
real-time evaluation of the collision shift with about 1 %
accuracy. This limits the fountain stability to σ(2νBD - νHD).
Typical instability at high density is 3.5×10-14 at 1s for FO1
and FO2, and 7×10-14 for FOM using the CSO interrogation
signal.
Each fountain clock synthesis is operated in a pulsed mode
using a dedicated interferometric switch [7] with Rabi pulses
durations adjusted to eliminate potential microwave leaks
during the Ramsey interrogation. We regularly check the
absence of phase transients synchronous with the fountain
cycle, or induced by the switching process, using a heterodyne
phase transient phase analyzer [7].
Each fountain produces measurements, corrected for all
systematics, at 1 measurement per cycle. The individual
fountain measurements are averaged over each 1/100th of day
(864 s) to serve as a synchronous basis to make the frequency
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FOUNTAIN PERFORMANCES AND COMPARISONS

The four fountain clocks operate near the quantum noise
limit using the CSO as an interrogation oscillator [3]. The
CSO ultrastable reference at 12 GHz is down converted to 9
GHz and 1 GHz. The FO2 fountain being located near the
CSO uses directly the ultrastable signals to generate the Cs/Rb
clock frequencies. For FO1 and FOM, as well as the optical
clock laboratory, located in distant buildings within SYRTE,
the 1 GHz and 9 GHz signals are disseminated through
actively compensated fiber links, which are simplified
versions of the link described in [5]. Since the CSO drifts
above 1000 s, it is slowly phase-lock to one of the four
SYRTE H-masers, the one that is linked to BIPM through
GPS and TWTFT links. Thereby, each fountain measures the
maser frequency.
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differences between them, taken two by two. This direct
comparison eliminates the local oscillator noise.
An example of frequency instability between FOM and
FO2 over 50 effective days of comparison is presented in Fig.
1. A stability of about 2×10-16 is obtained at τ = 4.5 days.
The typical accuracy of the fountains is 3.8×10-16 for FO1
and FO2-Cs, 4.5×10-16 for FO2-Rb, and 7×10-16 for FOM,
wherein the leading uncertainty of 3×10-16 comes from first
Doppler effects associated with distributed cavity phase shifts.
Recent quantitative evaluation of this effect with FO2 reduces
this error to 8.4×10-16 for FO2-Cs [8].
Fountain comparisons are now performed regularly. The
frequency differences of the three Cs fountain clock pairs over
years 2008-2010 is presented on a monthly basis in Fig.2. The
data corresponds to a total number of days of comparison of
about 800 days. The error bars are total uncertainties for the
clock pair which are dominated by the systematic uncertainty
Ub. The weighted average differences D and related Ub are
given in Table 1. We see that the FOM-FO1 and FOM-FO2
differences are well within the Ub, while the FO1-FO2 is
slightly larger than one Ub. Although uncertainties are mainly
of systematic origin, we test the statistical significance of
these mean differences. To this aim, we evaluate the χ2 of the
weighted differences with respect either to the mean D or to
zero. The goodness-of-fit Q and Qo respectively, as defined in
numerical recipes [9], are given in Table I. The Q’s very close
to 1 indicate that fluctuations about the means D’s are much
smaller than the total uncertainties. Qo which tests deviations
(and/or fluctuations) from a null difference shows that FOMFO2 and FOM-FO1 agree within total uncertainties, while the
low Qo for FO1-FO2 would indicate a slightly underestimated
systematic effect, of a few 10-16. Similar analysis for a
comparison of worldwide fountain primary frequency
standards exploiting their calibrations of TAI is reported in
[10].

Figure 2. Fractional frequency differences between the three SYRTE Cs
fountain pairs over the last three years. Error bars are total uncertainties
dominated by the systematic uncertainties.

TABLE I.

χ2 TEST OF THE CS FOUNTAIN DIFFERENCES
PLOTTED IN FIG.2
D (x 10-16)

Ub (x10-16)

D/Uba

Q

Q0

FOM-FO2

-4.85

9.1

0.53

0.999

0.935

FOM-FO1

4.65

9.2

0.50

0.999

0.95

FO1-FO2

-8.1

6.2

1.31

0.999

0.037

a. D/Ub represents the difference in unit of standard deviation.

Figure 3. SYRTE fountain measurements of one H-maser at SYRTE (H
140-0890 from Kvarz, then 140-0816 from Symmetricom and again 1400890). Changes in reference maser occurred due to failure.

III.
Figure 1. Example of Allan standard deviation for the fractional frequency
difference between FOM and FO2Cs over 50 days. The continuous black line
is the Allan deviation for all averaging times τ.

SYRTE CS FOUNTAIN CONTRIBUTIONS TO TAI

Since 2007 the four fountain clocks, including FO2-Rb,
are measuring the frequency of one of the SYRTE H-masers
almost continuously, as shown in Fig. 3. These data were
exploited to participate to the accuracy of TAI. Since 2007,
about 75 formal reports have been transmitted from SYRTE to
BIPM over a total of 161 reports from all standards
worldwide, i.e. the contribution is by almost 50%. Each report
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corresponds to the measurement of the H-maser by one
fountain over 20-30 days, reaching a statistical uncertainty of
about 1.2×10-16 and uncertainty of 1.5×10-16 due to dead times.
IV.

SUMMARY AND SOME OUTLOOKS

In summary, we have presented long term comparisons
between the SYRTE fountain clocks down to the 1x10-16
level. The fountains differences are consistent with the total
stated uncertainties for each clock pair, except for the FO1FO2 pair for which a systematic effect of a few 10-16 may be
slightly underestimated. This is under current investigation.
Recent improvements in the fountain operation and for long
term comparison are provided by monitoring softwares
capable of assessing the status of the overall system and
automatically preprocessing clock data. These recent
developments also result in an enhanced capability to
contribute to International Atomic Time (TAI). Operational
compensated fiber links within SYRTE allows for reliable
comparisons between the fountain clocks and the optical
lattice Sr and Hg clocks.
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Abstract— A disciplined rubidium (Rb) oscillator has been
developed for use in harsh environments. This oscillator
operates from -40°C to +82°C, in the presence of random
vibration of up to 19 g RMS; while continuously maintaining
lock of both the Rb control loop and the disciplining loop.
Performance under vibration is enhanced by incorporation of a
quartz oscillator with active MEMS accelerometer based
vibration compensation. The device warms up in less than 15
minutes, and can be disciplined to a 1 pps input, such as the
signal from a GPS receiver. One of the unique features of this
device is the capability to align the internally generated RF and
1 pps signals to the input 1 pps signal with a resolution of < 1
nsec. This is accomplished using a novel PLL approach for
locking the internal RF signals to the disciplining 1 pps input. A
number of design refinements to the Rb physics package have
also been implemented which significantly improve the
performance during “holdover” conditions when no disciplining
signal is present. A major design goal of this device is to reduce
the accumulated time error during a 24 hour holdover period to
< 245 nanoseconds.

Figure 1. Photograph of disciplined rubidium oscillator

The design of this device is described, and performance data is
presented to demonstrate actual performance of initial
production units compared to the design objectives.

I.

INTRODUCTION

A Rb oscillator designed for use in harsh environments has
been developed. The device is also capable of being
disciplined by an external one pulse per second (1 PPS) signal,
such as is typically available from a GPS receiver. This Rb
oscillator utilizes a conventional, lamp excited vapor cell
physics package, but with some key updates to the electronics,
which make possible significant improvements to the
performance generally obtained from this class of oscillator
[1], [2], [3].
Photographs of this device are shown in Figure 1. , and
Figure 2. , and an outline drawing, showing dimensions is
provided in Figure 3. The unit is 4 x 6 x 1.5 inches, and
weighs 29 ounces (820 grams).
Figure 2. View of Rb oscillator with cover removed

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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Figure 5. Block diagram of acceleration compensation circuitry

The rubidium control loop utilizes a direct synthesis
approach to generate a signal at the Rb hyperfine resonance
frequency of ~6.8 GHz. This signal is synthesized external to
the Rb physics package, eliminating the need to incorporate
any microwave circuitry inside the physics package. Previous
designs of this type incorporate a step recovery diode comb
generator inside the physics package, which generally
involves the placement of components with ferromagnetic
(kovar) packages near the Rb resonance cell. This magnetic
material, when present, causes frequency variations which
limit the achievable frequency stability.

Figure 3. Outline drawing of Rb oscillator. Dimensions are in inches
[millimeters].

II.

DESIGN

A functional block diagram is provided in Figure 4. The
device accepts a 1 pulse per second (PPS) input as a
disciplining input, and provides both 10 MHz and 1 PPS
outputs.
The 10 MHz outputs are derived from a quartz oscillator
which incorporates active acceleration compensation in order
to improve the performance during vibration. This active
compensation is achieved by using the signals from MEMS
accelerometers attached to the quartz resonator to correct for
the acceleration induced frequency shifts in the resonator. A
block diagram showing this is provided in Figure 5.

The microwave excitation of the physics package
modulates the transmitted light optical signal, which is used to
steer the VCXO.
The 1 PPS disciplining loop adjusts the Rb frequency
based on the 1 PPS input. This phase locked loop (PLL)
utilizes a proprietary time interval counter which employs a
direct digital synthesizer (DDS) clocked by the 10 MHz
internal reference. The PLL measures the phase of the DDS
output at the time of arrival of the input 1 PPS signal. The
phase of the DDS output can be measured/adjusted with 12 bit
accuracy, which allows the phase of the output 1 PPS signal to
be aligned with the input 1 PPS signal with an accuracy of <
0.8 nanoseconds.
This PLL adjusts the output frequency of the Rb oscillator
by adjusting the frequency of another DDS which is part of
the microwave synthesis chain. The frequency can be
adjusted in this way with a resolution of <1 x 10-14.
With a 1 PPS input, the disciplining loop adjusts the Rb
oscillator frequency by steering the DDS frequency. With no
1 PPS input, manual frequency adjustment of the Rb oscillator
is similarly accomplished; by external command which
controls the frequency of the DDS.
III.

Figure 4. Block diagram of Rb oscillator

PERFORMANCE

Considerable efforts (e.g. chip scale atomic clock
programs) have recently been directed to driving down the
size, weight, and power of Rb standards, while accepting
performance compromises[4], [5]. This effort has a different
goal. Rather than trying to achieve the smallest possible size,
weight, and power, the goal is to achieve the best possible
performance; while not significantly increasing the size,
weight, and power compared to typical commercially
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available Rb oscillators. Certainly, progress has been made
toward this end.
A. Short Term Frequency Stability
The short term frequency stability of this Rb oscillator
over a 5 day period of time is shown in Figure 6. , and Figure
7. This data is for an un-disciplined unit, and thus represents a
measure of the capability of the free running Rb system. The
fact that the Allan deviation exhibits 1/√τ behavior out to
10,000 seconds is an improvement over what has generally
been achieved in the past with this class of Rb oscillator [1],
[2], [3].
Figure 8. Frequency vs temperature of Rb oscillator from +75°C to -25°C.
Test performed with no disciplining input

C. Holdover
Disciplined Rb oscillators are often used as primary
frequency and time references in communication networks.
One of the major concerns in this type of application is the
behavior of the oscillator during brief periods of time
(“holdover”) during which the disciplining source is not
available; for instance due to local jamming of GPS signals,
urban canyon loss of GPS signals, or antenna failure.
Depending on the application, holdover times for Rb
oscillators are specified anywhere from 15 minutes to 100
days, but most often for a period of 24 hours.
Accumulated time error for this Rb oscillator during a 24
hour holdover period is shown in Figure 9. The test results
shown in the figure demonstrate performance under simulated
worst case temperature conditions given a maximum diurnal
temperature variation of 17°C. In this case, the time error
accumulated in 24 hours is under 25 nanoseconds. The unit is
designed to be able to maintain <245 nanoseconds time error
during any 24 hour holdover period. This performance is
more than an order of magnitude better than what has
generally been achieved in the past with compact Rb
oscillators.

Figure 6. Frequency stability of un-disciplined Rb oscillator over a 5 day
time period, at constant temperature (25°C). A linear drift of -7.3 x 10-13/day
has been removed from the data.

Figure 7. Allan deviation of un-disciplined Rb oscillator, from frequency
data plotted in Figure 6. Performance at τ = 1 second reflects the quartz
oscillator noise, while the τ = 10 to 10,000 second performance reflects the
Rb loop white frequency noise.

B. Frequency vs. Temperature
Frequency vs. temperature for this device, again while undisciplined, is provided in Figure 8. From -25°C to +75°C the
frequency variation is <3 x 10-11, performance which is an
order of magnitude better than what has typically been
achieved in the past [1], [2], [3].
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Figure 9. “Holdover” test to determine accumulation of time error while Rb
oscillator is un-disciplined. Time error accumulated over 24 hours is shown.
Unit was subjected to a diurnal temperature variation of ~17°C, simulating a
worst case condition, during this test.

D. Vibration
This Rb oscillator is designed not only to survive, but to
function while undergoing severe vibration. As described
above, the quartz oscillator incorporates active vibration
compensation in order to improve performance under
vibration conditions. Performance under extreme conditions
(vibration = 19 gRMS) is shown in Figure 10. The figure shows
performance under vibration both with and without the active
compensation circuitry enabled. For the results shown in the
figure, the unit was subjected to vibration shown in TABLE I.
From the figure, it is clear that active compensation improves
the performance by more than 20 dB for vibration between 10
and 100 Hz.

Warm-up of this Rb oscillator is shown in Figure 11.
During this test, the unit is continuously disciplined by a 1
PPS input signal. From the figure it is seen that 15 minutes
after turn-on, the phase of the Rb oscillator generated signals
are aligned with the phase of the input 1 PPS to within 10
nanoseconds. The frequency is accurate to within a few parts
in 10-11 at the 15 minute point.

Figure 11. Warm-up of Rb oscillator at -40°C with 1 PPS input. Test
performed with disciplining input signal.

Figure 10. Phase noise of Rb oscillator. Both static phase noise and phase
noise under vibration along x-axis are shown. The vibration profile used to
collect this data is shown in TABLE I. These tests were performed on an undisciplined Rb oscillator
TABLE I.

F. Magnetic Field Sensitivity
Performance under conditions of varying magnetic field is
often overlooked in Rb oscillators of this type. However, this
is actually quite important in many of the dynamic
environment applications such as moving vehicles, and
aircraft.
This Rb oscillator has exceptionally good
performance in changing magnetic field conditions, as
demonstrated in Figure 12. This figure shows that for a
magnetic field variation of ±4 gauss, the frequency variation is
less than 1 x 10-11. This is at least 5 times better than other
similar units.

RANDOM VIBRATION PROFILE
Frequency
(Hz)

PSD
(g2/Hz)

5

0.01

10

0.01

40

1.1

300

1.1

500

0.05

total

19 g RMS

E. Warm-up
Fast warm-up is critical for many applications in which
relatively short periods of operation may occur. This is the
situation for units deployed in wheeled vehicles and aircraft.
Performance immediately after turn-on is a challenge for Rb
oscillators due to the fact that the major physics package
elements must be ovenized. Disciplining to an external 1 PPS
signal compounds the difficulty, especially when the
disciplining source is a typical GPS signal with 20 to 120
nanoseconds of jitter.

Figure 12. Magnetic field sensitivity of Rb oscillator, un-disciplined.
Frequency change is shown on the left axis, corresponding magnetic field on
the right axis.

IV.

CONCLUSION

A disciplined rubidium oscillator for use in harsh
environments has been developed. This oscillator achieves
much better performance than comparable devices currently
available. The emphasis in designing this unit has been to
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improve performance; not, as is the case for chip scale atomic
clock efforts, to reduce size, weight and power even if
performance compromises are necessary.
Short term
frequency stability, warm-up, holdover time error capability,
performance over temperature, vibration operation, and
magnetic field sensitivity five to ten times better than other Rb
oscillators of this type have been demonstrated.
REFERENCES
[1]

[2]

[3]
[4]

[5]

J. Ho, I. Pascaru, C. Stone, and T. McClelland, “New Rb frequency
standard designs for telecommunications applications,” Proceedings,
IEEE International Frequency Control Symposium, 1998, p. 80.
T. McClelland, J. Ho, I. Pascaru, and C. Stone, , “Rb frequency
standard with expanded operating temperature range (-55 to +95°C),”
Proceedings, IEEE International Frequency Control Symposium, 1999,
p. 137.
W. Weidemann, “Subminiature Rb oscillator model FRS,” 40th Annual
Frequency Control Symposium, 1986, p. 470.
R. Lutwak, “The chip scale atomic clock – recent developments,”
Proceedings, IEEE International Frequency Control Symposium, 2009,
p. 573.
M. Zhu, and J. DeNatale, “Application of reduced light shift optical
pumping method to chip scale atomic clock,” Proceedings, IEEE
International Frequency Control Symposium, 2009, p. 1183.

622

Stability of Relaxation Processes in a Quantum System as a Main Factor for
Achieving the High Long-Term Frequency Stability of a Standard
Evgeny Pestov
1

2

The Fed. State Scient./Prod. Ent. “Geologorazvedka”, 19/1 Knipovich str., St. Petersburg 192019
The Russian Institute of Radionavigation and Time, RIRT, 2 Rastrelli sq., St.-Petersburg 191124, Russia
E-mail: infra-balt@peterlink.ru

frequency’s center, ν0-0 , with a long period – from several
units of day to tens or more. The variable correction,
δω(1)ch-p(t), affects significantly the standard’s long-term
frequency stability.

Abstract – The processes of synchronous Zeeman’s relaxation are investigated with simultaneous observing
population difference, Mz (τ1) – and coherence, Mx (τ2), components within a spin of system of 87Rb atoms in cells
with antirelaxation coating, when changing cell volume,
operating temperature and pumping light intensity with
D1 – line.
The existence of total relaxation ‘degeneracy’ is experimentally determined which is characterized through
(t1 ≈ t2) – condition being necessary [1] for achieving a
high long-term frequency stability of standards (in particular, quantum magnetometers).
The procedure for investigating relaxation processes
developed by the author could be useful for the realization of atomic frequency standards with a high long-term
frequency stability.

III. Impact of Relaxation Processes’ Dynamics within
a Quantum System on Long-Term Stability of
a Standard. Results of the Investigation
For providing a stability of various quantum systems’
states, it is necessary in practice to solve a number of
difficult technical tasks. Let us consider a problem related
to the need in supporting the stability of relaxation processes within absorption cells of rubidium frequency
standards (RFS) and point out the ways to improve a
long-term stability of frequency standards of this type.
As is shown in the same work [1], achieving the ultimate
long-term stability of any quantum system when exciting
a resonance by the harmonic field, H1∙cos ωt, is only possible when realizing within this system a regime of stationary oscillations (RSO) in which a drift variable correction of the resonance frequency, δω (1)ch-p(t), tends to a
negligible value. For providing RSO existence and
steadiness (under conditions of frequency detuning, ∆ω =
|ω – ω0| = 0), resonance signal’s amplitude, as , population
difference, zs , and phase difference, Js , between phases
of resonance field and atom should be supported with a
super high accuracy during the operation of a frequency
standard. It is difficult to solve this task in practice, in
particular, with respect to Js [1]. In addition, RSO steadiness is significantly affected by relaxation processes disturbing a frequency of the clock atomic transition.

I. INTRODUCTION
Of all atomic frequency standard’s parameters the major
one is the long-term frequency stability. All efforts of
frequency standards’ researchers and creators are ultimately directed to achieve a high long-term frequency
stability.
The central unit providing a long-term frequency stability
is the atomic discriminator. Whatever the quantum system
is used, two main factors affect obtaining the maximum
value of atomic discriminator’s long-term frequency stability:
1. Technique for exciting a resonance ‘0-0’ – transition
which implies the realization of the regime of atomic
system’s forced oscillations by means of, in particular, the
external alternating magnetic field, H1∙cosωt.
2. Dynamics of relaxation processes within a quantum
system.
II. Impact of the Regime of Quantum System’s forced
Oscillations on Long-term Stability.

From [1] it follows that, for improving RSO steadiness
(and, consequently, improving a high standard’s longterm stability), it is necessary to realize within a quantum
system the equal intensity of relaxation processes as regards population component (Mz) and coherence component (Mx) of operating states, i.e. to provide a condition of
equality for efficient relaxation times, τ1 ≈ τ2, respectively. The distinction in intensities of this processes (at τ2 <
τ1 ) which takes place in practice is an additional source of
lowering the long-term stability of a standard (AFS).

1.1. It is found that the resonance exciting field, H1∙cosωt,
shifts a resonance frequency of the quantum system, ν0-0,
by a small value, δω (2)b-s ~ γH12/ 4H0, which is a constant
correction of the second order for the field amplitude H1,
and is known as the Bloch-Siegert shift. At frequencies of
hyperfine ‘0-0’ – transitions, this correction is small (~10 15
), not accounted for in practice and does not affected a
value of long-term stability.
1.2. One should consider as a success of the recent decade
such a point as the detection of a drift varying-in-time
correction of the first order of δω (1)ch-p = (γ∙H1∙z/a)∙cosJ –
kind made E.Pestov and A.Chirkov [1]. This correction
caused by a forced oscillations’ regime itself, is always
presents in frequency standards. It cannot be removed in
practice and is a source of the long-term drift of resonance
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As will be shown later, for realizing the case τ1 ≈ τ2 , we
recommend to use gas cells with anti-relaxation wall
(ARW) coating. For example, Cs cells with ARW-coating
were for the first time used as early as 1971 in the USSR
within Cs magnetometer at “Cosmos-355” geophysical
satellite [2]. The Cs quantum sensor operated under conditions of open space and demonstrated super results.
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Each event of atom’s collision with a wall generates on
this wall a fluctuating local field along all coordinates:

The manufacture of cells and wide-scale investigations of
relaxation processes in 133Cs, 87Rb, 39, 41K cells with ARW
-coating were conducted in IZMIRAN (USSR). [The
author of this work participated in these investigations].

H x2 , H 2y , H z2 - are the average energies of the components of the variable magnetic field induced in the time of
the atom’s interaction with the cell wall-coating.
Microscopic relaxation theory (Redfield, Kubo, Tomita)
gives expressions for relaxation times, T1 and T2 , [7]

In recent years the interest is growing as regards the use
of cells with ARW-coating in frequency standards due to
more efficient optical pumping and lower intensity of
relaxation processes compared to those in buffer gases. It
manifests itself as increase in SNR value and decrease in
resonance line width, ∆ν. For example, when using Rb cylindrical cells of our manufacture (coating is tetracontane) with dimensions of Ø22x22, the width of ‘0-0’resonance line decreased by 4-5 times compared to the
lines within the similar cells with buffer gases. The absorption cells with ARW-coating have a larger value of
the figure of merit, Q ~ [S(τ1)/N]/∆f(τ2), and this opens a
prospect for creating the competitive 87Rb frequency
standards.

2

2

1/T1 = γ 2 [ H x2 + H 2y ] ∙ tc / (1+ w 0 × t с )
2

(1)
2

1/T2 = γ 2 [ H z2 ∙ τc + H 2y ∙ tc / (1+ w 0 × t с )]

(2)

These local fields, H x2 ,.., are the cause of decrease of the
population difference and resonance broadening.
It follows from the expression (1) that T1 affects only the
population, ∆n, because of the transverse fluctuating
fields, < Hx2 > and < Hy2 >, transfer the atom from one
sublevel (mF) to another one (mF ±1) at the resonance
frequency, ω0 , and lower a signal value. The expression
for T2 (2) is of more complicated kind and characterizes a
loss in phase coherence which is accompanied with a
resonance broadening.
Let us consider some specific features of relaxation as
regards populations (T1) and phase (T2) on coating.

On the strength of this data, such a problem becomes
actual as conducting investigations of relaxation processes’ dynamics in the 87Rb cells with ARW-coating for
detecting a condition of relaxation times equality, τ1 ≈ τ2 ,
when changing cell volume, operating temperature, optical pumping intensity.
In this work, the results are presented as regards experimental investigations of Zeeman’s relaxation times of
population difference, τ1, and coherence, τ2, [3], in Fg = 2
state of 87Rb atomic spin-system within cells with ARWcoating as functions of pumping lamp’s light intensity,
I1(D1), and temperature, t0C.

1. When increasing in a cell temperature, the correlation
time, τ c , i.e. time of interaction with a wall, decreases.
This means that T1 and T2 increase.
2. Rates of T1 and T2 growth due to a change in temperature are different. It follows from formulas (1) and (2)
that the T1 time will increase faster than T2 with a decrease in the correlation time.

τ1 (I1, t0)- and τ2 (I1, t0) - dependences within cylindrical
87
Rb cells of various dimensions are obtained using a
technique developed by the author for measuring τ1 and τ2
synchronous relaxation in spin systems [4] which allows
to simultaneously observe both relaxation processes –
population difference component, Mz, and coherence
component, Mx. Analysis of current works on relaxation
investigation in spin systems shows that these investigations are only restricted by a single relaxation component
– population difference, Mz [5,6].

3. The addendum, H z2 ∙ τc , for the phase relaxation (T2)
reflects the dipole-dipole interaction and causes a resonance broadening. It lowers also the T2 increase velocity
on coating when the temperature increases.
4. For wall relaxation times, T1 and T2 , the inequality
T1 ≠ T2 is always satisfied, and T1 > T2.
Let us write the expressions for times τ1, τ2 taking into
account spin-exchange and optical pumping.
(1)

1/τ1 =1/ T1 + 1 / t sp-ex +1/τp

Fig. 1 shows dependences of relaxation times τ1, τ2 on a
change in pumping light’s intensity with D1-line, k∙I1, for
87
Rb cells of various dimensions:
plots 1 (τ1), 2 (τ2) – sphere, Ø38 (inner 36.5); cylinders,
3 (τ1), 4 (τ2) – Ø22x22 (inner Ø19x19) mm;
5 (τ1), 6 (τ2) – Ø15x15 (inner Ø12x12) mm. I1 = 1 ~ 25
μW/cm2 ; here k = 0.1; 0.15; 0.32; 0.5; 0.7 – transmission
factors of neutral light filters. (1-6) curves characterize
the relaxation processes’ dynamics of Mz and Mx components depending on a change in cells’ volume at the fixed
cell temperature, T ≈ 230C.

1/τ2 = [1/ T2' ( H z2 )+1/2 T1 +1/TS-N] + 1 / t

(3)
( 2)
sp- ex

+1/τp (4)

The addendums in the first brackets are responsible for
the phase relaxation on coating, where 1/TS-N is spin-spin
relaxation due to the interaction of a working atom’s spin
with the coating’s nuclear spin.
Let us rewrite the formula (3), (4) in a compact style.
(1)

1/τ1 =1/ T1 + 1 / t sp-ex +1/τp
1/τ2 = 1/ T2* + 1 / t

Fig. 2 demonstrates similar dependences of relaxation
times, τ1(k∙I1), τ2(k∙I1), for cylindrical 87Rb cell of Ø15x15
– dimensions. (1-4) dependences characterize the relaxation processes’ dynamics of Mz and Mx components depending on a change in the cell temperature.
The high-melting paraffin C40H82 of high-degree purity
was selected as coating.

( 2)
sp- ex

+1/τp

(5)
(6)

These formulas describes experimental dependences
which will be presented below.
In the course of experiment, a pumping intensity, k∙I1 , is
changed. When decreasing k∙I1 → 0, we obtain dark elaxation times, t1* and t *2 , acting within a cell, which reflect
wall and spin-exchange relaxations (7,8):
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Fig. 1. Dependences of relaxation times t1 , t2 on a change in pumping light’s intensity with D1 –line
for 87Rb cells of various dimensions

Fig. 2. Dependences of relaxation times t1 , t2 on a change in pumping light’s intensity with D1 –line
for cylindrical 87Rb cell of Æ 15´15 (mm) in the various temperature
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(1)

1 / t1* = 1 / T1 + 1 / t sp -ex ,

(7)

1 / t *2 = 1 / T * + 1 / t sp - ex ,

(8)

( 2)

2

the total ‘degeneracy’ (similar with 5,6 – dependences,
Fig.1) for determining a critical temperature, t0c , beyond
which the dark ‘degeneracy’ is removed. It follows from
these dependences, t1* (t0), t *2 (t0) obtained and given in
Fig.3, that a condition for the total relaxation ‘degeneracy’ for this cell is fulfilled up to the critical temperature,
t0c ~ 360.

where T1 , T * are the relaxation time on the wall coating;
2

t1* and t *2 values are on the ordinate axis, Fig.1, 2.
Let us consider specific features of results obtained in this
work.
1. Change in a cell volume (t0 = const = 230C), Fig.1.

· When increasing a cell volume (cylinder, Ø15x15 →
Ø22x22 → sphere Ø38, mm), a difference, ∆ = t1* - t *2 , is
increased between dark relaxation times, t1* and t *2 ,
respectively:
∆ Ø15x15 ≤ 0.5 ms; ∆ Ø22x22 ~ 5 ms; ∆ Ø38 ~ 12 ms. In so
doing, t1* time increases significantly faster than t *2 .
These circumstances show that, then increasing a length
of atomic free path, a frequency of atomic collisions with
the wall and between themselves decreases. As a result,
such a parameter decreases as the spectral power density
of fluctuating local fields on the wall, <Hx2> and <Hy2>,
revealing in T1 and t1* increase.
· t *2 value is always less than t1* , i.e. t *2 < t1* . The
reason is the presence of 1 / T2* (<Hz2>, 1/TS-N) addends

Fig.3. The example of the total ‘degeneracy’ t1* and t *2

in the formula for t *2 (4) which decrease t *2 and broaden
the resonance.
· The interesting phenomenon is observed for a cylindrical cell with a lesser volume, Ø15x15 (curves no. 5, 6).
For this cell, some total ‘degeneracy’ for relaxation times,
(τ1 ≈ τ2), takes place which is being characterized not only
by the dark ‘degeneracy’, t1* ≈ t *2 , at I1 = 0, but also by
the ‘degeneracy’ within all range of pumping light’s intensity change, k×I1 . This state of the relaxation ‘degeneracy’ within a quantum system, according to [1], just provides a condition for achieving a high long-term frequency stability of a standard.

Frequency Shifts of ‘0-0’ Transition in RFS Caused by
Action of Coating
This wall shift is negative and is of several hundreds
Hertz. Preliminary investigations performed by us have
shown that frequency shifts could be compensated
through adding the buffer gas of small pressure to the cell.
IV. CONCLUSIONS
1. For a cylindrical cell with ARW-coating, the dimensions are found, Æ15´15 (Æ12´12), at with a total relaxation ‘degeneracy’ is observed at temperature values up to
critical, t0c ~ 360 C. This means, for example, that, when
changing the parameters within a wide temperature range
(200 ¸ 360C) and pumping light intensity, k×I1, within
(0¸25) mW/cm2, (t1 ≈ t2) - condition is fulfilled which is
necessary for achieving a high long-term frequency stability of standards (in particular, RFS and magnetometers).

· The pumping light, while acting on a quantum system
as the light relaxation, helps to generate a state being near
to the relaxation ‘degeneracy’ ( t1* ≈ t *2 ). For example, for
Ø22x22 cell (curves no.3, 4), this state occurs at k∙I1 ³
0.5∙I1 where I1 = 1 corresponds to the emission power
density ~ 25 μW/cm2.

2. The dynamics of relaxation processes within a spin
system with hyperfine transitions is similar to processes
of Zeeman’s relaxation and differs only in values of relaxation time, t1 and t2 . Therefore we believe that the
procedure for relaxation investigation and results of this
work would be useful, when performing similar investigations on hyperfine transitions in the course of developing
atomic frequency standards.

2. Change in a cell temperature (volume V = const), Fig.2
· Fig.2 gives an example of experimental dependences
τ1, τ2 = f(k ∙ I1), for a cell of Ø15x15 (inner Ø12x12). It
follows from this data that, for this cell, the dark relaxation ‘degeneracy’, ( t1* ≈ t *2 ), disappears at the temperature t0 ~ 540C.

3. The total relaxation ‘degeneracy’, ( t1* ≈ t *2 ), characterizes the isotropy of relaxation processes in the space.

It is interesting in practice, however, to find τ1, τ2 (I1) –
dependences from the temperature change in the case of

4. The performed investigations enable one to determine conditions for achieving a high frequency stability
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(short-term, medium-term, and long-term) and finding
operating parameters for realization such stability values
in practice.
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Abstract— It has been shown that pure thickness shear mode
can be excited in thin film bulk acoustic wave resonators
(FBARs) using AlN thin films with special c-axis tilt angles
(46.1o and 90o). The pure shear mode FBARs may be used as
sensors in liquid medium with improved sensitivity than the
commonly used thickness shear mode quart crystal resonator. In
this paper thickness shear mode FBAR has been investigated for
viscosity sensor application. The equation for predicting electric
impedance of shear mode FBARs with a liquid layer was derived
from the basic piezoelectric constitutive equations. The viscosity
sensitivity of AlN FBARS was achieved by calculation of
resonant frequency shift due to the liquid loading layer. In the
calculation, it is assumed that the FBAR is formed by AlN film
with 2µm thickness, 300µm by 300µm electrode area and with
mechanical quality factor of 400. Three different liquids (water,
acetone and olive oil) were used as the loading layer to evaluate
the sensitivity of FBAR viscosity sensors. It was found that the
viscosity sensitivities of AlN FBAR with 46.10 and 900c-axis tilted
angle are very close, and do not change much with different
liquid materials. The simulation results can be used for design
and application of AlN FBARs.

I.

INTRODUCTION

In the past years, FBARs have attracted much attention for
application in RF and microwave frequency control and signal
processing Fields [1-3]. In addition to applications in
electronic circuits as frequency control and signal processing
devices, FBARs were also investigated for sensor applications
due to its high sensitivity [4-7]. AlN and ZnO thin films are
widely used for FBAR fabrication, and they are usually with
normal-plane c-axis orientation, which makes FBARs
operated in thickness longitudinal mode. The damping of
thickness longitudinal resonator in liquid is severe, inducing
poor sensor response. While the damping of shear mode
resonator in liquid is much less significant, hence, for liquid
application FBAR operated in shear mode is promising.
It has been shown that thickness shear mode resonance can
be excited besides longitudinal mode when c-axis of AlN thin
film is tilted off the thickness normal direction. For example,
c-axis tilted AlN thin films were achieved by Bjurström and
Wingqvist et al using reactive magnetron sputter deposition
system; they examined the variation of electromechanical
coupling and the quality factor of the AlN resonators with caxis tilt angle, and investigated the performance of resonator
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for sensor application in liquid [8-10]. Martin et al. presented
dual mode resonators based on c-axis tilted AlN films with
high resonant frequency, around 8GHz for longitudinal mode
and 4 GHz for shear mode [11, 12]. Chuang et al.
demonstrated solidly mounted dual mode FBARs based on 00,
150 and 300 c-axis tilted AlN films, and the effect of mass
loading on the resonators were experimentally conducted.[13].
Our previous study [14] also shows that the tilted polar caxis orientation in AlN and ZnO thin films will induce normal
plane and in-plane polarization components, which leads to
the coexistence of the longitudinal mode and shear mode in
the resonators. Moreover, it was found that pure thickness
shear mode exists when c-axis is tilted at a special angle. In
the case of AlN FBAR, when c-axis is tilted at angle 46.1o or
90o, only thickness shear mode exist, which, as mentioned
before, can be a very promising FBAR structure for sensor
applications in liquid medium. At this point, theoretical
analysis of FBAR sensors based on polar c-axis tilted AlN thin
film is needed to guide device design and fabrication. To our
knowledge, there is no theoretical study on c-axis tilted AlN
FBAR for liquid viscosity sensing application from the
literature. In this study, we focus on shear mode FBARs based
on AlN thin film with 46.1o and 90o c-axis tilt angles. The
electric impedance of pure thickness shear mode AlN FBAR
with a liquid loading was derived by the basic piezoelectric
equations. Then the resonant frequency shift for different
liquid loading was examined. Finally the viscosity sensitivity
of shear mode AlN FBAR was calculated and discussed.
II.

THOERY

A.

Dual mode AlN FBARs.
Before we discuss AlN FBAR for viscosity sensor
application, we briefly present the theoretical analysis of dual
mode FBARs using c-axis tilted AlN, which is the basis for
analytical study of shear mode AlN FBAR with liquid loading.
Following a similar procedure [15], the impedance equation
for c-axis tilted AlN FBARs can be derived [14].
Fig. 1(a) shows FBAR based on AlN thin film with normal
c-axis, and ( x1 , x2 , x3 ) is the original material coordinate
system; Fig. 1(b) shows the schematic of FBAR based on caxis tilted AlN thin film, where the top and bottom electrode
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are ignored for model simplification. A rectangular Cartesian
'
'
'
coordinate system ( x1 , x2 , x3 ) is chosen with top electrode

are the elastic stiffness constants under constant electric field

x3' = h and bottom electrode on x3' = 0 . The c-axis of

the permittivity constants under constant strain, ρ is the

on

AlN film is tilted at an angle

θ

to the

x3' direction.

intensity, ekp are the piezoelectric stress constants, ε ik are
S'

'

density of AlN and u i is the displacement in the direction of

xi' ( i , k = 1, 2, 3 and

Coordinate system ( x1 ,

p , q = 1, 2, 3, 4, 5, 6 ). For one
dimension assumption, we have:

in Fig. 1(c).

∂Ti

x2' , x3' ) can be treated as the result of
rotation of ( x1 , x2 , x3 ) about x2 with an angle θ , as shown
'

∂x1'

∂T
∂D
='i =
E2 0, E3 ≠ 0, '3 =
0, E1 ==
0
∂x2
∂x3

(5)

Under a sinusoidal excitation, the voltage V and current I
across FBAR can be determined by
h

V = ∫ E3 dx3' , I = jω AD3

(6)

0

where A is electrode area, ω is angular frequency. For
traction forces at the boundary ( x3 = 0, h ) we have:
'

T=
(0) T=
(0) T=
( h) T=
( h) 0
5
3
5
3

Fig.1 (a) FBAR based on AlN thin film with normal c-axis; (b) FBAR

based on c-axis tilted AlN; (c) the relation of ( x1 ,

x2 , x3 ) and ( x1' , x2' ,

Also we found:
E'
E'
'
c=
c=
e=
0
34
45
34

x3' ).
In ( x1 , x2 , x3 ), we have the following acoustic field
equations and piezoelectric constitution equations[16]:
'

'

'

∂T1 ∂T6 ∂T5
∂u
ρ 21
+ ' + ' =
'
∂x1 ∂x2 ∂x3
∂t
∂T6 ∂T2 ∂T4
∂u
ρ 22
+ ' + ' =
'
∂x1 ∂x2 ∂x3
∂t
2

S
1
tan(γ L / 2)
S 2 tan(γ / 2)
(1 − (k L ) 2
(
)
)
Z=
−
k
γL /2
γS /2
jωC0

2

∂u3 ∂u1
=
S5
+
∂x1' ∂x3'
=
S6

2

Based on the impedance expression of FBAR (9), the
resonator could be operated in a single mode when a tilt angle
makes k L = 0 (pure shear mode) or kS = 0 (pure longitudinal
mode). Our calculation results show when c-axis tilt angle is
46.10 or 900, AlN FBARs can be operated in pure thickness
shear mode ( k L = 0 ).

∂u1
∂u2
∂u3
=
, S2 =
, S3
'
'
∂x1
∂x2
∂x3'
∂u3 ∂u2
+
∂x2' ∂x3'

(9)

Here C0 is the static capacitance; k L and k S are
(1) electromechanical coupling coefficients; γ L and γ S is phase
delay for longitudinal (L) and shear mode (S), respectively.

∂T5 ∂T4 ∂T3
∂ 2u3
ρ
+
+
=
∂x1' ∂x2' ∂x3'
∂t 2

=
S4

(8)

From equation (1)-(8), the impedance of dual mode FBAR
can be solved:

2

=
S1

(7)

B. Shear mode AlN FBAR with liquid loading
(2)

∂u2 ∂u1
+
∂x1' ∂x2'

Tp = c Epq ' Sq − ekp' Ek

(3)

=
Di e S q + ε Ek

(4)

'
iq

S'
ik

where Tp , S q , Di and Ek are the components of stress,
strain, electric displacement and electric field intensity,

E '
c pq

Fig. 2 Schematic of viscosity sensor based on c-axis tilted AlN FBAR.

As mentioned before, the existence of pure shear mode
makes AlN FBARs possible for sensor application in liquid.
Also, we know that for acoustic sensor, the higher resonant
frequency usually means higher sensor sensitivity.
Considering FBAR whose operation frequency can be up to
tens of GHz, it is expected that sensor sensitivity will be
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greatly improved. Fig. 2 shows the schematic of viscosity
sensor based on AlN FBAR with c-axis tilt angle 46.1o or 90o.
For analyzing sensor performance of shear FBAR for
viscosity measurement, we need derive the impedance
expression of FBAR with liquid loading. Assume the interface
'
of liquid and resonator is at x3 = 0 , now the boundary
condition (7) changes to
( h) T=
( h) T3 (0)=0
T=
5
3

(9)

T5 (0) = − jω Z Liquid u 1 (0)
Z Liquid =

j ρ Liquid ωη Liquid

elastic constants, piezoelectric constants and dielectric
constants, the acoustic velocity changes with c-axis
orientation. Hence the resonant frequencies of these two pure
shear mode AlN FBARs are different, although they have
same thickness.
In the case of liquid loading, for the two pure thickness
shear mode resonators we can clearly see that the resonant
frequency decreases due to liquid loading, and the resonant
peak becomes small and broadened, indicating that the energy
loss caused by viscous loading. The loading effect of olive oil
on the FBARs is much more significant than that of water and
acetone. This is attributed to the higher acoustic loading
impedance of olive oil.

where ρliquid and ηliquid are the density and viscosity of liquid.
From (1)-(6), (8), and (9), the impedance of shear AlN FBARs
with liquid loading can be solved,

Z
=

S 2

1
(k )
(1 − ( S
jωC0
γ

2 tan(γ S / 2) − j
1−

Z Liquid
ZS

Z Liquid
ZS

(10)

)

cot(γ S )

where Z S and γ S are the characteristic impedance and phase
delay of AlN; C0 is the static capacitance; Z liquid is the acoustic
loading of liquid.
III.

RESULTS AND DISCUSSION

A. Simulation of impedance spectra of shear mode AlN
FBARs with liquids loading
TABLE I. Parameters for simulation
Piezoelectric
layer

Mechanical
quality factor

Thickness
(µm)

AlN

400

2

300×300

Liquid loading

Temperature
(0C)

Density
(kg/m3)

Viscosity
(mPa•S)

20
20
20

792.5
1000
920

Acetone
Water
Olive oil

(a)

Electrode area
(µm×µm)

0.31
1
84

Using the electric impedance equation for FBAR with
tilted polar c-axis orientation, the resonator spectrum with
liquid loading can be simulated. The parameters used in the
simulation are listed in Table I. Fig. 3 shows the calculated
impedance spectra of FBARs with different liquid loadings. In
the case of no liquid loading, it can be seen that the resonant
frequencies of these two resonators (for tilt angle 46.1o or 90o)
are quite similar. The resonant frequency is about 1.55GHz for
AlN FABR with c-axis tilt angle 46.1o, and about 1.51GHz for
AlN FABR with c-axis tilt angle 90o, respectively). The
resonant frequency f S for an acoustic wave resonator can be

υ υ , where υ is the acoustic velocity
described by f=
=
S
λ 2h
determined by material properties; the acoustic wave length
( λ ) is 2 times of the thickness ( h ) of resonator. Due to the
crystal orientation dependence of material properties including
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(b)
Fig. 3 Simulation of impedance spectrum of shear mode AlN (a) c-axis
tilt angle 46.10; (b) c-axis tilt angle 900

B. Sensitivity of shear mode AlN FBAR viscosity sensor
The sensitivity ( S ) of shear mode AlN FBAR viscosity
sensor can be defined as,

S=

1
df
f 0 d ρ Liquidη Liquid

1
∆f
= lim

η
→
0
f0
ρ Liquid (η Liquid + ∆η Liquid ) − ρ Liquidη Liquid )

1.13e-3 (kgm-3Pa•S)-0.5, and they do not change much with
these three different liquid loading. Viscosity sensitivity of
2µm shear mode AlN is found about 8 times as 6MHz TSM
quartz crystal resonator. The simulation results can be used for
FBARs design and sensor application.
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Abstract—Quartz crystal microbalance (QCM) technique is
widely used in in-liquid biochemical applications. The main
challenges remain on the improvement of sensitivity and limit of
detection, as well as multianalysis capabilities and reliability.
The improvement of sensitivity has been addressed in the last
decades by increasing the sensor fundamental frequency;
following the increment of the frequency/mass sensitivity with
the square of frequency predicted by Sauerbrey. However, this
sensitivity improvement has not been completely transferred in
terms of limit of detection. A new concept of sensor
characterization has been recently proposed based on the
phase/mass sensitivity equation: ∆φ/∆m ≈ –1/mL, where mL is the
liquid mass perturbed by the resonator in its oscillatory
movement; this mass reduces proportionally with the frequency
square root. The validation of the new concept is presented in
this work. An immunosensor application for the detection of the
very low molecular weight insecticide, carbaryl, has been chosen
for the validation of the characterization technique.

I.

INTRODUCTION

Acoustic sensing has taken advantage of the progress made
in the last decades in piezoelectric resonators for radiofrequency (RF) telecommunication technologies. Acoustic
sensor based techniques combine their direct detection, realtime monitoring, high sensitivity and selectivity capabilities
with a reduced cost in relation to other techniques. The socalled quartz crystal microbalance (QCM) technique, where
the AT cut quartz crystal resonator is extensively used, has
been classically based on the proportional change in the
resonance frequency experimented by the resonator due to a
surface mass density change on the sensor surface; the
theoretical absolute mass sensitivity for this frequency shift is
proportional to the square of the resonant frequency according
to the expression [1]
Δf
2 f n2
=−
S =
a Δm
ρv n

978-1-61284-110-6/11/$26.00 ©2011 IEEE

(1)

where Δf is the frequency shift, Δm is the surface mass density
change on the active sensor’s surface, ρ is the quartz density, ν
the propagation velocity of the wave in the AT cut quartz
crystal, fn is the frequency of the selected harmonic resonant
mode and n is the harmonic number (n=1 for the fundamental
mode). In QCM, acoustic waves are excited by a sinusoidal
voltage applied to an electrode structure where the quartz
crystal is sandwiched; shear waves are excited which makes
the operation in liquids viable [2]. This has opened a great
deal of applications in bio-chemical sensing in liquid media.
II.

PHASE-MASS CHARACTERIZATION FOR IN-LIQUID QCM
APPLICATIONS

According to (1), the improvement of sensitivity has been
addressed in the last decades by increasing the sensor
fundamental
frequency.
However,
this
sensitivity
improvement has not been completely transferred in
improvements of the resolution or limit of detection. The
decrease on frequency stability in the measurement due to the
increase in phase noise and unwanted frequency jumps to
spurious inharmonic modes, particularly in the case of
oscillators, seems to be the reason behind the difficulty to
reach the expected maximum resolution [3-5].
In QCM based biosensors the experimental frequency
shifts expected are usually small, in the order of tens of Hertz.
Therefore, the great efforts performed to improve the
sensitivity of the sensor by increasing the frequency, only
would be useful if they were accompanied with an increase in
the limit of detection [6]. Once external perturbations on the
sensor have been minimized (temperature and pressure
variations, external vibrations, etc.), resolution on the
measurement relies directly on the interface characterization
system, its noise and stability and the measurement
uncertainty associated to it. In oscillators, a classical electronic
interface system for QCM sensors, the origin of frequency
instability is the phase instability [7]; the high quality factor of
the crystal resonator in RF oscillators allows absorbing the
phase instabilities in the circuitry with very small shifts in the
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Figure 1. Phase-shift concept representation

oscillation frequency of the system. But in QCM sensor
oscillators the resonator is not included in the circuitry with
the main purpose of stabilizing the frequency of the oscillating
system, although effectively it does it. Consequently, the
oscillator circuitry should be as ideal as possible for not
influencing the sensor phase shifts due to the processes to be
monitored. Unfortunately to implement a very stable oscillator
for high frequency QCM sensors, keeping in mind the low
quality factors reached by these sensors in liquid conditions is
not an easy and straightforward task.
Having this idea in mind, a new concept of
characterization, where the sensor is interrogated with a signal
at constant frequency, has been recently proposed, based on
the following phase-mass sensitivity equation for the sensor in
liquid media [8]:
Δmc
Δϕ = −
mq + mL

III.
(2)

where mc is the surface mass density of the coating,
mq=ηqπ/2vq, being ηq the effective quartz viscosity, vq the
wave propagation speed in the quartz and mL=ρLδL/2, where ρL
and δL are, respectively, the liquid density and the wave
penetration depth of the acoustic wave in the liquid. This last
term, mL, is the liquid mass surface density perturbed by the
resonator in its oscillatory movement and reduces
proportionally to the frequency square root due to the decrease
of the penetration depth. As it was also described [8], when mL
>> mq, (2) can be expressed in a simpler form,
∆φ ≈ – ∆mc / mL .

Figure 2. Characterization interface for in-liquid qcm sensor. (a)
Schematics and (b) printed circuit board implemented

(3)

Taking into account that the expected frequency shifts in
high resolution QCM applications are very small and
assuming no variations on the liquid properties (conditions
usually met in biosensor applications), it is possible to
interrogate the sensor with a test signal of the appropriate
constant frequency, in the resonance bandwidth, and measure
the change in the phase response of the sensor due to the
experimental process to be monitored, without leaving the
maximum sensitivity region of phase response governed by
(3). Fig.1 depicts this idea.

SYSTEM DESCRIPTION

A sensor interface circuit, which was theoretically
proposed in [8], has been implemented to validate this
characterization concept experimentally. Fig.2 shows the
schematic diagram and the final implementation of the sensor
interface. The circuit is mainly composed of two parallel and
quite similar branches in order to form a differential circuit.
Because the testing signal ut has constant frequency, ft, the
only element in the circuit which contributes to a change in the
phase difference between the reference signal u1 and the signal
u2 is the change in the phase-frequency response of the sensor.
This phase difference can be easily and continuously
monitored by a phase detector, like the one found in the IC
AD8302 from Analog Devices. Being a multiplier type phase
detector, linearity and error in the measurement are maximum
and minimum, respectively, for small phase differences
around 90º between signals at its input. The networks formed
by Ri and Ci at the input of the sensor circuit have been
included to obtain this initial phase difference of 90º between
signals at each branch of the circuit. These phase-shifting
networks must be designed coherently with the resonant
frequency of the sensor in order to obtain two signals 90º
phase-shifted and of similar amplitude. In the case of the
AD8302, the detector response is centered on 900mV, with a
phase slope of approximately 10mV/º. A conditioning circuit,
comprising a low noise differential amplifier and an adjustable
reference voltage, is used to re-center and amplify the detector
response around 0V with a response sensitivity of 100mV/º.
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Figure 3. Experimental Setup

AD8302 also includes a matched pair of logarithmic
demodulating amplifiers allowing measuring the magnitude
ratio of the signals connected to it, with a response of
30mV/dB. The magnitude ratio voltage is also re-centered and
amplified with similar conditioning circuits. Wide bandwidth
operational amplifiers OPA1-4 are used to isolate the sensor
and the reference network Rc-Cc from the rest of the circuit. At
motional series resonance frequency (MSRF), the sensor
reduces to a motional resistance, Rm, in parallel with the socalled static capacitance Co. Therefore for optimum operation
it is convenient to select Rc and Cc similar to Rm and C0,
respectively. Under these conditions and interrogating the
sensor with a test signal of a constant frequency ft around the
MSRF, the voltage uφ corresponding to the phase-shift
measured should be the corresponding to the initial phase
difference, 0mV, after proper reference adjustment.
IV.

EXPERIMENTAL SETUP

A real application based on an immunosensor for the
detection of a low molecular weight pollutant, the insecticide
carbaryl [9], has been chosen as validation model. The
proposed system was compared with a QCM system based on
an improved oscillator configuration [10] using 10MHz AT
cut QCM sensors (International Crystal Manufacturing), the
same validation protocol described elsewhere [9] and under
the same experimental conditions. BSA-CNH carbaryl hapten
conjugate was immobilized on the sensor surface through the
formation of a thioctic acid self-assembled monolayer. The
crystal was placed in a custom-made flow-cell and included in
a fluidic system comprising also a peristaltic pump (Minipulse
3, Gilson), and loop injection and solution selection manual
valves (Supelco). The sensor characterization circuit and the
whole fluidic system, but the peristaltic pump, were placed in
a thermostatic chamber. This thermostatic chamber was placed
on an anti-vibration table in order to avoid external
disturbances. The test signal was generated with a RF signal
generation model Agilent-HP8664A (Agilent) and the voltage
was measured with a multimeter HP34401A (Agilent)
connected via GPIB bus to a PC running the NI-Visa Server
Software (National Instruments) allowing a remote connection
to the test equipment via Ethernet. Client software was
developed to acquire and represent the data in a remote PC.
This experimental setup is depicted in Fig. 3.

Figure 4. Piezoelectric immunosensor responses to different concentrations
of analyte

The immunoassay developed was an inhibition test based
on the conjugate coated format. Different standard
concentrations of carbaryl were prepared and mixed with a
fixed concentration of the monoclonal antibody LIB-CNH45
(I3BH-UPV) [11] in phosphate buffered saline (PBS). Since
the analyte inhibits antibody binding to the immobilized
conjugate, increasing concentrations of analyte will reduce the
magnitude of the phase shift induced on the sensor. The phase
shift was monitored in real-time for each sample injection
during 12 min. A regeneration stage was performed after this
reaction time by consecutive injections of hydrochloric acid
(HCl) and phosphate buffered saline - tween 20 (PBST) at
appropriate concentrations, breaking the antibody-hapten
linkage and reaching the initial base-line.
V.

RESULTS

Fig. 4 shows the signals measured with the
characterization system proposed for the injection of different
standard concentrations of carbaryl. The voltage uφ associated
with the phase-shift, decays exponentially as soon as the
molecular interaction occurs after each sample injection. As
we can see, results show the typical response of a competitive
immunoassay. The voltage decrease is lower as we increase
the concentration of the analyte, due to the lower amount of
antibody available in the sample being able to bind with the
carbaryl hapten conjugate immobilized in the sensor surface.
These results validate the new characterization concept
and the implemented interface. A similar behavior is observed
when the resonant frequency shift is monitored. Moreover, a
reduction of the noise in the new system was observed
compared with the oscillator technique, under the same
experimental conditions. The noise level for this phase-shift
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interface was of 1mV for maximum signals that reached
200mV. Furthermore, it is important to notice that this
improvement has been got even with relative low frequency
sensors (10MHz), where electronic components and circuits
have a very good performance in both, the oscillator and the
phase-detector system. Therefore a significant improvement is
expected to be found with very high fundamental frequency
resonators.
VI.

CONCLUSIONS

The new characterization concept, particularly useful for
biosensor applications, has been experimentally validated in a
real application, an immunosensor for the detection of the low
weight pollutant carbaryl. The sensor is interrogated passively
with an external source, which can be designed with high
frequency stability and very low phase noise, even at very
high frequencies. The interface is very simple and allows a
straightforward noise analysis, simplifying the electronic
design and implementation. This simplicity and its high
integration capability would allow its use with multiple
sensors working at the same fundamental resonance
frequency, which could be characterized, in principle, with
only one source, only repeating the sensor circuit, opening the
possibility of working with sensor arrays for multianalysis
detection.
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Abstract— This work presents several variations of microscale
single and multiple coupled thermally actuated rotational mode
disk resonators capable of high quality factor (Q) operation in
liquid. All surfaces of a rotational mode disk resonator slide in
parallel to the liquid interface (rather than stroking against it).
This minimizes interactions with the surrounding fluid and
therefore viscous damping. Quality factors as high as 304 have
been demonstrated for rotational mode disk resonators in liquid,
which is more than 3X higher than the highest values previously
demonstrated for other types of microscale resonators. Based on
the measurement results it is suggested that most of the energy
loss into the surrounding liquid is through the sidewalls of the
disks. This could be blamed on the sidewall roughness caused by
deep reactive ion etching, off-center rotation of the disks due to
fabrication induced asymmetries, and slight bending of support
beams during resonance. Much higher Q values are expected to
be achievable by minimizing such limiting factors.

I. INTRODUCTION
As highly sensitive mass sensors, micromechanical resonators
can potentially open up a wide range of new opportunities in
biomedical and chemical sensing applications leading to more
compact low cost instruments with real-time sensing
capabilities. In addition, due to their small size, micro
resonators can be integrated in arrays of hundreds to
thousands sensing a variety of analytes simultaneously. Most
of the biosensing applications require detection and
measurement of certain molecules in a liquid solution
(typically aqueous). However, the resonant behavior of
microscale resonators drastically deteriorates in liquid
lowering their sensitivity and mass resolution. This is mainly
due to the larger surface to volume ratio for such small scale
devices and consequently large viscous damping to elastic
energy ratio in them.
Over the past decade efforts have been made to operate
micromechanical resonators inside liquid. Magnetically
actuated cantilever beams resonating in their out-of-plane
flexural modes have been used for mass sensing applications
in aqueous environments [1-4]. It is not hard to imagine that
such a paddling motion faces a lot of resistance from the
surrounding liquid leading to excessive viscous damping.

This reduces the quality factor of such devices to values as
low as 5[1], 23[2], 2[3] and 10[4] in water. Viscous damping
can be reduced by operating cantilever beams in their inplane flexural resonant mode. Quality factors as high as 67
have been demonstrated for such devices in liquid [5]. Higher
quality factor of the in-plane resonant modes for such thin
structures can be attributed to having a much smaller portion
of their surface area stroking against the liquid interface
compared to their out of plane modes. In an improved design
by Seo, et al [6], a structure comprised of two half-disks
resonating in an in-plane quasi rotational mode, demonstrated
quality factors as high as 94 in water. Despite having
improved quality factors, similar to the in-plane flexural
modes of microcantilevers, the straight sides of the half disks
in such structures still have a perpendicular motion against
the liquid interface. In [7] we demonstrated full disk
structures with two tangential support beams thermally
actuated in their rotational resonant modes. In such structures
all the surfaces slide in parallel to the liquid interface
exhibiting Qs as high as ~200 in water.
In this work, five different variations of single and multiplecoupled rotational mode disk resonators are studied to further
understand the loss mechanism and optimize the performance
of such structures.
II. DEVICE OPERATION
Figure 1 shows the schematic view of a single-disk with
straight tangential support beams as well as the electrical
connections used to operate such device. The support beams
act as both thermal actuators and piezoresistive stress sensors
simultaneously [7]. Thermal actuation occurs by passing a
current between the two pads on the two sides of the
structure. By passing a combination of a DC and an AC
current, the ohmic power loss will have a component at the
same frequency as the applied AC current: Pac = 2ReIdciac,
where Re is the electrical resistance between the two pads and
Idc and iac are the applied DC and AC currents respectively.
Due to their higher electrical resistance, most of the ohmic
loss and therefore heat generation is concentrated in the
narrow support beams. The applied AC power produces
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periodic temperature fluctuations in the thermal actuators
(Fig. 1) which in turn causes alternating stress and strain in
the support beams, actuating the disk in its rotational
resonance mode (periodically rotating back and forth). As the
resonator vibrates the resulting periodic stress changes result
in fluctuations in the electrical resistance of the resonator due
to the piezoresistive effect. This modulates the DC current
passing through the resonator leading to an AC output
motional current component that can be used to monitor the
resonator vibration amplitude.
While the disk is vibrating in its rotational mode, the support
beams vibrate in their extensional mode (periodically
elongate and contract). As a result, all the surfaces of both the
disk and its support beams move in parallel to the liquid
interface, minimizing the energy loss to the surrounding
liquid. Figure 2a shows the COMSOL modal analysis results
showing the mode shape for a 100µm diameter, 20µm thick
disk with 4µm wide, 26µm long support beams.
III. FABRICATION AND MEASUREMENT RESULTS
In this work, five different variations of single and
multiple-coupled rotational mode disk resonators were
fabricated and characterized (Fig. 2); 1. Single disks with
straight tangential support beams, 2. Single disks with rounded
support beams, 3. Parallel dual-disks, 4. Series dual-disks, and
5. Interconnected quad-disks. They were fabricated using the
standard single mask SOI-MEMS process [8]. The fabrication
process includes silicon DRIE to form the structures out of the
silicon device layer, and releasing them by etching the
underlying buried oxide (BOX) layer in hydrofluoric acid
(HF). Resonators were fabricated on low resistivity N-type

Fig. 1. Schematic view of a thermally actuated disk resonator showing the
qualitative distribution of AC temperature fluctuation amplitude in the
resonator (red being the maximum and blue minimum). The electrical
connections required for one-port operation of the resonator are also shown.

substrates with different device layer and BOX thicknesses.
To optimize resonator electromechanical transduction, the
support beams are aligned to the <100> crystalline direction
where the longitudinal piezoresistive coefficients are
maximum [8]. The holes in the middle of the disks are to
reduce the undercut time in HF. Due to circular shape of the
holes and relatively small vibration amplitude in the center of
the disks such holes are expected to have negligible effect on
viscous damping of the resonator.
The resonators were tested in a one-port configuration as
shown in Fig. 1. The liquid tests were performed in heptane to
provide better electrical isolation and avoid contamination
resulting from electrolysis of water. Figure 3 shows the
measured frequency responses for the 100µm single disk
fHep = 5.46MHz
QAir = 1,700
QHep = 304

fHep = 4.05MHz
QAir = 3,000
QHep = 215

a)
fHep = 5.35MHz
QAir = 7,800
QHep = 140

d)

b)

c)

fHep = 7.67MHz
QAir = 5,000
QHep = 170

fHep = 7.58MHz
QAir = 15,000
QHep = 150

e)

f)

Fig. 2. a) Finite element modal analysis of the rotational resonant mode of the proposed disk structure. Red and blue show the maximum and minimum
vibration amplitudes respectively. SEM view of fabricated devices along with their measured Q in both air and liquid for: b) single disk with straight
tangential support beam, c) single disk with rounded support beam, d) parallel dual-disk, e) series dual-disk, f) interconnected quad-disk. The thermal
actuators are along <100> crystalline direction for optimized transduction.
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resonator of Fig. 2c with rounded thermal actuators both in air
and heptane. As expected, the resonator has relatively low
quality factors in air (due to excessive support loss), however,
unprecedented quality factor of 304 was measured in heptane.
Such high Q values in heptane confirm our hypothesis that
elimination of the stroking surfaces from the mode shape can
significantly improve resonator Q in liquid.
Table I summarizes the measurement results for a variety of
resonators of different types with different dimensions in both
air and liquid. It also shows the finite element modal analysis
for different structures demonstrating the vibration amplitude
at different parts of the structure. The modal analysis results
show that unlike the other structures the interconnected quaddisks have an off-center rotation which justifies their lower Q
in liquid despite their relatively high Q in Air.

Fig. 3. Measured frequency response for the 100µm diameter 20µm thick
disk resonator shown in Fig. 2c with rounded support beams in air and
heptanes.

TABLE I MEASUREMENT RESULTS, AND MODE SHAPES FOR DIFFERENT TYPES OF SINGLE AND MULTIPLE DISK ROTATIONAL MODE RESONATORS.
MEASUREMENT RESULTS IN BOTH AIR AND LIQUID (HEPTANES) ARE PRESENTED (W=2µ METER FOR ALL THE SUPPORT BEAMS).

Type

Resonator
Dimensions
(µm)
D
Lth H

Finite Element Modal Analysis
Showing Resonant Mode Shape

42
100
17

Single Disk
with Straight
tangential
support beam

55.5
200
35
24
100

Single Disk
with Rounded
support beam

11

40
200
24

114

Parallel DualDisk

100
103

Series DualDisk

100

Interconnected
Quad-Disk

100
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42

84

Freq.Air
(MHz)

Q.Air

Freq.Hep.
(MHz)

5
10
20
5
10
20
5
10
20
5
10
20
10
20
5
10
20
5
10
20
5
10
20
5

5.500
5.144
4.052
6.827
6.427
5.356
2.586
2.383
1.767
3.368
2.849
3.056
7.174
4.152
7.366
8.406
5.463
2.781
2.911
1.851
3.394
3.513
2.616
5.594

3500
1900
3000
2000
1100
1100
4200
700
11700
2800
3000
1400
3500
3800
1400
600
1700
4900
2600
8500
4000
1100
5500
8000

5.500
5.144
4.052
6.827
6.427
5.356
2.586
2.383
1.767
3.368
2.849
3.056
7.174
4.152
7.366
8.406
5.463
2.781
2.911
1.851
3.394
3.513
2.616
5.594

10
20
10

5.627
3.973
5.350

6500
2000
7800

5.627
3.973
5.350

Q.Hep.
145
175
215
155
180
180
90
170
110
100
180
220
235
230
185
195

304
95
230
160
120
150
220
125
105
180
140

20

3.752

2300

3.752

140

5

7.673

5000

7.673

170

10

7.396

5000

7.396

180

20

5.632

3200

5.632

180

5

7.517

13500

7.517

155

10

7.581

15000

7.581

150

20

5.386

4800

5.386

50

a)

c)

b)

Fig. 4. Finite element modal analysis showing different effects potentially limiting resonator quality factors in liquid: a,b) bending support beams stroking
against the surrounding liquid, c) mismatched support beams causing off-center resonance. In this extreme case, the support beams have widths of 2µm and
3µm and equal lengths.

The axial stress in all the support beams of the single disk
designs and half of the support beams in dual-disks is directly
transferred to their clamping points and consequently into the
substrate. Therefore, in air, where Q is mainly limited by
support loss, the Q of single disk designs is generally smaller
than that of the dual-disks, which is in turn smaller than that
of the quad-disks. In liquid however, viscous damping
becomes the dominant source of loss and the Q for all designs
drops to values in the 100-300 range. Although the highest Q
of 304 in heptane obtained from the single disk structure with
rounded supports of Fig. 2c, not much of a difference was
observed between the performance of single disks with
straight and rounded thermal actuators. Although higher
quality factors are expected from the thicker resonators due to
their smaller surface to volume ratio, measurement results do
not show any significant improvement in quality factor of
20µm thick devices compared to 5µm thick devices. This
suggests that most of the viscous damping is associated with
the resonator sidewalls rather than their upper and lower
surfaces. Resonator sidewall area is proportional to the
resonator thickness and consequently the amount of elastic
energy stored in the resonator. Therefore, if the sidewalls are
the main source of loss no significant dependence of
resonator quality factor to its thickness is expected. This
could be blamed on the sidewall roughness caused by deep
reactive ion etching, slight bending of support beams during
resonance and off-center rotation of the disks due to
fabrication induced asymmetries. Figure 4a and b
demonstrate the bending of the rounded and straight support
beams during the rotational vibration of the disks and Fig. 4c
shows the effect of a fabrication induced asymmetry on the
resonance mode of single disks which causes off-center
rotation and therefore stroking against the liquid interface.

different disk resonators with different structures and
dimensions, the main energy loss mechanisms in liquid were
further investigated. No significant improvement in the
quality factor values for rotational mode disk resonators was
observed by increasing their structural thickness. This
suggests that such resonators mainly lose their energy
through their sidewalls rather than upper and lower surfaces..
Micromechanical resonators with such high quality factors in
liquid can enable direct high precision sensing of different
analytes in liquid media paving the way towards label-free
real-time biochemical sensors with fully electronic readout.
Future work includes further characterization and design
optimization of the disk resonators to lower their energy loss
in liquid. For instance, the structure of supporting beams can
be optimized to reduce their stroking against the liquid.
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Abstract—Comparison of 1pps signals has been applied in the
relevant fields, such as time transferring, time keeping, and
communication. Time comparison can be carried out in many
methods with different precision and the time interval universal
instrument is used usually. However, 1pps signals are generated
from frequency standard sources so there is the relationship of
multi-periods synchronization between 1pps signals comparison
and frequency sources comparison, which restricts the
improvement of the resolution of time comparison.
The paper analyzes the relationship between 1pps signals
comparison and frequency sources comparison. The precision of
frequency sources comparison is far better than the direct
comparison of 1pps signals, reaching ps. The indirect scheme of
time comparison is proposed using frequency sources
comparison. Utilizing the high precision of frequency sources
comparison, the scheme has get round many disturbance factors
from acquiring 1pps signals. Then, by the way of computation to
get the comparison results, the better precision comparison can
be obtained. The scheme has been tested by lots of experiments.
The scheme has simpler construction and higher accuracy. The
comparison of atomic clocks is similar with the comparison of
1pps signals and the scheme also applies to it. Furthermore in
time transferring, due to the definite phase relations between the
local time signal and the master clock in Astronomical
Observatory, the user can also acquire high accurate time
transferring utilizing indirect phase comparison. The
comparison procedure should be done with determining the
initial state and continuous measuring, or the error will be
increased. The further research is required for the scheme
because the experiment model has a bit idealization and
simplicity.

I.

and international regular comparison and so on, are
applied[1][2].
With the continuous development of time transferring
technologies, the requirement of time comparison become
more complex and more precision. In recent years,
high-resolution time transferring needs higher performance for
the relation with high-resolution positioning. The accuracy of
time interval measurement should be concerned, while the
error is less than ±100ps [3~5]. Many high-precision time
interval measurement instruments mainly adopt analog
interpolation, time-voltage conversion and delay quantization
to reduce measuring error, even reaching the order of 10ps [3]
[4] [6]. Compared with the above the comparison between
sources has lower error, such as the comparison in 10s has less
than ps error [7] [8]. On the base of the circuit stability, the
period signal processing greatly reduces trigger error to reach
higher resolution [9] [10].The paper mainly discusses how to
utilize the relation of source comparison and 1pps signal
comparison in order to get a high-precision time comparison
method. Experimental results agree with theory analysis.
II.

ANALYSIS OF TWO KINDS OF COMPARISON

Figure.1 shows the relation between comparison of
frequency sources and comparison of 1pps signals.

INTRODUCTION

At present, time comparisons are usually accomplished
through the comparison between 1pps signals with
high-precision time internal measurement. 1pps signals are
generated from standard frequency sources, so there is the
relationship of multi-periods synchronization between 1pps
signals comparison and frequency sources comparison.
Especially, for high-accurate time keeping, many
technologies, such as atom clocks group, backup clocks, phase
fine-tuning

Figure1.

In Figure.1, the 1pps signal is generated from counter’s
frequency dividing. a is the comparison result; b is the time
difference of 1pps signals in ideal case; t1 is the delay of
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(Grant No.60772135 and 10978017), the Fundamental Research Funds for
the Central Universities China (Grant No.JY10000905015)

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Diagram of the relation between comparison of frequency sources
and comparison of 1pps signals
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frequency standard A; t2 is the delay of frequency standard B;
t is the real time difference of 1pps signals. The comparison
result of 1pps signals equals to the time internal of rising
edges or falling edge.
Under ideal circumstance, without consideration of the
delay of frequency divider, the comparison result just is the
comparison of 1pps signals, shown as Eq.1.
a=b

(1)

Taking the delay of frequency divider into account, the
edges of the frequency source and the 1pps signal have a
difference, shown as Eq.2.
a - t = t1 - t2

There are 116 data value in 150 seconds. Meanwhile, SR620
is used to measure the phase difference and record them, with
one data per 10 seconds.
B. Experiment result analysis
Fig.3 is the curve of the output of the phase comparison.
Experiment data is revised as follows: the data of the second
period is subtracted by 100ns and the data of the third period
is subtracted by 200ns, etc. 100ns is the whole period of
10MHz signals comparison.

(2)

|t1 - t2| is the delay difference of two dividers. If |t1 - t2| is
given, the comparison result can be obtained through analysis
and processing of the phase comparison. Fig.1 shows a certain
state, under which the states of two dividers are relevant. That
is, they are electricity at the same time and generate a pulse
after counting 10M to avoid the whole period error. Generally,
the counters’ procedure is closely related with its working
state and starting time, while two counters are irrelevant. The
difference of 1pps signals equals to phase difference adding
the revision of integral units of periods. The revision value is a
constant when the system is working continually.
III.

EXPERIMENTS

A. Experiment Schemes
Through the experiment, the paper will show the close
relation between the comparison of frequency sources and the
comparison of 1pps signals. Under some certain condition, the
former can be calculated from the later. As shown in Figure.2.
5585B is a high-accuracy Cs atom clock, with a 1pps signal
output. SR620 is a high-accurate time interval measuring
instrument. Experiment adopts EPM7032 to achieve 1pps
signal based on frequency dividing counter.

Figure3.

For Figure.3, the phase difference in a period is reducing
continuously, so the real data in the second period should be
the measuring data subtracts the whole period, etc. Then the
curve in Figure.3 becomes the middle line in Figure.4.

Figure4.
Figure2.

Experiment system block

High-precision phase comparison instrument is used to
measure the phase difference and record measuring data,
while the time interval measuring instrument to compare 1pps
signals and record data. Phase comparison method is utilized
to measure the phase difference, with one data per 10 seconds.

Original result of output of phase comparison

Contrast diagram of time comparison and frequency comparison

Let w to be the difference of the phase difference and the
1pps difference. So Figure.4 is the curve of w. Combining
with the definition of the 1pps signals difference, the delay
difference of dividing circuit, w/, can be derived from w.
Take the experiment for instance, w is revised for w/. The
middle value of w/ is 18.4ns, the relative change is about 8%.
18.4ns is the delay difference of dividing circuit, while 8% is
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due to the instability of circuits. Experiments show that the
delay of 1pps signals from EPM7032 is 34.77ns, while the
delay from 5585B is 16.32ns. The difference is 18.45ns.
Comparing with 18.4ns, the difference 0.05ns is caused by
error. Figure.5 is the difference result of phase comparison
result subtracting fitting line. Figure.6 is the difference result
of time interval measured subtracting fitting line. The
measuring result of time interval has poorer accuracy and
stability. In the experiment, the phase comparison instrument
used can reach the order of ps, simple construction, easy
realization, high accuracy, comparing with SR620 [5].

The atom clock comparison is similar as the above. As for
time transferring, making use of the definite phase relation
between the standard time signal and the main clock,
high-precision can be obtained. The characteristic features are
as follows:
A. Comparing with the traditional direct comparison
method, the phase comparison is a indirect method. Its
construct is simple and the accuracy is better.
B. The method can reflect the fine phase change between
two 1pps signals, but the premise is determining
high-precisely the original state and can measure
continuously.
Breaking measurement may increase the whole period
error and the initial state can be got by time interval
measurement. The initial states are the whole period error and
delays of dividing circuits.
V.

CONCLUSION

Because 1pps signals are generated from frequency
standard sources, the phase comparison of sources has a
certain relation with the comparison of 1pps signals. Based on
the relationship, the high-precision phase comparison can be
attained through phase comparison. We can realize the phase
comparison instrument with simple construction, relative
cheap price. So, the combination of common time interval
measurement and high-resolution phase comparison
instrument can reach high-precision time comparison.
Furthermore, if the delay of dividing circuits and the initial
whole period error, etc, is given, a high-precision phase
comparison instrument can even get the result of time
comparison.

Figure5. Difference result of phase comparison result subtracting fitting line

REFERENCES
[1]

[2]
[3]

[4]

[5]
Figure 6.

Difference result of time interval measured subtracting fitting line

IV.

[6]

CHARACTERISTIC FEATURES

Based on the above analysis, combination with
general-accurate time interval measuring instrument and
high-precision phase comparison instrument can get a
measuring result as a high-accurate time interval measuring
instrument. If the delay difference of dividing circuit and the
whole period difference, we also can use a high-accurate
phase comparison. The method need to be developed
furthermore because the experiment model is simpler and
more ideal.

[7]

[8]

[9]

643

Z. M. Wang, J. F. Gao, “ The Progress on Precise Time Transfer and
Comparison between Remote Sites,” Progress in Astronomy,
2000, 18(3), pp.181-190.
L. Liu, C. H. Han, “Two Way Satellite Time Transfer and its Error
Analysis,” Progress in Astronomy, 2004, 22(3), pp.219-226.
L. Li, W. Zhou, F. W. Wang, X. J. Ou, N. Ding, C. Z. Zou, et al,
Frequency Control Symposium, 2007 Joint with the 21st European
Frequency and Time Forum, IEEE International, pp.267-272.
M. Miao, W. Zhou, “Comparison between Analog and Digital Time
and Frequency Measurement Techniques,” Frequency Control
Symposium, 2007 Joint with the 21st European Frequency and Time
Forum, IEEE International, pp.801-804.
B. Y. Qu, L. L. WANG, Z. Q. Li, et al. A phase comparator with 10
picosecond resolution based on phase coincidence phenomena. Chinese
Journal of Scientific Instrument, 2007, 28 (8), pp.250-252.
B. Y. Qu, W. Zhou, M. Miao, D. JIN, “Time-to-digital Technology
Based on Transmission Delay, Journal of astronautic metrology and
measurement,” 2009, 29 (4), pp. 45-49.
Z. Huang, B. Liu. New Method to Measure the Time of Flight in Pulse
Laser Ranging. Journal of Op to electronics, Laser, 2006, 17 (9),
pp.1153-1155.
W. Zhou, Z. Q. Li, et al. A Novel Frequency Measurement Method
Suitable for a Large Frequency Ratio Condition. Chinese Physics
Letters, 2004, 21 ( 5), pp.786-788.
H. Zhou, W. Zhou, A Time and Frequency Measurement technique
Based on Length Vernier. Proceedings of the 2006 IEEE International
Frequency Control Symposium, 2006, pp.267-272.

[10] P. Chen, C. C. Chen, J. C. Zheng, et al. A PVT Insensitive Vernier
Based Time to Digital Converter With Extended Input Range and High

644

Accuracy. IEEE transactions on nuclear science, 2007, 54 (2),
pp.294-301.

Improvement of the Asia-Pacific TWSTFT Network
Performance Utilizing DPN results
H.T. Lin, Y.J. Huang, C.S. Liao, F.D. Chu, and
W.H. Tseng

Wei-Chih Hsu
Department of Computer and Communication Engineering,
National Kaohsiung First University of Science and
Technology,
Kaohsiung 811, Taiwan
weichih@nkfust.edu.tw

National Time and Frequency Standard Lab.
Telecommunication Laboratories (TL), Chunghwa Telecom
Taoyuan, Taiwan
linht@cht.com.tw
Abstract—Two-way satellite time and frequency transfer is a
precise time transfer method and has being used to generate the
TAI since 1999. Nowadays, TWSTFT links have formed a
worldwide network and the utilization of the highly redundant
TWSTFT data become an important topic. In our pervious
study, a feasible method has been proposed, with full time
transfer network data, to improve the results of TWSTFT
network.
Besides, NICT has recently developed the software-defined radio
based two-way time transfer modems using the dual pseudo
random noise (DPN) signal. The first DPN two-way time
transfer experiments, using these modems, were performed
between NICT(Japan) and TL(Taiwan) from March to
December 2010 and its ability in improving the time transfer
precision was approved on the Japan-Taiwan baseline. In
compare with the conventional NICT-TL TWSTFT link, the
DPN time transfer results have higher precision and less
diurnals.
Since the DPN results show better performance than the
conventional TWSTFT time transfer, we would adopt the DPN
results for the NICT-TL link, and solve the TWSTFT+DPN
network solution by using our proposed method. The numerical
results about how the DPN data can benefit the performance of
TWSTFT network will be illustrated in the paper.

I.

INTRODUCTION

Two-way satellite time and frequency transfer (TWSTFT)
[1] is a precise time transfer method and has developed into a
widely used technique in those laboratories contribute to the
generation of International Atomic Time (TAI) and realization
of UTC [2], [3]. Rules of data taking, processing, and
reporting, for TWSTFT direct-link, are laid down in the
recommendation ITU-R TF.1153-2. However, the TWSTFT
were usually measured as a network but its data were used as
single base lines, so a lot of measured data may be wasted.
In recent years, the number of point-to-point two-way time
transfer links is growing, so the concept of network time

transfer has been proposed [4]–[6] and the utilization of the
redundant data of each indirect link in the TWSTFT network
becomes an important topic. Besides, combining different
time transfer results techniques is also a solution for the high
redundancy in the TAI network so as to fully use the total
potential of different time link data. Because more and more
new techniques are coming, e.g., Glonass, Galileo, Compass,
etc, the question of how to combine different techniques is
inevitable and we cannot evade this trend. For example, Jiang
et al. [7] has proposed an idea, combining the advantages of
both TW & PPP methods, to improve the time transfer results.
By using the TWSTFT+PPP method, the diurnals in TWSTFT
results can be reduced.
Moreover, National Institute of Information and
Communications Technology (NICT) has recently developed
the software-defined radio based two-way time transfer
modems [8]-[10] and their ability in improving the time
transfer precision by using the dual pseudo random noise
(DPN) signal was approved on the Japan-Taiwan baseline [11].
The DPN two-way time transfer experiments, using these
modems, were performed between NICT(Japan) and
TL(Taiwan) from March to December in 2010. During this
period, the Asia-Pacific rim region TWSTFT network
performed continuously. Numerical analyses show that the
DPN time transfer result of NICT-TL experiment has higher
precision and less diurnals in compare with the conventional
TWSTFT experiments.
In our previous study, a feasible method was proposed
utilizing full data of the TWSTFT network for data processing
[12]. The numerical results show that better short-term
stabilities and uncertainties of most links in the network can
be obtained. Therefore, we are curious about how the results
of a single DPN link can benefit the TWSTFT time transfer
network.
In this study, we would try to include the time transfer data
of DPN experiment in solving the TWSTFT network solution

This work is support in part by the Bureau of Standards, Metrology &
Inspection, Ministry of Economic Affairs, Taiwan under Grant number BSMI
100-1403-05-05-13.
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with our proposed method. One will see that, for most links in
the “TWSTFT+DPN” network, not only the short term
stabilities but also the diurnals are effectively improved.

⎡ Y1 ⎤ ⎡ N12 ⎤
⎢Y ⎥ ⎢ N ⎥
⎢ 2 ⎥ ⎢ 13 ⎥
⎢ Y3 ⎥ ⎢ N14 ⎥
Y=⎢ ⎥=⎢
⎥
⎢ Y4 ⎥ ⎢ N 23 ⎥
⎢ Y5 ⎥ ⎢ N 24 ⎥
⎥
⎢ ⎥ ⎢
⎢⎣ Y6 ⎥⎦ ⎢⎣ N 34 ⎥⎦

THEORETICAL BACKGROUND AND METHOD

II.

A. Solving the Time-Transfer Network Solutions
First of all, we would briefly describe our previous
proposed method for solving time-transfer network solutions.
To calculate the time difference T1-T2 between two stations 1
and 2, the time interval readings at stations 1 and 2, i.e., TIC12
and TIC21, can be applied. The related equation for TWSTFT
is as the following

It is well known that the performances (e.g., stability)
of every TWSTFT links are different. According to the
TDEV value of each link Yi at averaging times of 1 hour,
we determine the weighting value as

T 12 = ( T 1 - T 2 ) = N 12 ,

1

where N 12 = 12 ( TIC21− TIC12 )

(1)

wi =

+ 12 [( TU1− TD 1) − ( TU2− TD2)]
+ 12 ( τ12 − τ 21 )

Equation (1) is the formula for calculating the time
difference between each pair of TWSTFT stations. In equation
(1), TUi and TDi denote satellite propagation delays of up-link
from station i and down-link to station i. The third term
1/2(τ12 –τ21) is the non-reciprocity due the satellite equipment
delays. The fourth term is the difference of the differential
delays of the transmitting and receiving parts (equipment
delays) of earth stations 1 and 2. The last term △τR12 is a
correction of Sagnac effect.
For the case of 4-station TWSTFT network, we adopt the
condition of zero closure sums and get the following linear
equations

where

(2)

T24 = T14 − T12 = N24 = Y5
T34 = T14 − T13 = N34 = Y6
with N i j= Y k just for simplifying the subscript. Equation (2)
can be written in matrix notation [13] as

with

(3)

0 0⎤
1 0⎥⎥
0 1⎥ ；
⎥
1 0⎥
0 1⎥
⎥
−1 1⎥⎦

⎡ T12 ⎤
T = ⎢⎢ T13 ⎥⎥ ；
⎢⎣ T14 ⎥⎦

W=

⎡w1
⎢0
⎢
⎢0
⎢
⎣⎢ 0

(5)

⎤
w2 0
0 ⎥⎥
0 %
0 ⎥
⎥
0 0 wn ( n - 1) /2⎦⎥
0 0

0

.

Equation (8) can be solved by the weighted least squares
method：

T = (X T WX) -1 X T WY .

T13 = N13 = Y2

⎡1
⎢0
⎢
⎢0
X= ⎢
⎢−1
⎢−1
⎢
⎢⎣ 0

,

WX T = WY ,

T12 = N12 = Y1

XT=Y,

(4)

⎛ 1 ⎞
∑
⎜ σ2⎟
k ⎠
k = 1⎝

where σ = TDEV [ Y ] and N = n(n-1)/2.
i
i
Applying the weighting to (3), we get

+ 12 [(τ1TX − τ1RX) − ( τ 2TX− τ2RX)] + Δ τR12

T14 = N14 = Y3 ,
T23 = T13 − T12 = N23 = Y4

σ i2

N

(6)

B. Utilization of new time transfer data
To improve the two-way time transfer precision, NICT has
developed a novel modem with a new timing signal. A pair of
pseudo random noises (DPN) signal, based on the binary
offset carrier (BOC) [1], separate in frequency domain is
introduced. Since the experiment results of DPN show better
short-term stability and less diurnal, it will be helpful in
improving the network performance if we include the DPN
results in the analysis of TWSTFT network solution.

In the following numerical analysis, we would not
combine the numerical results of the TW and DPN time
transfer links. We calculate the average value of the
differences between TW link and DPN results, and shift DPN
data by this value to align with the regular TWSTFT data.
Then direct TW and shifted DPN results of NICT-TL link can
be used separately in solving the network solutions of simple
TWSTFT network and TWSTFT+DPN network (see case (a)
and case (b) in Fig. 1.). By doing this, we will be able to
distinguish the improvement effects caused by simple
TWSTFT network analyses or including a DPN link in it.
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NICT TWSTFT TL

KRISS

NICT

NTSC

(a)

DPN

results is from 0% to 33%. Because all links are stable and
their TDEV values are already small, the improvements upon
their TDEV values through network analyses are limited, and
two negative gains (-6.5% for TL-KRISS link and -3% for
NTSC-KRISS link) are obtained. Besides, the Gain of
network analyses for NICT-TL is zero.

TL

KRISS

NTSC (b)

Fig. 1. The TWSTFT network connection among four stations.
(a) simple TWSTFT network (b) TWSTFT+DPN network.

III.

NUMERICAL RESULTS

The NICT-TL DPN experiment was performed from
March 2010 to Dec. 2010. In the forepart of this period, some
discontinuities exist in the measured results due to the power
blackout, rain fade, and some other unexpected events. Since
DPN is a novel technology to TWSTFT and this is the first
international DPN link, many parameters (e.g. the transmitting
power level) were not properly adjusted, and the performance
of the current DPN results was not optimal. However,
according to the observation and numerical analyses, we think
DPN method is very potential and comparable to GPS PPP.
Let us consider the network constructed by links among
four stations, including NICT, TL, the National Time Service
Center of China (NTSC) and the Korea Research Institute of
Standards and Science of Korea (KRISS). We select the
results of the latter part (MJD 55515 to MJD 55532) of the
DPN experiment for data analyses, because the DPN data
continuity in this period is better. One can see that the TDEV
values of all direct TWSTFT links (see the second row marked
as “Direct” in Table-I) are small which means all the
TWSTFT links have good stabilities.

For the TWSTFT+DPN networks, the Gain values for most
links are obviously increased and the range is extended to
from 17.1% to 54.8%. Actually, the NICT-TL DPN link
already shows better stability (TDEV (/1hr) value is about 48
ps) than the regular NICT-TL link. The improvement caused
by including the DPN results in network analyses is very
obvious. Due to the equally stable performance of all links,
we still have two negative Gains, but the values are reduced a
bit.
Fig. 2 shows the TDEV comparisons among direct TW,
TWSTFT network and TWSTFT+DPN network results of the
NICT-TL link. The network solution of NICT-TL link is
almost the same with the direct link (i.e. Gain = 0%). This is
reasonable, as we have mentioned that all these links are stable,
so limits the improvement to the results through TWSTFT
network analyses.
After including the DPN results into the network analysis,
the improvement of its short-term stabilities is obvious.
Moreover, the diurnal effect is also reduced.
Time Stability (UTC(NICT)-UTC(TL))
1.0E+00

TDEV (Nano-second)

The TDEV values of all direct TW link data, TWSTFT
network and TWSTFT+DPN network solutions, are calculated
and summarized in Table I. TWSTFT+DPN network mean
that DPN results, instead of regular TWSTFT data, of NICTTL link are used to solve the network solutions.
TABLE I
TDEV VALUES OF ASIA-PACIFIC TWSTFT DIRECT LINK,
TWSTFT NETWORK RESULTS, AND TWSTFT+DPN NETWORK
RESULTS. RELATED GAIN VALUES ARE ALSO SHOWN.

Link
TDEV
(/1hr)(ps)

1.0E-01
Direct TW
TW Network
DPN

1.0E-02

NICT- NICT- NICT- TLTL- NTSCTL NTSC KRISS NTSC KRISS KRISS

Direct

104

157

179

140

84

125

TWSTFT
Network

104

138

120

119

89.5

129

Gain(Net)

0%

12.1%

33%

15%

-6.5%

-3%

TWSTFT
+DPN

47

122

94

116

88

129

Gain(DPN) 54.8% 22.3% 47.5% 17.1% -4.8%

1

10

Average Time (hr)

100

Fig. 2. TDEV values of the direct link data, and TWSTFT network and
TWSTFT+DPN network solutions of NICT-TL link.

-3%

* TDEV value of NICT-TL DPN link is 48 ps in this case.

The Gain values of TWSTFT network and TWSTFT+DPN
solutions at one-hour averaging time are also illustrated. One
can see that the range of positive gains in TWSTFT network

Now we check another time transfer link, say NICT-NTSC
link, with obvious diurnal. It’s a regular TWSTFT link and is
included in our case study. The results of the direct link,
TWSTFT network and TWSTFT+DPN network analyses for
NICT-NTSC link are shown in Fig.3. The network result has
better short-term stability than that of direct link and the Gain
value is 12.1% (see the row “Gain(Net)” in Table I). By using
the TWSTFT+DPN network analyses, the Gain value
increases to 22.3% (see the row “TWSTFT+DPN” in Table I).
In Fig. 3, we can also see that the diurnal effect is reduced.
Therefore, including the DPN link for the TWSTFT+DPN
network analyses will benefit to the reduction of diurnal.
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Abstract—An optical-fibre network is being planned for
distribution of optical and microwave reference frequencies in
Australia. This network would connect a number of research
facilities and the National Measurement Institute (NMI),
allowing long-range comparison of frequency standards to high
precision and providing reference signals for a wide range of
applications. First results for transfer in the laboratory achieve
a fractional frequency stability of 7×10–17 at an averaging time of
104 s for the distribution of an 80 MHz radio frequency signal.
We present details of the technique used to cancel noise
introduced by the fibre, describe the all-digital radio-frequency
phasemeter used to characterise performance, and outline plans
for the further development of the network.

I.

INTRODUCTION

Optical fibre links have long been used to distribute radio
frequency reference signals across large facilities [1], and
more recently over longer distances using dedicated dark fibre
[2]. With the advent of optical frequency standards [3], optical
fibre links have emerged as one of the few methods capable of
transferring the very high levels of accuracy and stability of
these standards in practical averaging times [4]. In
consequence, large-scale projects are already underway in
Europe demonstrating optical frequency transfer up to 900 km
[5, 6], and combining transfer of reference frequencies with
other data traffic on commercial networks [7].
Australia is well placed both to contribute to and to benefit
from the continuing development of optical fibre frequency
transfer. Within Australia, fibre links can be tested across a
transcontinental baseline. The National Measurement Institute
(NMI) in Sydney on the east coast and the University of

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Western Australia (UWA) on the west coast are separated by
over 3000 km. Both institutions operate atomic frequency
standards, ultra-stable microwave oscillators and optical
frequency combs. NMI and UWA already participate in GPS
and two-way satellite time transfer, and are preparing for the
Atomic Clock Ensemble in Space (ACES) mission [8] which
will characterise new transfer techniques. UWA leads an
Australian collaboration awarded significant funding by the
Australian
Government
for
ACES
ground-station
infrastructure, including a high-performance station clock.
Australia also has significant fibre network infrastructure.
The Australian Academic Research Network, operated by
AARNet, provides a number of options to connect laboratories
within a proposed national network, including short (NMI to
Macquarie University in Sydney, less than 10 km),
intermediate (NMI to the Australian National University in
Canberra, about 300 km) and very long (NMI to UWA) links.
Fibre is currently being laid for trial sites within a new
National Broadband Network, planned to connect over 90% of
Australian premises.
Finally, Australia has major potential applications for
timing and frequency signals delivered over fibre, particularly
in the area of radio astronomy. For example, the Australia
Telescope National Facility operates three radio observatories
across New South Wales including the 64-m Parkes telescope.
Very Long Baseline Interferometry is conducted using these
and other radiotelescopes across the country. Australia is also
one of two candidate hosts for the Square Kilometre Array
(SKA), one of the largest research facilities ever devised [9].
Development of the Australian SKA Pathfinder (ASKAP)
telescope is already in progress at the Murchison site in
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Figure 1. Simplified schematic of our fibre-based radio-frequency transfer system, with some components omitted for clarity. OC: optical circulator, AM:
amplitude modulator, LP: low-pass filter, PD: photodetector, P.I. control: proportional-integral servo control, and ×2: frequency doubler.

Western Australia [10], and new fibre infrastructure to connect
proposed SKA nodes is in preparation.
II.

APPARATUS

A.

Fibre-based radio-frequency distribution system
As a first step towards planned long-range networks, we
demonstrate transfer of radio-frequency signals over a fibre
spool in the laboratory. Our system is illustrated in Fig. 1, with
some components omitted for clarity to illustrate the basic
design. The system uses commercial off-the-shelf
components, and is designed to be relatively low-cost and
scalable.
The local site has a stable master oscillator (in this case a
hydrogen maser) which produces a reference radio frequency
signal, RFM, for dissemination to and stabilisation of a remote
slave oscillator output, RFS. The optical system consists of
two RF-modulated lasers, one ‘local’ and the other ‘remote’,
counter-propagating through the same optical fiber.
Propagation through the fiber is subject to mechanical and
thermal fluctuations, with the resulting phase noise suppressed
as follows.
Commencing at the remote site, the remote signal RFS is
sent through the fibre acquiring the phase noise term Fiber. At
the local site, the master oscillator output RFM is frequency
doubled and mixed down with the photodetector signal,
RFS + Fiber. The mixer output signal 2 RFM – RFS – Fiber is
then modulated onto the local laser and sent back through the
fiber. The detected signal at the remote site is given by
2 RFM – RFS only, since the additional Fiber noise term added
on propagation cancels algebraically. The remote
photodetector signal is then mixed with the slave oscillator
RFS to yield an error signal for feedback control.
As in all such fiber-noise cancellation schemes,
cancellation requires that the fiber noise introduced is the

same for the two counter-propagating beams. The practical
performance of microwave components can also limit the
effectiveness of cancellation; the design in Fig. 1 is chosen to
improve isolation of unwanted sidebands, noting again that
additional filters have been omitted for clarity. Finally, the
bandwidth of the cancellation is limited by the fibre round-trip
time, as in other schemes.
B. All-digital radio-frequency phasemeter
The design of the phasemeter has been presented
previously [11]. As shown in Fig. 2, it uses front-end analogto-digital conversion with dual phase-locked loops
implemented digitally on a commercial field-programmable
gate array (FPGA) platform. The digital implementation gives
excellent timing coherence and signal isolation, and allows
rapid prototyping and optimisation of control characteristics.
The noise floor of the phasemeter was measured by
applying the same electronic signal to both reference and
signal inputs in Fig. 2. The spectral density of phase
fluctuations is well below 1 μrad/√Hz at frequencies above 0.1
Hz. The improvement over the earlier results [11] is due to
improved synchronisation within the FPGA implementation,
yielding greater rejection of common-mode noise.
III.

RESULTS

We measured the fractional frequency stability of our
fiber-based radio frequency transfer system using the digital
phasemeter. For this test, the remote oscillator was located in
the same laboratory as the master oscillator. As shown in Fig.
1, the out-of-loop phase check-1 measures the stability of the
master oscillator with respect to the slave oscillator.
Results for this measurement are shown in Fig. 3, together
with the measured stability of typical reference oscillators for
comparison. (The out-of-loop phase check-2 in Fig. 2
measures the fiber phase noise directly; however, this signal is
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IV.

FURTHER WORK

The initial work presented here is the first stage of a larger
program, working towards a national network for transfer and
dissemination of reference frequencies across Australia. The
goals of the next stage of the program are to extend RF
transfer to longer distances, in particular to connect existing
Australian radio observatories, and to extend the transfer to
optical frequencies.
At the time of writing first light has recently been
transferred over the 10-km link between NMI and Macquarie
University. A number of other fiber links have been identified
for longer-range testing, with work already under way to
establish access.

Figure 2. All-digital RF phasemeter [11], implemented on a commercial
FPGA platform. NCO, numerically-controlled oscillator, LPF low-pass
filter, and S&DF, sum-and-dump filter.

above the Nyquist limit for the phasemeter, and modifications
to complete this measurement are currently under way.)
Operating at a carrier frequency of 80 MHz through a 20km fiber spool, the transfer system achieves a fractional
frequency stability of 7×10–17 (measured at 20 MHz) at an
averaging time of 104 s. This is sufficient to transfer a
reference signal from a hydrogen maser without degradation,
as is evident from the direct comparison of two NMI hydrogen
masers shown in Fig. 3. The noise floor of the transfer system
was measured using a very short fiber link of 10 m, yielding a
frequency stability of 4×10–17 at 104 s. We interpret these
results as indicating that the system was operating close to the
noise floor, for this length of spooled fibre and these averaging
times.

Figure 3. Fractional frequency stability results for (i) commercial rubidium
and cesium oscillators, (ii) two hydrogen masers, fiber frequency distribution
system through (iii) 20 km and (iv) 10 m of fiber, and (v) electronic noise
floor of the phasemeter.
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Abstract— KRISS (Korea Research Institute of Standards and
Science) has been operating the standard time and frequency
broadcasting station (call sign: HLA) since 1984. The station
HLA broadcasts continuous time and frequency signals on 5
MHz carrier frequency and 2 kW transmit power. But the poor
reception due to radio interference is decreasing users.
Therefore to increase the radio reception, a digital modulation
method and an increase of bit rate are introduced additionally to
the present amplitude-modulated radio signal. We describe a
digital modulation method for improving radio reception of the
standard time and frequency by shortwave.

I.

Goal of this study is to enhance the radio reception by
application of a digital modulation method. And the Scope is
as follows:
y

Design an optimal digital modulation method for
improving the radio reception by analysis of the
conventional modulation method and suitability
evaluation through the analysis of various digital
modulation methods

y

Verify the radio reception enhanced by digital
modulation with a simulator by selection of the
indexes for the comparison of reception performance
and comparison with the conventional method

y

Preparation of a digital modulation system and its
performance test

II.

ALTERATION OF BROADCSTING STATION AT KRISS

INTRODUCTION

The radio reception of a shortwave broadcasting is low due
to a signal fading easily and is susceptible to environment,
while a shortwave broadcasting reaches to long distance
owing to ionosphere reflection (a phenomenon known as
skywave propagation). Shortwave radio is used for
broadcasting of voice and music, and long-distance
communication to ships and aircraft, or to remote areas out of
reach of wired communication or other radio services.
Amateur radio on these frequencies can provide hobby,
educational and emergency communication [1].
But the reception is becoming inadequate by a bad
environment such as complicated radio propagation, many tall
buildings and so on. Thus it is necessary to develop the
modulation method in order to enhance the radio reception
against these conditions. KRISS has broadcasted the Korea
Standard Time on 5 MHz carrier frequency with IRIG-H time
code format [2] by amplitude modulation (AM). We introduce
a digital modulation method to enhance the radio reception of
the standard time and frequency broadcasting at KRISS, and
carry out simulations to find out an optimal digital modulation
method [3]. And we design a modulation method combined
BPSK-DSSS (Direct Sequence Spread Spectrum) with AM for
the existing AM users.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

A.

Current Station
The specifications of current station are as follows:
y

Carrier frequency: 5 MHz

y

Modulation: AM

y

Time code format: IRIG-H

y

Band width: 6 kHz

y

Transmit power: 2 kW

y

Antenna type: conical

The drawbacks in current system are vulnerable to fading
and environmental noise, besides low power and outdated
equipment such as vacuum tube amplifier. Therefore we have
tried to replace with solid-state device (SSD) amplifier and
will change the modulation method.
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Figure 1. Block diagram of current system for the broadcasting timing
signal.

B.

Modification of the Station
For the modification of the station, as shown in Fig. 2, we
adopt the BPSK digital modulation, and increase the bit rate
by IRIG-B time code format and the transmit power up to 5
kW, and extend the bandwidth to 10 kHz. At preset we have
equipped new timing system such as SSD power amps, have
been making the time code generators and digital modulators
combined analog modulation and so on.

Figure 3. Simulation design of transmit and reception with DSSS

In the case of employing the bit error rate (BER) as the
reference of the receiving performance, tremendous amount of
symbol data are required in order to get reliable results. The
carrier frequency of the standard time and frequency broadcast
signals is 5 MHz, however, a tremendous amount of time is
required to generate the large symbol data with the 5 MHz
carrier frequency. Thus, we set the carrier frequency as 20
kHz instead of 5 MHz and sampling frequency as 80 kHz for
efficient tests the in the simulations.
There are many referencing methods for comparing the
performances of various digital modulation schemes. Among
them, the BER and the bandwidth efficiency are generally
used. Therefore, we use them for comparing the theoretical
performances of the modulation scheme [4].

III.

VERIFICATION OF TX AND RX BY SIMULATION

We carried out the simulation so as to select an optimal
modulation method as shown Fig. 3. In order to analyze
reception performance corresponding to the addition of the
digital modulation scheme, we designed a simulation program.
The program is divided into two parts as the transmitting part
and the receiving part. In the transmitting part, the transmitting
signals are generated by combining the AM modulated with
the IRIG-H time code and the BPSK-DSSS modulated with
the IRIG-B time code signals. In the receiving part, the
demodulations are performed for the AM and BPSK-DSSS
signals in which the additive white noise is added generated
from the channel. Fig. 4 and 5 show the results of the
monitored spectrums in the transmitting and the receiving
parts, respectively.

Fig. 6 shows the demodulated result when the AM
modulated and the BPSK-DSSS modulated signals are
transmitted together. From the results, it is observed that the
required Eb/N0 of the AM modulated signals is about 31 dB
and that of the BPSK-DSSS modulated signals is about 7.5 dB
when the BER is 1x10-2. This means that the required power
of the BPSK modulation scheme is lower than that of the AM
modulation scheme to get the same BER, and in other words
the BER performance of the former is better than that of the
latter under the same Eb/N0 environment.
P S D of A M s ignal and B P S K-DS S S signal
0
A M signal
B P S K-DS S S signal
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Figure 2. Block diagram of transmission system combined AM and BPSKDSSS.

-15
-20
-25
-30
-35
-40
-45
1.4

1.6

1.8

2
frequenc y [Hz]

2.2

2.4

2.6
x 10

4

Figure 4. Power spectrums of AM and BPSK- DSSS
at transmitting part in figure 3.

653

IV.

HLA+DSSS(chip = 5000) signal PSD spectrum
0

We introduced a digital modulation method to enhance the
radio reception of the standard time and frequency
broadcasting at KRISS. And we carried out simulations to
find out an optimal digital modulation method. And we design
a modulation method combined BPSK-DSSS with AM for the
existing AM users, and the IRIG-B and the IRIB-H time code
format will be applied simultaneously to digital modulation
and amplitude modulation respectively.
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Figure 5. Simulation of the combinaton of AM and BPSK- DSSS at
receiver input in figure 3.
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A modulator combining digital and analog signal will turns
out in the near future. And we will fabricate a receiver for
digitally modulated signal and verify the improvement by the
comparison of the radio reception between an analog and a
digital receiver at the field.
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Abstract— Two-way satellite time and frequency transfer between Asia and Europe has been performed for many years
ﬁrst by a two-transponder and later by a one-transponder
conﬁguration on the IS-4 and the AM-2 satellites, respectively.
A diurnal phase instability was observed in links established
through IS-4, while such instability has not been observed when
AM-2 was used. It could be shown that the diurnal variation are
site-independent. An on-board path asymmetry due to the use of
two transponders seems thus to cause it.

I. I NTRODUCTION
Today two-way satellite time and frequency transfer (TWSTFT) is one of the essential tools for time transfer made
in context with International Atomic Time (TAI) calculation
[1], [2]. In TWSTFT, paired earth stations transmit and receive pseudo-random-noise coded signals via a communication
satellite to exchange timing information [3]. Because the
transmission and reception paths are almost the same, the
atmospheric and geometrical delays between earth station and
satellite are generally canceled. Today’s operational TWSTFT
consequently enables precise time and frequency transfer down
to the 10−15 uncertainty level for frequency comparisons and
1 ns for time transfers [4].
The ﬁrst TWSTFT experiment connecting Europe (Eu)
and Asia was between Telecommunication Laboratories (TL)
and NMi Van Swinden Laboratorium B.V. (VSL) [5]. Subsequently a link between National Institute of Information
and Communications Technology (NICT) and PhysikalischTechnische Bundesanstalt (PTB) was established using the
geostationary telecommunication satellite Intelsat-4 (IS-4) at
72◦ E in July of 2005 [6]. The Korea Research Institute of
Standards and Science (KRISS) joined the link in November
of 2005 and the National Metrology Institute of Japan (NMIJ)
joined in September of 2007. The number of the participants
sharply increased after that: TL, National Time Service Center
(NTSC), and National Institute of Metrology (NIM), the latter
two from P.R. China, joined in March of 2008, May of
2008 and December of 2008, respectively. In March of 2009,
Observatoire de Paris (OP) came in as the second station in

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Europe. The Asia-Eu link using IS-4 became one of the most
active TWSTFT networks. Additionally the direct comparison
of Cs atomic fountains was performed between NICT and PTB
and an uncertainty of frequency transfer of 7 × 10−16 was
achieved during a 15-days campaign [7].
In the intercontinental TWSTFT link, two transponders
in the Ku band are typically used to cover a wide area.
Diurnal phase variations were observed in the links with such
conﬁguration [8]. So far, the effects due to the atmosphere,
instrumental delays and satellite motion have been studied [9],
[10], [11]. The Asia-Eu TWSTFT network using IS-4 stopped
working because of a satellite malfunction on February 1,
2010. After the switch to the satellite AM-2 at 80◦ E, the link
was resumed on October 1, 2010. Since the AM-2 satellite has
one wide beam, the link is now established by one transponder.
The clear diurnals have no longer been observed in the new
link. In this report, the link performances before and after the
satellite switch are shown, with particular view on the different
transponder conﬁgurations.
II. T HE A SIA -E U TWSTFT

LINK

The Asia-Eu link was established using IS-4 and AM-2
from November 2005 to February 2010 and from October
2010 to the present, respectively. Table I shows the locations
and antenna diameters of the participating stations. The used
frequency bandwidth was 2.5 MHz in the Asia-Eu link. To
transmit a 2.5-Mcp/s modulated signal, SAW ﬁlters whose
3-dB bandwidth was 2.3 MHz were applied in the transmission
path to limit the bandwidth occupied by the signal. In the earth
stations the same equipment was used in the IS-4 as well
as later in the AM-2 link. Two Ku-band transponders were
used to establish the link via IS-4. In other words, different
uplink and downlink frequencies were assigned for Eu and
Asia stations. Time transfer was performed once every hour.
After the satellite switch to AM-2, the link with OP stopped
because OP is out of the coverage of the AM-2 footprint. Time
transfer among PTB, TL, NTSC and NIM is performed once
every hour with a duration of 5-minutes per session between
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were seen in the OP-TL link, the short-term instability became
worse. In the links with NTSC, the deviation of the received
data at PTB and OP were larger than those received from
TL, NIM and NICT. It is thought that the SAW ﬁlter used in
the Tx path of NTSC station caused it. Almost all frequency
instabilities show a signiﬁcant bump around an averaging time
of half a day, indicating an instability with a diurnal pattern.
The reason is discussed in the next section. The frequency
stabilities of the PTB-TL, PTB-NICT and OP-NICT links
reach the low 10−15 level at an averaging time of 1 day,
nevertheless. It allowed us to perform meaningful frequency
comparison between Cs atomic fountains [4].
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Transponder conﬁgurations:(a) IS-4 link, (b) AM-2 link.
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Fig. 1.

13 h UTC and 22 h UTC. The operation time is due to the
limited working time of the satellite transponder. Only one
Ku-band transponder is used to establish the link via AM-2
and thus the uplink and downlink frequencies are common for
all stations. Fig. 1 shows the transponder conﬁgurations in the
cases of IS-4 and AM-2. When two transponders are used, the
signal paths involved in the on-board frequency conversion are
different for the signals transmitted from Asia and Eu and vice
versa, and a path asymmetry is induced accordingly.
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TABLE I
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L OCATION AND ANTENNA DIAMETER .
Location (LA, LO)
(N 35.71, E 139.49)
(N 36.39, E 127.37)
(N 36.07, E 140.13)
(N 24.95, E 121.16)
(N 34.37, E 109.22)
(N 39.96, E 116.41)
(N 52.30, E 10.46)
(N 48.84, E 2.33)

Antenna diameter[m]
2.4
2.4
2.4
2.4
2.4
1.8
2.4
2.4
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Abbr.
NICT
KRISS
NMIJ
TL
NTSC
NIM
PTB
OP
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III. L INK PERFORMANCE
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A. via IS-4
Fig. 2 shows the frequency instabilities in the IS-4 links
expressed by the Modiﬁed Allan Deviation (MDEV) between
H-masers at PTB, OP and the reference signals in the Asian
laboratories. The data period is from MJD 55120 to MJD
55165. The reference signals of the Asian laboratories except
NIM were local time scales generated from H-masers. A
commercial Cs clock served as the reference clock for the
NIM station. The instabilities seen in links to NIM were
governed by the performance of the Cs clock. Other longterm instabilities can be attributed to the frequency adjustments
of the local time scales. The short-term instabilities of PTBNICT, PTB-TL and OP-NICT links reached the mid 10−14
level at an averaging time of 1 hour. Since small phase jumps
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Fig. 2.
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Frequency instabilities with H-masers at PTB (a) and OP (b).

B. via AM-2
Fig. 3 shows frequency instabilities in the AM-2 links with
PTB (a) and among Asian stations (b). The data period was
from MJD 55617 to MJD 55630. The reference signals were
local time scales generated from H-masers at PTB, TL and
NTSC stations. Now the signal from a H-maser was also used
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Diurnal instabilities with H-masers at PTB (a) and OP (b).
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Fig. 3. Frequency instabilities in the AM-2 link with PTB (a) and among
Asian stations (b).
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at the NIM station. A bump indicating a diurnal instability is
not seen in Fig. 3. The short-term instabilities are improved
in comparison to those in the IS-4 link. The stabilities with
NTSC look still worse because of the effect of the SAW ﬁlter,
however. From the results shown in Fig. 3 (a) and (b), the
frequency instabilities were similar in the links with PTB and
among Asian stations. Although the elevation angle at PTB
was as low as 3.7◦ , a detrimental effect has not appeared
so far. The link performance was limited at ﬁrst due to the
limited (regularly interrupted) working time of the satellite
transponder on AM-2. The regular interruption between the
working times was linearly interpolated and MDEV was
calculated. The frequency instability at an averaging time of
one day was comparable to that of the IS-4 link. However, in
this data procedure a bias is inserted to the MDEV, resulting
that it may look better than it actually is.
IV. D IURNAL VARIATION
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Scattering plots between diurnal instabilities and outdoor tempera-

1) Two transponders: To cover a wide area, multiple
transponders are typically used in a communication satellite.
Such conﬁguration is shared in the intercontinental TWSTFT
networks and causes an asymmetry in the signal paths between
paired earth stations. It seems that this asymmetry causes an
instability with diurnal pattern. The Asia-Europe TWSTFT
network was established using two transponders on IS-4 as
shown in Fig. 1 (a). Different uplink and downlink frequencies
were assigned for Asia and Europe. From the beginning of the
NICT-PTB link diurnal variations have been observed. The
possible instability sources, as listed in Table II, have been
discussed previously [10], [11]. The delays due to ionosphere,
troposphere and the Sagnac effects were evaluated. Since their
amplitude and phases were not synchronized with the observed
instabilities, it was concluded that they were not the main
sources of the instabilities. Fig. 4 shows the clock comparisons
with H-masers at PTB (a) and OP (b) which are presented
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TABLE II
P OSSIBLE INSTABILITY SOURCES .
Instability source
Amplitude [ps] Site dependency
Instrument delay
∼ 500
Yes
Ionosphere
∼ 150
Yes
Troposphere
<4
Yes
Sagnac effect
50 ∼ 650
Yes
Transponder instability
∼ 1000∗
No
∗ This work: estimated to be slightly below 1 ns for Asia-Eu link via IS-4.

2) One transponder: To compare the link performances in
the cases of two transponders and one transponder, respectively, inner-Asian time transfer using only one transponder
on IS-4 was performed between NICT and KRISS from MJD
53975 and MJD 53982. Both laboratories were connected by

㪛㫀㪽㪽㪼㫉㪼㫅㪺㪼㩷㪲㫅㫊㪴

in the form of the difference between raw data and movingaverage data for 1 day to emphasize the diurnal pattern.
Unfortunately some outliers are seen in the data with NIM and
TL. It is apparent that the amplitudes, periods and their peak
locations are almost the same and they look independent of the
site. It is know that the instability due to the instrumental delay
is highly related to the local temperature variation [13], [14],
[15]. We thus computed the correlation factors between the
outdoor temperatures and diurnal variations plotted in Fig. 4
(a). As shown in Fig. 5, the correlation was not larger than 0.2,
and no systematic relation is visible. Consequently the diurnal
patterns may be caused by a site-independent source, that
is, the path asymmetry due to the transponder conﬁguration,
rather than being related with the instrument delays in each
station.
Geostationary satellites orbit with a period of 23 hours
56 minutes 4 seconds together with the earth with respect to
the stars. On the other hand, it takes 24 hours to return to
the same position relative to the sun. If the diurnal instability
would correspond to the former period, the phase of the
variations would be shifted by 180◦ after half a year. The
diurnal instabilities from MJD 54951 to MJD 54957, and from
MJD 55131 to MJD 55137 on the TL-PTB link are shown in
Fig. 6. The phase of the instability did not change, only the
amplitudes slightly changed. One can conclude from this result
that the period is likely determined from the relation between
the sun and the satellite.
The NICT-PTB link was operational using IS-4 for about four
years. The diurnal variations have been observed since the
beginning of the link. We computed MDEV for each month
and checked the amplitudes and found no seasonal variation of
the diurnal peak. The mean value of MDEV was 2.0 × 10−14
at an averaging time of half a day, which corresponds to the
diurnal amplitude in phase of 860 ps.
So far it was reported in [8] that a time step was observed
in a transatlantic TWSTFT link with two-transponder conﬁguration and it is thought that the step was induced by the delay
variation on the transponder. Fig. 4 may be an example that the
path asymmetry due to the transponder conﬁguration induced
the diurnal instabilities.
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Diurnal instabilities in the TL-PTB link.
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another TWSTFT link using JCSAT-1B satellite at that time,
which consisted also of a one-transponder conﬁguration like
Fig. 1 (b). Fig. 7 (a) shows the time-transfer results by the
IS-4 and JCSAT-1B links established using one transponder.
Both measurements were performed synchronously and the
data were taken every second. The results were averaged for
5 minutes and convenient time offsets were inserted for better
visibility in Fig. 7. The green line shows the double difference
between them. Its standard deviation around the mean is 135
ps, which proves that the results obtained in both links agree
well. Fig. 7 (b) shows their frequency stabilities. The shortterm instabilities were lower than those in Fig. 2. Especially
any bump cannot be seen in the double difference plot. If a
site-dependent instability would exist, it is almost canceled by
the subtraction of the results by the different links because
of the synchronous measurement. On the other hand, since a
site-independent instability is not canceled by the subtraction,
the result indicates that such instability seems non-existent or
at least negligible. The instability of 3 × 10−15 at half a day
corresponds to a diurnal amplitude of 130 ps. This amplitude
is much lower than that of about 900 ps shown in the links
established by the two-transponder conﬁguration. Thus the link
performances showed clear difference between the one- and
two-transponder conﬁgurations.

B. via AM-2
The 1-hour averaged time differences and their frequency
stabilities between TL and PTB by TWSTFT link via AM-2,
GPS PPP and GPS P3AV are shown in Fig. 8. The results by
the three methods look consistent. A bump around an averaging time of 40 hours exists in the TWSTFT instability whose
reason is unresolved yet. The long-term agreement between
TWSTFT and GPS data should be monitored carefully. Since
any diurnal instability cannot be seen in GPS PPP and P3AV,
the result by the AM-2 link was compared with them. Fig. 9
shows the double differences. Any clear functional variation
was not observed. The instability obtained by TWSTFT at
the averaging times longer than 2 hours reached the mid10−15 level. It seems that such large diurnal instability as
previously observed in the IS-4 link with the two-transponder
conﬁguration does not exist.
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Fig. 7. (a) Time transfer results of NICT-KRISS by the IS-4 and JCSAT-1B
links and (b) their frequency stabilities.

V. C ONCLUSION
The Asia-Eu link was established using two transponders of
IS-4 and restarted using one transponder of AM-2 after IS-4’s
malfunction. The diurnal phase variations have been observed
since the beginning of the IS-4 link and possible error sources
have been discussed so far. Thanks to the participation of the
second European station, OP, it became clear that the diurnal
instabilities looked site-independent. From the comparison of
the one- and two-transponder conﬁgurations, such instability
seemed existent only in the case when two transponders
were involved. The current Asia-Eu link continues by onetransponder conﬁguration on AM-2. Additionally any diurnal
variation has not been seen there. It is thought that the onboard path asymmetry caused by two transponders induced
such site-independent diurnal variation.
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Abstract—The goal is to distribute UTC(CH) in a remote
location via TCP/IP. The MC (Master Clock) is locked to
UTC(CH) via a combination of IRIG-B and 1-PPS signals. The
SC (Slave Clock) is controlled by a PI control loop that tracks
the MC. The SC-MC clock offset and the transmission delay
are estimated simultaneously by means of a TW (Two-Way)
comparison process similar to NTP but based on TCP/IP.

I. I NTRODUCTION
We seek to control a Slave Clock (SC) located in a remote
location in order to track a Master Clock (MC) located at
METAS. Clock comparison is performed via TCP/IP by means
of the classical Two Way (TW) remote comparison technique.
Every second, the TW processing yields a measurement of the
TCP/IP transmission delay between the MC and the SC and a
measurement of the SC-MC clock offset. A PI (Proportional
Integral) control loop steers the slave clock by minimizing
the low-pass filtered clock offset. The goal here is to use
the network in order to synchronize a remote calibrated time
reference. This is different from other works such as [2] that
use an independent remote calibrated time reference in order
to calibrate network controlled time sources such as NTP
(Network Time Protocol) servers.
There is an optimum time constant which yields a minimal
rms error when applied to the control loop. The better the
stability of the oscillator used in the SC, the smaller the
time synchronization error for a given amount of transmission
delay noise. A typical NTP server steers the local system time
generated from the PC microprocessor quartz oscillator, while
the MC-SC system reported in this paper steers a hardware
clock based on a high quality OCXO (Oven Controlled Quartz
Oscillator).
The main limitation of such a MC-SC system is that the
estimated clock offset is biased by the lack of symmetry of
the send and receive TCP/IP transmission delays. Hence when
the control loop steers the SC to minimize the low-pass filtered
clock offset signal, the mean value of the resulting true clock
offset is a constant different from zero that depends on the
degree of asymmetry of the transmission delay.
The reason why we avoid using NTP is a need for flexibility
regarding the network security rules. NTP is based on UDP/IP
and other protocols that cannot be changed while we want to
use TCP/IP and if required some encrypted point to point data
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link protocol in a taylor made software that complies with the
specific network security requirements of the client.
This paper reports the laboratory experiments that we have
performed in order to evaluate the performance of such a
SC/MC system based on TCP/IP TW measurements. In a
laboratory experiment the SC and MC are located in the same
room, therefore it is possible to measure the true SC-MC
clock offset by means of a time interval counter. In the real
application, on the other hand, the performance of the SC
control loop can only be estimated by analysis of the TW
measurement results and of the the error signal.
II. E XPERIMENTAL S ETUP
The hardware is identical for the MC and for the SC. The
hardware consists of a PC with a Spectracom TSYNC PCIe
clock (PCI Express card). The clock is based on a 10-MHz
OCXO.
The TSYNC PCIe clock is capable to synchronize automatically to a combination of time code and 1-PPS signal.
The time code is used to determine the epoch and the 1PPS signal is used to synchronize the OCXO as illustrated
on Figure 1. This is what we do in the MC system in order to
copy UTC(CH). The MC reproduces UTC(CH) with a 1 µs
accuracy and generates an IRIG-B time code epoch, a 1-PPS
clock signal and a 10-MHz frequency signal.
In the SC system, the OCXO frequency is steered digitally
by software. The SC interrogates the MC via TCP/IP and
controls itself by means of the PI error signal in order to track
the MC as well as possible. The SC, like the MC, generates an
IRIG-B time code epoch, a 1-PPS clock signal and a 10-MHz
frequency signal.

Figure 1.

Experimental Setup

III. T WO -WAY C OMPARISON T ECHNIQUE
The two-way comparison technique is similar to NTP [1].
The TCP/IP telegram exchanged between the SC and the MC
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contains four binary time stamps.
The time stamps are defined in Table I. The TW measurements are generated as follows,
(T2 − T1 ) − (T4 − T3 )
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where θ is the estimated MC-SC clock offset and δ is the
estimated TW transmission delay. Worst case clock offset error
is half the TW delay (i.e. estimated one-way delay)
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Note that, according to definition (1), the SC clock offset
versus the MC, noted SC-MC, is given by −θ. This is the sign
convention used by Mills in [1].
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Issued by SC when sending telegram to MC
Issued by MC when receiving telegram from SC
Issued by MC when sending telegram back to SC
Issued by SC when receiving telegram from MC

Figure 3.

Time Deviation of Half-TW Delay

V. S ECOND ORDER CONTROL LOOP

The Allan deviation of the OCXO is better than 1 × 10−10
and the Allan deviation of the TCP/IP delay is 1 × 10−9
for an averaging interval τ of 100ks (i.e. about one day)
as shown on Figure 2. This means that with a control loop
time constant as large as T = 100ks, the free OCXO is
still more stable than the averaged noise of the TCP/IP halfTW delay. The time deviation of the measured TCP/IP delay
is shown on Figure 3. The time deviation actually improves
when the averaging interval is increased from 1s to 100ks
but not that much because of the chaotic and non-stationary
behaviour of the TCP/IP network. The theoretical expectation
for the time stability of the SC-MC offset is about 20µs for
a closed loop time constant of T = 100ks. Figure 4 shows
a typical recording of the half-TW delay measurements. The
chaotic nature of the TCP/IP transmission is visible. Figure 5
shows a typical histogram of the half-TW delay measurements.
The histogram is multi-modal (in this example, mean 1.6ms,
standard deviation 74µs). The average transmission delay of
the TCP/IP packets across a switch depends on the number
of clients connected to the switch and for a given network
configuration, the mean value and the standard deviation of the
delay between the MC and the SC are stationary. However the
configuration of the network changes all the time as TCP/IP
sessions are opened and closed by other clients. Hence the
non-stationary behaviour of the delay.

The control loop is similar to a PLL except that the control
variable is time instead of phase. The control loop can be
modelled as a linear feedback control circuit as illustrated on
Figure 6. The DAC (Digital to Analog Converter) varactor
frequency control of the SC is used to steer the OCXO. Since
the control variable is time x(t) and the error signal fed to the
DAC is frequency y(t), we have to model the DAC varactor
control as an integrator. In order to have a zero time error in
steady state, the loop filter F (p) must include an integrator.
Hence there are two integrators in series and the feedback
control loop is potentially unstable. This is why we use a PI
filter (i.e. the sum of a proportional gain and an integrator) as
the loop filter F (p). In closed loop the transfer function is of
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30

The advantage of a very long T = 100ks control loop time
constant is a very good noise filtering, but the disadvantage
is the duration of transients: several days. An adaptative algorithm sets the SC epoch to the nearest second, when initialised,
and then steers the SC frequency, switching between three
discrete values of the time constant T = 1ks, 10ks or 100ks
depending upon the value of the low-pass filtered SC-MC
offset. Of course the goal is to minimize the duration of the
transients. The loop is initialized with T = 1ks and the time
constant is progressively increased up to T = 100ks in three
steps as the low-pass filtered clock offset goes down. In the
algorithm, a set of progammable criteria is used to decide
when the time constant must be switched up or down.
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the second order type and the two degrees of freedom given
by the PI filter enable to set the time constant T as desired
while keeping the damping at the critical value.
Calibration of the DAC frequency control of the OCXO
yields a maximum rate of ±1µs/s (1 ppm) for a normalized
maximum error signal of ±1 (DAC is actually16 bit). Figure
7 shows the initial transient when the control loop is started
with a time constant of 1ks. In this example the initial clock
offset is 5000µs. Initially the error signal is very large and the
control loop works in non linear mode, i.e. the error signal
is clipped to the 1 ppm maximum frequency offset of the
OCXO which yields a slope of 1µs/s. When the clock offset
approaches zero, i.e. after 5000 s, the control loop starts to
work in linear mode. Since the control loop parameters are
adjusted for critical damping, there is a clean single overshoot,
without any ringing visible in the transient.

The measurement of the true SC-MC clock offset by means
of a time interval counter is possible only in a lab experiment.
In a real application the SC is operated in a remote location
and only the TW data is available to the user. The best
way to estimate the SC behaviour is by analysis of the error
signal. Integrating the error signal using the calibrated DAC
sensitivity gives a very good picture of the actual SC-MC time
behaviour. Figure 8 shows an example of the true SC-MC
clock offset versus the integrated error signal. We observe that
the integrated error signal is a perfect image of the true SCMC clock offset, except for the average value which cannot
be determined by integration. By principle, again, it is not
possible to deduce the true mean value of the SC-MC offset
from the TW data because the asymmetry of the TCP/IP
transmission delay is not an observable.
Figure 9 shows how the error signal changes when the
control time constant is switched from 1ks to 10ks after the
initial transient. When the time constant is increased by a
factor of 10, the noise bandwidth is reduced proportionally.
Therefore the rms value of the noise is suddenly reduced by
a factor of 10.

Schematics of PLL control loop
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Figure 7.

Initial Transient when Starting with Large Offset SC-MC

The results reported above in Sections IV-VII were taken
from a simple single switch experiment, i.e. the MC and SC
are located in the same room and connected to the same
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Figure 10.

True SC-MC Clock Offset during Relay Experiment
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Ethernet LAN switch. On the other hand the results of Section
VIII are taken from a relay experiment which is more realistic
regarding the everyday life TCP/IP network conditions. In the
relay experiment the SC and MC computers are still connected
to the same switch. However they do not communicate directly
with each other. A third computer, located in another part
of the METAS building, is used as a relay, receiving and
forwarding all the TCP/IP packets exchanged between the SC
and the MC. In the relay experiment several switches and
routers are involved as well as the processing delays taking
place inside the relay computer.
Figure 10 shows a 15 day recording of the true SC-MC
offset as measured in steady state during the relay experiment.
The peak-to-peak variation of the true offset over 15 days is
only 25µs. The SC-MC offset data shown yields a standard
deviation of 5µs and a mean value of −17µs. Figure 10
shows three cases of the Allan deviation. Curve one is the
SC-MC clock offset with the SC locked to the MC. Curve
two is the SC-MC clock offset with the SC control open loop,
i.e. with the OCXO free running. Curve three is the half-TW
TCP/IP transmission delay. The linear feedback control loop
actually filters out a large part of the TCP/IP delay noise
but not all of it. If the delay noise were not filtered at all,
then the locked SC-MC Allan deviation would be identical to
the Allan deviation of the TCP/IP delay noise. On the other
hand, if the delay noise were removed completely, then the
locked SC-MC Allan deviation would be identical to the Allan
deviation of the free running OCXO. As expected the locked
SC-MC Allan deviation is to be found somewhere between
these two limit cases. It can be observed that, in terms of
Allan deviation, the noise suppression at 1s averaging time is
5 orders of magnitude.
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stratum 1 NTP servers together with other redundant sources
of UTC.
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IX. C ONCLUSIONS
The performance of the prototype SC-MC system reported
here, true SC-MC average offset < 20µs, is more than
sufficient for the application we have in mind. Actually we
intend to operate a similar SC-MC system with the MC located
at METAS in the time & frequency lab and with the SC located
at the BIT, the Swiss federal administration IT center. By
means of the SC, UTC(CH) will become available to the BIT
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characteristics have been evaluated by using the data of NTP
communications created during the synchronization of the
mobile testing system (MTS) to the NTP servers of the
Lithuanian National Time and Frequency Standard
Laboratory.

Abstract—Recent developments in mobile telecommunication
networks offer a possibility for synchronization of mobile
equipment. The possibility is explored here. To this end, a
network operator is synchronized to the Lithuanian national time
and frequency standard over internet via NTP (Network Time
Protocol). A mobile testing system (MTS) created is synchronized
to the operator’s network via a radio modem operating in one of
the several different modes. The time scale of the MTS
synchronized over the mobile telecommunication network is
compared to that of the national standard to evaluate the
synchronization accuracy and to find out that the most suitable
operating mode for the modem is CSD (Circuit Switched Data),
which is likely due to its dedicated and symmetrical nature.

I.

II.

Timing characteristics of mobile telecommunication
networks were evaluated by using NTP communications data
created during the mobile testing system (MTS)
synchronization with NTP servers of Lithuanian National
Timing Laboratory (LT). The mobile testing system (MTS)
developed consists of Radio modem, Computer (PC) running
on LINUX UBUNTU server v.10.10 operating system and
second pulses generator (Rb) (Fig. 1). The PC running the
Linux Ubuntu Server 10.10 operating system, with operating
LinuxPPS Kernel Module (PPS API (Pulse Per Second
Application Programming Interface) implemented under RFC
2783) and ntpd (ntp_v4.2.6p3@1.2290 package) program
installed, has been connected to the mobile communication
network via the “Siemens MC35i” and “Nokia N95 8GB”
modems.

INTRODUCTION

Implementation of new services and technologies in mobile
telecommunication networks requires more precise timing and
synchronization of the network systems as well as user’s
equipment. Correct timing may be very important for different
M2M (Machine To Machine) applications, such as metering
(measuring parameters of telecommunication channels), fleet
management, mobile commerce, and public key infrastructure
(PKI) applications, such as e-health, e-government, esignature, etc. Some results on time synchronization over the
second generation network GSM (Global Standard for Mobile
Communications), via the GPRS (General Packet Radio
Services) and EDGE (Enhanced Data rates for GSM)
channels, are presented in the works [1, 2]. However, the two
aspects are not considered – timing over dedicated low bit
second generation networks via the CSD (Circuit Switched
Data) channel and timing over the third generation network
UMTS (Universal Mobile Telecommunications System) via
the HSDPA (High-Speed Downlink Packet Access) channel.
Networks of the third generation are very popular now.
Nevertheless, channels of the third generation networks
exhibit propagation characteristics very different from those of
the second generation networks, such as GSM. The purpose of
our work is a comparative testing of timing and
synchronization characteristics of mobile GSM network via
the CSD, GPRS, EDGE channels as well as over the UMTS
(Release 99) network via the HSDPA channel. Propagation
characteristics of different channels have been evaluated by
using standard telecommunications testing equipment. Timing

978-1-61284-110-6/11/$26.00 ©2011 IEEE

TESTING TECHNIQUE

Figure 1. Device setup for investigation of time transfer via the mobile
communication network
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Such a setup is makes up a complete MTS version ready for
measurements. The “Siemens MC35i” has been connected to
the computer via the RS232 port and operated in the GSMCSD and GSM-GPRS regimes. The “Nokia N95 8GB” has
been connected to the PC via the USB interface and used to
explore the time synchronization possibilities for the EDGE,
UMTS, and HSDPA technologies.To estimate the possibilities
for time synchronization in a mobile communication network,
non-standardized measuring equipment has been used.
Therefore, before making any measurements, it was necessary
to explore its metrological characteristics. Fig. 2 reveals how
the devices have been connected for MTS calibration. The
calibration setup includes a primary Cs atomic clock
HP5071A reproducing and keeping the UTC(LT) time scale
and a “Symmetricom S250“ NTP server. The second pulses
from the Rb generator, which during the calibration procedure
was synchronized to UTC(LT) with a few nanosecond
accuracy, are fed into the RS-232 port of PC. The LinuxPPS
Kernel Module, having received a second pulse at the RS-232
port, forms a very accurate time mark, which is possible due to
the fact that time marks are formed at the level of the system
kernel. PC‘s clock has been synchronized every 16 seconds,
using the ntpd daemon operating under the NTP protocol; it
has received the time marks at the local (with the propagation
time of less than 1 ms) network from the NTP server, which
time scale is synchronized with UTC(LT) (Universal Time
Coordinated realized by Lithuanian National Time Standard
Laboratory) with the accuracy better than ±1 µs.
One can see from Fig. 3 that while synchronizing the
computer clock in the local network yields a constant
deviation of about 51 μs. It could be influenced by either the
LinuxPPS module or the ntpd together with asymmetry of the
local area network (LAN). Fig. 4 reveals the stability
characteristics of the MTS system clock. From Fig. 4, one can
see that at time intervals up to 40 s white phase noise of the
LinuxPPS system prevails, while at longer intervals the noise
character becomes different. The difference is caused by the
fact that although the ntpd daemon is synchronized to the NTP
server every 16 seconds, the corrections to the MTS‘ system
clock frequency feedback loop are sent upon necessity only,

Figure 3. Sattering of the LinuxPPS – formed time marks, while
synchronizing the computer clock by the NTP protocol to the server operating
in the local network

and, in the most cases, it takes place every 100 s. Starting with
intervals of about 1000 s, the white phase noise of the system
becomes prevalent. Ntpd program has its algorithms, which
automatically adjust the synchronization interval, which
enables to improve the stability characteristics at short
intervals (100...1000 seconds) and to decrease significantly the
number of synchronization events, however, this doesn‘t
improve the stability of the clock rate essentially (Fig. 5).

Figure 4. Stability characteristics of the MTS system clock, while
synchronization takes place every 16 seconds by the NTP protocol in the local
network

From the measurements carried out, one can conclude that
MTS has a constant error not worse than 51 µs, while the
uncertainty in phase measurement at the intervals starting with
1 s is better than ±1 µs.

Figure 2. Schematic layout of MTC calibration
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Figure 5. The stability characteristics of the system clock of MTS in the case
when the decision concerning the necessity of synchronization is adopted by
the ntpd program, and synchronization takes place in the local network by the
NTP protocol

III.

Figure 6. Scattering of the LinuxPPS–formed time marks, while
synchronizing the computer clock to the time server by the NTP protocol, by
means of the GPRS technology

RESULTS

Further, we will review only the results obtained while
operating the MTS in the same base station (cell). Statistically,
switching to another station is rare, however, such a switching
usually causes the packet delay of about 3-5 s due to cell
reselection procedure Sometimes, switching is even longer
due to few cells reselection in raw. Yet, the investigation of
such
phenomena
requires
separate
experimental
measurements. We don’t account for such phenomena here. In
order to minimize cell reselection procedures mobile terminal
(MTS) was placed close to the base station to have dominant
cell all experiment time.
At the beginning, consider the results of the
synchronization of the MTS clock while the time scale is
transmitted by means of the GPRS technology.
Fig. 6 implies that, despite ntpd‘s effort to synchronize the
system clock by minimizing its deviation from UTC(LT),
average deviation of the system clock is about 130 ms. The
worst thing is that we cannot see this deviation in the ntpd log
files as it is caused by the network asymmetry, which cannot
be detected and compensated by the ntpd. Network asymmetry
in GPRS is caused by GPRS data scheduling differences in
uplink direction (UL) and downlink direction (DL) due to both
different algorithms as described in [4] and different cell loads
in UL and DL.
Synchronization of the system clock by means of the EDGE
technology yields results very similar to those obtained in the
GPRS case; network asymmetry is about 150 ms.
The Allan deviation for the clock synchronized every 16
seconds via the GPRS tract has a maximum at 100 seconds
because, as mentioned before, the corrections to the frequency
feedback loop of the MTS system clock are sent upon
necessity only, and, in the most cases, it takes place every 100
seconds (see Fig. 7). The Allan deviation graph implies that it
is possible to decrease the overall noise level by means of
decreasing the number of synchronization events. In this case,
the corrections to the MTS system clock would be sent at
longer time intervals because the short-term (100 s, 1000 s)

Figure 7. Stability characteristics of the MTS system clock, while
synchronization takes place every 16 seconds by the NTP protocol, by means
of the GPRS technology (ADEV – Allan Deviation [3])

stability of the clock is good enough. The experiments confirm
the inference; Fig. 8 gives the system clock stability with
synchronization every 1024 s as an example.
At the beginning of the graph of Fig. 8 (roughly for time
intervals of up to 5 s), the measurement noise of the LinuxPPS
part of the system is seen, whereas at longer intervals the PLL
noise becomes dominant. At long intervals (102...104 s), its
level decreases.
We can see that choosing the synchronization interval of
about 1000 s allows obtaining rather good system clock
stability. If the objective were to achieve the MTS system
clock stability better than 4 µs for any averaging time, it
would be reasonable to increase the synchronization interval
even more, however, it is necessary to be careful at this point
and to ensure that no other process can influence MTS system
clock. It is possible to achieve in the laboratory conditions,
however, it is more difficult to ensure when the computer
works under heavy load.
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Figure 8. System clock stability with synchronization every 1024 s by the
NTP protocol, by means of the GPRS technology
Figure 10. Scattering of the LinuxPPS–formed time marks, while
synchronizing the computer clock to the time server by the NTP protocol, by
means of the CSD technology
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Figure 9. Delay vs.Offset characteristics of the MTS system clock, while
synchronization takes place every 16 seconds by the NTP protocol, by means
of the GPRS technology

Figure 11. Stability characteristics of the MTS system clock, while
synchronization takes place every 16 seconds by the NTP protocol, by means
of the CSD technology

Fig. 9 shows delay versus offset characteristics of the MTS
system clock (generated from “peerstats” nptd log file), while
synchronization takes place every 16 seconds by the NTP
protocol, by means of the GPRS technology; it is seen that the
discreteness in delay values is 4 ms. The EDGE technology
yields similar results.
Experiments with the UMTS/HSDPA technologies reveal
even larger asymmetry of about 230 ms. It is worth noting that
this regime gives the worst results. Besides that, it isn‘t
possible to evaluate the operation characteristics of UMTS and
HSDPA separately. Depending on the network load, the
mobile telecommunication operator automatically redirects the
phones to use one or another technology. Statistically, in our
case about 80% of measurements have been carried out under
the UMTS, while the rest – under the HSDPA technology.
HSDPA resources with different schedulers and different cell .
Generally, the ratio can differ depending on the provider of the
mobile communication. Reasons for asymmetry are mostly the
same as those in the case of GPRS/EDGE – shared UMTS or
loads in UL and DL directions are used for transmission.
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Figure 12. Delay vs.Offset characteristics of the MTS system clock, while
synchronization takes place every 16 seconds by the NTP protocol, by means
of the CSD technology
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[2]

In addition, the GSM CSD channel with 9600 bps speed has
been investigated. It works only within the GSM-type
networks and has the largest possible delay of about 1 s due to
bigger interleaving depth, however, asymmetry of the
synchronization channel is only 10 ms. Measurement results
are shown in Figs. 10 and 11, and can be explained taking into
account that the CSD channel is a dedicated resource,
therefore, the load doesn’t influence channel delay as in the
cases of GPRS/EDGE and UMTS R99/HSDPA. Also, the
CSD channel processing in GSM is very similar in UL and DL
directions, so propagation characteristics are almost the same
in both directions.
Fig. 12 shows delay versus offset characteristics of the
MTS system clock (generated from “peerstats” nptd log file),
while synchronization takes place every 16 seconds by the
NTP protocol, by means of the CSD technology.
IV.
1.

2.

3.

4.

5.
6.

[3]

[4]

CONCLUSIONS

If the computer clock is synchronized via the mobile
communication network by the NTP protocol, the
network asymmetry is more important factor than the
absolute delay time.
The delay time has no impact on the synchronization
accuracy at all. While synchronizing by means of the
CSD technology, the delay within the system is about
1000 ms, while within the HSDPA network it is
about 80 ms, however, the asymmetry within the
CSD network is almost 20 times less, whereas the
stability of the clock rate synchronizing CSD and
HSDPA differ insignificantly. The client doesn‘t see
network asymmetry and can suppose that his clock
behaves exactly as it shall do.
The stability of the clock rate while synchronizing
the computer clock by the NTP protocol via a radio
modem little depends on the technology of the signal
transmission over the radio channel; it depends to the
largest extent on the duration of the synchronization
interval.
The CSD regime is best suited for time
synchronization. It features the smallest asymmetry
out of all mobile internet technologies. Besides that,
stability characteristics of the MTS system clock in
the case the synchronization is carried out by the
NTP protocol, by means of the CSD technology,
aren’t worse than those obtained using other
technologies.
The GPRS and EDGE technologies are very similar
with respect to asymmetry and noise.
UMTS and HSDPA feature the worst parameters –
the largest asymmetry and noise (although the delays
are the smallest out of all the technologies).
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Abstract - The IEEE 1588-2008 Precision Time Protocol (PTP)
version 2 (IEEE 1588v2) can be used to synchronize a slave clock
to a grandmaster clock over a wide area network (WAN).
However, many of the algorithms the slaves use to steer to the
master are optimized for a scenario where both devices are on
the same subnet or local area network (LAN). This paper is a
study of existing PTP hardware from a number of different
manufacturers in unicast mode. We characterize the
performance of the equipment, beginning with the timing
outputs of the masters that are locked to their built-in Global
Positioning System (GPS) receivers. Next, we compare the
results of steering unicast clients to their masters through a LAN
versus several wider-area network configurations such as
virtual-LANs and the public Internet. Analysis of the results will
show how clients of different manufacture handle the various
network paths. It is our hope that these comparisons will
instigate changes to clock steering and synchronization
algorithms, which may help improve the overall capabilities of
PTP for telecom and other networking environments. As
network synchronization techniques improve, the quality of the
PTP masters will become more significant. Therefore, the
performance and calibration of PTP masters with respect to
UTC(NIST) is also discussed.

I.

INTRODUCTION

Network timing has become of great interest over the last
decade, especially since the implementation of IEEE 15882008, where Precision Time Protocol (PTP) was defined to
enable precise synchronization of clocks in measurement and
control systems through packed based networks [1]. PTP
uses a two-way timing method [2] to characterize the delays
between two different points across a network. By repeatedly
exchanging time-stamped messages between two devices (a
master and a slave), the slave clock can be synchronized to,
and will ‘follow’, the master as long as data are being
exchanged. The client attempts to determine the delay of the
packets through the network and adjusts the timing output to
compensate. The use of 1588v2 in a multicast environment is
limited primarily to local area networks (LANs) where the
client devices (slaves) search the network for masters and
begin to exchange time stamps. Network providers may or
may not allow multicast on public networks, so the unicast
method should be used outside of a LAN [3]. A unicast client
can find a master outside the LAN if it has the IP address of
the master to look for. We employ the unicast method
because we are using the public network in some cases, and
we also want to guarantee that we are using a designated PTP
master.

The purpose of this paper is to compare the timing
synchronization abilities of PTP hardware from several
manufacturers in different real-world network settings to
show the capabilities and weaknesses of these devices. We
were not merely trying to determine which one is the ‘best’ or
to advocate particular hardware. No brand names are used.
Also, no boundary clocks or transparent clocks are
implemented in the path, only ordinary clocks (master and
slave) are used, and there is no use of simulations or network
traffic generators.
In order to assess the output of a remotely steered client
device, the master must first have a reference time source.
Typically, the masters synchronize to signals from an internal
Global Positioning System (GPS) receiver, a Network Time
Protocol (NTP) server or a 1 pulse-per-second (pps) input.
Ideally, we would synchronize the master to the NIST
timescale, UTC(NIST), and measure the output of the slave
compared to UTC(NIST). However, some of the master
devices do not allow a 1 pps input as the reference and many
facilities may not have an on-time 1 pps available. Therefore,
we looked at comparisons using the GPS receiver built in to
the master as the reference. Also, the internal receivers were
allowed to survey their own positions, as opposed to entering
known coordinates. Later in this paper, we will discuss the
time offset and stability of the GPS reference inside each
master unit and how we calibrated them with UTC(NIST).
II.

EXPERIMENTS

We set up a test bed for multiple PTP masters and clients,
including GPS antennas on the roof, time interval counters
and multiple network connections, including one outside the
NIST firewall on the public network. Figure 1 shows the first
measurement setup to compare the 1 pps outputs of the PTP
masters to UTC(NIST) by use of a commercial time interval
counter (TIC) with an external time base frequency input
from UTC(NIST). The results of the measurements were
recorded directly into files every second on a desktop
computer with a serial connection to the TIC. We calibrated
the masters for twenty-four hours and entered the average
delays into the units to compensate for their offset from
UTC(NIST) due to position errors, cable delays and hardware
delays.

Figure 1. Comparing the PTP master (M) to UTC(NIST)
U.S. government work, not subject to copyright

U.S. Government work not protected by U.S. copyright
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The PTP masters have internal GPS disciplined oscillators
(GPSDOs) that can vary significantly from device to device
[4]. Figure 2 shows a comparison of the 1 pps outputs of the
four PTP masters, with peak-to-peak variations that range
from 30 ns to greater than 110 ns.
Our goal was to compare multiple PTP clients over
several different network scenarios, so we began with the
simplest setup: a master and slave on the same subnet in the
same room (Figure 3). Each client was configured to follow
the master of the same manufacture, although subsequent
experiments showed cross-operability. The devices were not
connected together with a crossover cable but, instead,
connected to the LAN via separate jacks in the wall.
The clients were configured to be in unicast mode, with a
synchronization rate of 64 packets per second. Also, we
allowed the clients ample time to steer to the PTP data before
recording any measurements. Our interest was in how well
they can do in a steady-state, as opposed to how quickly they
can lock to the master. We compared the 1 pps output of each
client to UTC(NIST).
On the same subnet, the
synchronization varied between the different PTP clients, as
shown in Figure 4.

Figure 4. Comparisons of PTP clients on the same subnet

The average time offset for each client was less than 60 ns
compared to its master, but the peak-to-peak variations
ranged from 45 ns to over 170 ns. It is interesting that the
PTP-A master had the tightest range, but the PTP-A client
had the largest range. Figure 5 shows how closely each client
followed its master. Different steering methods by
manufacturers cover a wide range of possibilities for how
closely a PTP client follows the master. Following too
closely (PTP-B) causes worse stability in the network
scenarios we measured, especially when, in this case, the
master is the least stable. The PTP-C slave seems to overreact to changes in the master with high gain adjustments.
Next, we put the PTP masters on the public network
outside the firewall at the NIST location in Boulder,
Colorado, while the clients were still on the internal LAN
(see Figure 6). The masters and clients were in the same
building, but there were several network elements in between.
These elements (referred to as “hops”) can cause noise and
asymmetries in the timing of the data exchange. In this case
there were five hops between the devices.

Figure 2. Comparisons of PTP masters to UTC(NIST)

Figure 3. Measuring a slave (S) on the same subnet as the master (M)

Figure 5. Graphs showing how well each client followed its master
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Figure 6. The master is outside the NIST local area network

The differences between the client devices with masters
outside the local network are shown in Figure 7. The average
time offset of PTP-D was 2.3 µs and the peak-to-peak
variation was 4.2 µs. PTP-B had a similar average, but the
stability was worse, varying by 9.4 µs. PTP-C had a large
average time offset of 22.9 µs, but a good stability, with a
peak-to-peak range of 2.0 µs. The timing stabilities are shown
in the time deviation (TDEV) plot in Figure 8. The timing
requirement for some telecommunication networks is one
microsecond [5,6]. None of the devices meet this criterion of
accuracy in this case. However, some of the devices remain
below one microsecond in stability, so if the network path
were calibrated and the delay amount were entered into the
client device so its output was advanced by the delay amount,
meeting the requirement may be possible. However, much
longer data runs would be necessary to see how the network
delays change over time. Also, a reference at the client site
(like GPS) would be necessary in order to calibrate the PTP
client output. We measured an NTP client with a server
outside the local network as well. It had an average time
offset of 55.4 µs, and σx(τ) is shown to be worse than one
microsecond for τ >10,000 s (Figure 8). It should be noted
that NTP has a considerably slower synchronization rate and
a much different intended use than PTP.

We were also able to compare some of the units at remote
NIST sites. Radio stations WWV and WWVB broadcast time
signals from a NIST site near Ft. Collins, Colorado, which is
about 80 km (direct path) from the NIST location in Boulder.
There is a dedicated T1 (1.544 Mbit/s) leased line between
the two sites that is considered to be virtual LAN (VLAN)
inside the NIST network. We set up the client devices at the
remote site (Figure 9) and compared them to 1 pps signals
from a backup UTC(NIST) generated at that site, which is
typically within 30 ns of the official UTC(NIST) in Boulder.
There were four network hops between the master and client
in this setup.

Figure 8. TDEV plot of the clients with the master outside the LAN

Figure 9. Remote PTP synchronization setup

Figure 7. Performance of the clients with the master outside the LAN

The International Telecommunication Union (ITU)
Option 2 (less stringent) requirement mask for a locked slave
clock in telecommunication networks [7] is shown in Figure
8. The slaves did not stay under this mask for τ > 100 s (best
case).

PTP-A and PTP-D performed the best in this case (Figure
10), but each had an average time offset > 30 µs. PTP-D had
the best peak-to-peak variation ( < 1.4 µs). As before, if the
network path were calibrated, and the outputs of the clients
were adjusted to be centered around zero, this still may meet
the needs of some applications, assuming the characteristics
of the network do not change. The TDEV plot in Figure 11
shows the time stability of PTP-D (and maybe PTP-A)
remaining below a microsecond, but none of the clients were
within the ITU requirements for a locked slave [7] for
τ > 250 s.
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from one synchronization to the next, so calibration of the
client output may not improve the timing performance.

Figure 12. PTP master and slave across the public internet

Figure 10. Performance of clients with remote master

Figure 13. Clients with remote masters the public Internet

Figure 11. TDEV of clients with remote master

Next, we compared the clients when they were
synchronized to the masters by use of the public Internet. The
masters were at the NIST Boulder site on the public network,
and the clients were at the NIST radio broadcast site, also on
the public network (Figure 12). There were nine network
hops between the sites.
PTP-D was the “best” with an average time offset of just
under 10 ms (Figure 13) and a peak-to-peak variation of 56
µs. The NTP measurement of a remote server using the
public Internet was actually better, remaining below 3 ms but
varying by more than 2 ms peak to peak. The TDEV plots
(not shown) for PTP and NTP clients with a master on the
public Internet do not approach the quality of the
telecommunication requirements. There may be client
settings on some of these PTP devices that would work better
in this environment, but from our observations, PTP clients
do not work well on the public Internet and should be steered
after much more averaging, at least to match the average time
offset of NTP. However, not only are the network paths very
asymmetric to begin with, but the packets can change course

The last remote master experiment was conducted
between NIST in Boulder, Colorado and NIST in
Gaithersburg, Maryland, which is over 2400 km away. There
are dual T3 (44.7 Mbit/s) leased lines composing the NIST
VLAN, with a significant amount of traffic between the two
sites. In this case there were five network hops. Because
there is no equivalent to UTC(NIST) generated at the
Gaithersburg site, the master there used GPS as the reference.
The client was in Boulder, and its output was compared to
UTC(NIST). Figure 14 shows that the average time offset
was 473.0 µs, with peak-to-peak variations of 128.7 µs. PTP
over a leased line may not have large timing steps due to
packets taking different paths, but the timing variation is
large, possibly caused by variable (and abundant) network
traffic.
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term frequency stabilities of the masters (Figure 15) are very
good because they are steered to GPS, we noted earlier
(Figure 2) that there were short-term peak-to-peak
fluctuations of greater than 120 ns in the worst case. Figure
16 shows all of the masters within the ITU specification for
time stability of primary reference clocks [8]. At present,
there is no ITU requirement for time accuracy. In order to
know how well a particular PTP master works with a GPSDO
as its reference, it is advisable to have it calibrated by NIST
or another National Metrology Institute (NMI) or a
calibration laboratory [4]. Ideally, a GPSDO calibration
should be performed with the antenna and cable that will be
used in the field, leaving only the coordinate error. In order
to achieve the best performance with a calibrated GPSDO,
precisely surveyed coordinates should be entered into the
receiver.
Figure 14. Results with client at a site 2400 km away

CALIBRATION OF THE MASTERS

III.

Each master’s GPS receiver was allowed to survey its
own antenna position, but the exact locations of the antennas
were well known due to geodetic surveys performed recently.
Also, the antenna cable delays were measured. Table I shows
the errors in latitude/longitude and height of the surveyed
coordinates compared to the geodetic solution. Also, the
table shows the measured antenna cable delays and the delays
entered into the PTP masters to adjust the output to match
UTC(NIST). The difference between these two delays is the
resulting master delay, which is affected by the height survey
error and the delay through the master itself. It is not known
why PTP-D has a negative receiver delay, but it is possible
that the manufacturer advances the output of the device to
compensate for presumed delays. Most important, without
calibration of the master, the output can be in error, which
will result in client error on the other end.
TABLE I.
Lat/Lon
Survey
Error

Figure 15. Frequency stability of the PTP masters

GPS ERRORS IN THE PTP MASTERS
Height
Survey
Error

Antenna
Cable
Delay

Output
Adjustment
(based on
calibration)

Resulting
Master
Delay

PTP-A
Master

0.4 m

18.2 m

122.1 ns

163 ns

40.9 ns

PTP-B
Master

9.0 m

13.3 m

123.3 ns

147 ns

23.7 ns

PTP-C
Master

2.7 m

- 0.9 m

108.9 ns

112 ns

3.1 ns

PTP-D
Master

1.9 m

19.1 m

101.6

56.0 ns

-45.6 ns
Figure 16. Time stability of the PTP masters

A GPS disciplined oscillator (GPSDO) is sometimes
considered a self-calibrating device. However, we have
shown that even when the antenna cable delay is entered,
position error and receiver delays have caused average time
offsets over 40 ns in some cases. Also, even though the mid-
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IV.

CONCLUSION

These results show several real-world network scenarios
and how different commercial PTP hardware reacts in each
situation. We see that there is usually one that is worse than
the other three, but it is not always the same one. As more
distance and network elements are added to the network, the
asymmetry of the paths can increase, causing larger time
offsets.
As PTP continues to grow as a tool for
synchronization across networks, and the types of network
situations continues to vary, we hope that providers of PTP
hardware continue to develop their devices and steering
methods to account for this. Also, increasing network
infrastructure and opportunities for different levels of service
(symmetric paths) from network providers will improve longdistance PTP synchronization.
Another possibility of
operation is GPS-assisted PTP, where the client would also
have an embedded GPS receiver, and the PTP timing would
be calibrated continually, so it could be used in a holdover
mode if GPS becomes unavailable.
ACKNOWLEDGMENT
We would like to thank Robert Sorensen and Dr. Eugene
Song of NIST for their help with these measurements.
REFERENCES
[1]

IEEE-1588, “IEEE Standard for a Precision Clock Synchronization
Protocol for Networked Measurement and Control Systems,” July
2008.

[2]

J. Edison, “IEEE Standard for a Precision Clock Synchronization
Protocol for Networked Measurement and Control Systems, A
Tutorial,” 2005 Conference on IEEE-1588, 10-12 October, 2005,
Winterhur, Switzerland.

[3]

L. Cosart, “Precision Packet Delay Measurements Using IEEE
1588v2,” on Proceedings of the 2007 International IEEE Symposium
on Precision Clock Synchronization (ISPCS) for Measurement, Control
and Communication, 1-3, October 2007, Vienna, Austria, pp. 85-91.

[4]

M. A. Lombardi, A. N. Novick and V. S. Zhang, “Characterizing the
performance of GPS Disciplined Oscillators with Respect to
UTC(NIST),” in Proceedings of the 2005 Joint Meeting of the IEEE
International Frequency Control Symposium and Precise Time and
Time Interval (PTTI), 29-31 August 2005, Vancouver, Canada, pp. 677684.

[5]

J. Ferrant, M. Gilson, S. Jorbert, M. Mayer, L. Montini, M. Ouellette,
S. Rodrigues, S. Ruffini, “Development of the First IEEE 1588
Telecom Profile to Address Mobile Backhaul Needs,” IEEE
Communications Magazine, vol. 48, no. 10, October 2010, pp. 118126.

[6]

3rd Generation Partnership Project 2 (3GPP2), “Recommended
Minimum Performance Standards for cdma2000 Spread Spectrum Base
Stations: Release B,” C.S0010-B, Version 2.0, February 2004.

[7]

ITU-T G.813, “Timing Characteristics of SDH Equipment Slave
Clocks,” March 2003.

[8]

ITU-T G.811, “Timing Characteristics of Primary Reference Clocks,”
September 1997.

675

Time and frequency transfer combining GLONASS
and GPS data
Pascale Defraigne

Aurélie Harmegnies, Gérard Petit

Royal Observatory of Belgium
Brussels, Belgium
p.defraigne@oma.be

Bureau International des Poids et Mesures:
92312 Sèvres, France
aharmeg@bipm.org, gpetit@bipm.org

Abstract—In order to allow the use of GLONASS data from
geodetic type receivers providing only raw data in RINEX
format, we updated the R2CGGTTS software developed initially
at the Royal Observatory of Belgium (ROB) for GPS data. The
GLONASS navigation files are used for the determination of
satellite clocks and positions, and the computation procedure to
get the CGGTTS data from the pseudorange measurements is
applied similarly as for the GPS satellites. Using the satellite
orbits and clock products provided by the IGS analysis center
ESA, we combine GPS and GLONASS in All in view. Adding
GLONASS decreases the noise of the clock solution with respect
to the GPS-only solution by about 20% thanks to the increased
number of satellite observations. We also quantify the added
value of using GLONASS data in addition to GPS data for time
and frequency transfer based on Precise Point Positioning
(PPP). A particular attention is given to the determination of the
frequency-dependent hardware delays in both approaches.

I.

INTRODUCTION

Measurements from Global Navigation Satellite Systems
(GNSS) are used since the eighties [1] to perform precise and
accurate Time and Frequency Transfer (TFT). In its classical
version, the GPS time transfer is performed using clock offsets
collected in a fixed format, called CGGTTS (Common GPS
GLONASS Time Transfer Standard), as described in [2,3].
These clock offsets are obtained from the pseudorange
measurements, corrected for the signal travel time (satellitestation), for the troposphere and ionosphere delays, and for the
relativistic effects. A smoothing is then performed over 13
minutes observation tracks. Starting with C/A code receivers,
the method was then upgraded to take benefice from the dualfrequency receivers measuring codes on both frequencies,
which allows to remove the ionosphere delays at the first order
(i.e. 99.9 percent of the effect), thanks to the ionosphere-free
dual-frequency combination. This led to a factor 2
improvement in the precision of the intercontinental time
links (e.g. [4]). Some time receivers directly provides the
CGGTTS results, but in order to be able to use classical
geodetic receivers driven by an external clock for the time
transfer applications with the same standards, a dedicated
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software named R2CGGTTS was produced to compute the
CGGTTS files from the raw observation data provided by the
receivers in the RINEX format [5]. This software is presently
used by a large portion of the time laboratories for their
participation to TAI, through the technique TAIP3 [6]. Thanks
to the growing constellation of GLONASS, some time
laboratories now upgraded their equipment with receivers
capable to observe both GPS and GLONASS. We therefore
adapted the R2CGGTTS software to the use of GLONASS
observations as will be explained in the first part of the paper.
A more precise version of GNSS TFT consists in using
both code and carrier phase observations. The use of PPP, i.e.
Precise Point Positioning [7], for time and frequency transfer
has been extensively studied and developed in the last years
[e.g. 8-11]. Presently several time links in TAI are based on
PPP solutions [12]. Only GPS measurements are currently
used, while the method should find a significant improvement
from the combined use of additional constellations,
GLONASS, Galileo, COMPASS, thanks to the increased
number of satellites and signals. We propose a first step in this
evolution with the combination of GPS and GLONASS data
using the Atomium PPP software [9]. This is now possible
thanks to the effort of the IGS during the last decade to use
the GLONASS data for positioning and providing therefore
precise orbits for the GLONASS satellites consistent with the
GPS satellite orbits.
A major difference between the GLONASS and GPS
constellations is that all the GLONASS satellites do not
transmit the same frequency, so that the signal delay in the
receiver is different for each satellite group emitting a given
frequency. This affects the code measurements, with
differential biases up to 25 ns, as already shown by several
authors [13-14]. These differential biases must be either
determined by calibration or estimated in addition to the clock
solution.
The paper will study the added value of GLONASS in
CGGTTS and PPP. The PPP results were fully presented in
[15], we just here provide a summary.
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II. CGGTTS COMBINING GPS AND GLONASS DATA

BP1B MJD 55400

As the two time scales GPS and GLONASS are differing
from an integer number of leap seconds (GPS Time =
GLONASS Time + leap seconds) and as the observation files
are dated in GPS time, while the broadcast navigation
message uses GLONASS time as reference, a first correction
for system time must be applied. Secondly, while GPS
navigation messages provide parameters of keplerian orbits in
WGS84 (very close to the ITRF) each two hour, the broadcast
navigation message of the GLONASS constellation is given as
a set of positions and velocities in the PZ90 Earth-fixed
system at a sampling rate of 30 minutes. As we are computing
the CGGTTS from RINEX data in a post-processing, we have
the choice between computing the GLONASS satellite
positions either by numerical integration, or by polynomial
interpolation. A comparison between the CGGTTS results
obtained for one day with either interpolation or numerical
integration Runge Kutta 4th order was performed [16] using
the GLONASS pseudoranges from a RINEX observation file
provided by the TTS4 receiver located at the BIPM, and
connected to a H-maser. As the noise of the results was larger
with the polynomial interpolation, we decided to implement
the Runge Kutta 4th order integration in the R2CGGTTS
software. Finally, as done by the BIPM for the computation of
TAI, we corrected the CGGTTS results computed with
broadcast navigation messages by introducing more precise
satellite positions and clocks as computed by the ESOC
analysis center of the International GNSS Service (IGS). The
results so obtained are presented in Fig. 1, with a comparison
with similar results for the GPS satellites. We can directly
observe a larger dispersion of the GLONASS results with
respect to the GPS results, due to the satellite-dependent
hardware delays associated with the satellite-dependent carrier
frequencies of the GLONASS constellation. This is illustrated
in Fig. 2 which presents the differences between the clock
solutions obtained with the GLONASS satellites and the GPS
All in View (AV) clock solution for the BIPM receiver BP1B.
The satellite of the same GLONASS frequency channel have
been plotted with a same color; each color represents therefore
the biases of one frequency channel. The frequency-dependent
biases are clearly visible on the picture. It must be noted that
these biases correspond to biases of the P3 combination, i.e. a
combination of the frequency-dependent biases of the P1 and
the frequency-dependent biases of P2. The variations of the
ensemble from day to day are due to the day-to-day changes
of reference of the ESA satellite clock solutions. Changing
the reference can indeed also change the bias between the GPS
pseudoranges and the GLONASS pseudoranges.
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As explained in the introduction, the CGGTTS files
contain clock solutions corresponding to the pseudorange
measurements, corrected for the signal travel time (satellitestation) based on broadcast satellite orbits, for the troposphere
and ionosphere delays, and for the relativistic effects. The
final results provided are the midpoint of a linear fit performed
over 13 minutes observation tracks for each visible satellite.
Using dual-frequency observations allows to remove the first
order ionosphere delay, which will be done here with
GLONASS observations.

-7500
55401.1
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Figure 1. Comparison between the CGGTTS results obtained with either
GLONASS satellites or GPS satellites after correction for precise satellite
positions and clocks. The ESOC post-processed satellite orbits and clocks are
used in both case.

Figure 2. Differences between the clock solutions obtained with the
GLONASS satellites and the GPS clock solution for the BIPM receiver
BP1B. Each color corresponds to one GLONASS frequency channel.

In order to compute an All in View solution with GLONASS
and GPS data, it is therefore necessary to correct the CGGTTS
results for the inter-frequency and inter-system biases. As
presently no GPS-GLONASS receivers have been calibrated
for the GLONASS part, the procedure we propose it to
determine for each month (regular basis for the TAI
computation) and for each GLONASS frequency channel, one
bias with respect to the GPS solution (hopefully calibrated). In
order to account for the day-to-day differences due to the
changes of reference, the procedure proposed is as follows:
first determine for each day j a daily bias D(j) between GPS
and GLONASS, as the average of the differences between
GLONASS results and the GPS AV solution during that day.
Then corrects all the frequency-dependent biases of Fig. 2 for
D(j), so that for each day they are centered on zero. The
monthly bias B(f) for each frequency channel f is then
computed as the average of the biases reported to a zero
average. Finally, for each day, the correction for frequencydependent biases is obtained as the sum of the monthly bias
B(f) and the daily offset between GPS and GLONASS results
D(j).
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Figure 3 presents an example of AV solution obtained with
GLONASS data, before and after the correction for frequencydependent biases applied with the procedure just described.
The improvement of the stability of the solution is clearly
visible.
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Figure 3. AV clock solution obtained with the GLONASS satellites BIPM
receiver BP1B. blue: without correction of inter-frequency biases; pink:
using a monthly mean of the biases; green: using a daily mean of the biases.

-130.0

-140.0

-150.0

-160.0
55614.0

In order to quantify the added value of GLONASS
observations in time transfer links based on CGGTTS results,
we computed the link BIPM-IPQ, using the RINEX files from
the TTS4 receivers installed in both labs. The time links
obtained in All in View with either only GPS or
GPS+GLONASS are plotted in Fig. 4, and the stability of
both solutions is depicted in Fig. 5. Thanks to the increased
number of observations, the noise of the final solution is
reduced by about 20% when adding GLONASS data.

55616.0

55618.0

55620.0

55622.0

55624.0

55626.0

55628.0

55630.0

55632.0

MJD

Figure 4. Time link BIPM-IPQ during 18 days, based on All-in-View,
up: using only GPS data, down: using GPS+GLONASS data. Units are
nanosecond.

III. PPP COMBINING GPS AND GLONASS DATA
The combination of GPS and GLONASS observations for
time and frequency transfer was done using the Atomium
software [9]. This software is based on a least square analysis
of code and carrier phase GPS measurements, using satellite
orbits in the format sp3 and clocks in RINEX clock format, to
determine the receiver clock synchronization error at each
observation epoch, a daily position and the tropospheric zenith
path delays each 15 minutes. The precise satellite positions
and clocks were also taken from the ESOC products.
The clock solution, obtained from the ensemble of GPS
and GLONASS observations, corresponds therefore to the
synchronization error between the ground clock and the ESOC
reference.
The inter-frequency hardware delays are estimated as
additional parameters in the least square inversion, as biases
with respect to the GPS pseudoranges. As the data are
analysed in daily data batches, one set of frequency-dependent
hardware delays is determined for each day analysed.

Figure 5. Mod. Allan Deviation of the two curves presented in Fig. 4.

Fig. 6 presents the differences between the PPP clock
solutions obtained with GPS data only or using both GPS and
GLONASS data for three IGS stations equipped with Hmasers: MAR6, ONSA and WTZR. These differences are
lower than 200 ps peak to peak. The differences were also
computed over a 6 week period for the station WTZR and the
same conclusion was drawn concerning the magnitude of the
differences.
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IV. CONCLUSIONS

Figure 6. Differences between the PPP clock solutions obtained with GPS
data only or using both GPS and GLONASS data for the IGS stations MAR6,
ONSA and WTZR.

Figure 7 shows one situation where the addition of
GLONASS observations brings an improvement to the global
solution. There was a tracking interruption, with a very short
data gap in the WTZR observations. This forces the Atomium
software to estimate different ambiguities before and after the
gap, using approximately two times less pseudorange data in
each part. This jump of 200 ps disappears when adding
GLONASS code and phase measurements to GPS data within
the analysis, thanks to the increased number of data which
favors a better determination of the ambiguities in both parts,
before and after the data gap in WTZR.

The R2CGGTTS software has been upgraded and is now
able to be applied on GLONASS data. Thanks to the ESA
products, it is possible to combine GPS and GLONASS data
in AV. The inter-frequency biases of GLONASS data should
however firstly been corrected for. These biases are computed
on a monthly basis with respect to the GPS solution, further
removing the daily average of the differences between GPS
and GLONASS solutions due to the daily change of reference
of the ESA clock products. For the time link investigated here,
i.e. BIPM-IPQ, the addition of GLONASS data to the GPS
data in AV reduces the noise level by about 20% thanks to
the increased Clock solutions from PPP can now be obtained
from an ensemble of GPS + GLONASS observations, thanks
to the ESOC products for satellite clocks. Concerning time
transfer, i.e. the absolute value of the synchronization errors,
the addition of GLONASS observations brings a significant
improvement in the case of short data batches, because the
higher number of observation allows a better determination of
the carrier phase ambiguities This can be important in case of
tracking interruption as was the case in the example presented
here.
Concerning the frequency transfer with PPP, it was shown
that adding GLONASS data modifies the shape of the curve,
with a maximum difference of 150 ps peak to peak between
the results obtained with and without GLONASS over the 6
week analysis performed.
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Abstract— The scope of this paper is a new approach to
assisted navigation using both signals from a global navigation
satellite system (GNSS) and a long-range time code transmitter.
The information gathered from the time code signal gives a
priori knowledge of signal reception time in the sub-microsecond
range. Together with the approximate position of the device
and assistance navigation data, both derived from a cellular
network, a pre-estimation of code-phases is possible. This leads
to a significant reduction in baseband processing effort for the
computation of the real code phases for the navigation solution.
The structure of the time code signal gives the opportunity to
reuse the core of the baseband signal processing of the GNSS
single-shot receiver with only minor modifications to determine
the reception time. Therefore the number of cross correlation
channels in the baseband processing hardware can be reduced
by at least a factor of two.

I. I NTRODUCTION
The market for mobile devices is increasingly dominated
by smartphones, which incorporate a lot of different functions
such as camera, FM-radio receiver or GNSS receivers. Therefore each of these functions has to be optimized regarding
power consumption and speed. Looking at GNSS receivers, the
introduction of the assisted GNSS principle provides a major
advantage in the performance of the GNSS receivers. These
concepts strongly rely on a cellular network connection which
feed the GNSS receiver with the appropriate information about
the satellite constellation and errors in the navigation solution
due to atmospheric effects, hence the navigation message. The
baseband signal processing can then be arranged in a massive
parallel structure to scan the whole code-phase-Doppler search
space for all satellites in view in parallel. This leads to a very
small time-to-first-fix (TTFF). The main disadvantage of this
concept is that the massive parallel structure consumes a lot
of hardware.
The proposed concept overcomes the problem of extensive
hardware usage by adding information about the reception
time of the satellite signal to the navigation solution. The
time information is gathered by a time code receiver for the
German DCF77 transmitter. Compared to a common SingleShot receiver concept the architecture has to be expanded by
only an analog RF front-end for the reception of the DCF77
signal. Since the DCF77 transmitter emits a 512 bit long PRN
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sequence modulated on a 77.5 kHz sine wave carrier, the
baseband signal processing hardware of the common singleshot receiver can be reused with minor changes to the concept
but major changes to the amount of applied cross correlation
channels.

II. DCF77 S IGNAL IN S PACE
The DCF77 transmitter is located near Frankfurt, Germany,
and emits a 77.5 kHz sine wave which is amplitude modulated
in the way that at the beginning of each second the amplitude
is reduced by 75% for 100 ms or 200 ms whether a ’0’ or
’1’ is transmitted. To set the minute mark the amplitude at
the beginning of the 59th second is not reduced but held at
100% level [1]. Additionally the phase of the sine wave is
modulated with a 512-bit long PRN-sequence in the segment
of the second when the amplitude is at 100% level, hence from
200 ms after the second mark until the next second mark [2].
The PRN sequence is generated from a 9 stage linear feedback
shift register which is reset every second. The generation of
the DCF77 PRN sequence follows equation(1):
y = x9 + x5

(1)

The PRN sequence also carriers the information encoded
in the amplitude modulation [2]. Dependent on whether the
PRN sequence is transmitted directly or with inverted phase a
binary ’0’ or ’1’ is transmitted. Fig.1 shows the behavior of
the DCF77 signal.

III. RF F RONT- END
The demands to the GNSS RF front-end are similar to those
of common GNSS receivers. Therefore its characteristics will
not be described here. For further information the reader is
refered to the literature [3] [4] [5].
The demands to the RF front-end for the presented architecture of the time-code receiver are on the one hand
an extremly narrow band receiver design (around 10-20 Hz)
for the generation of a reference frequency and a design
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Fig. 1.

Fig. 3.

Behavior of DCF77 signal in amplitude and phase. [2]

with a wider bandwidth of around 2.6 kHz in order to allow
demodulation of the information.
These two, at first glance, contrary demands can be overcome by the architecture shown in Fig. 2.

Fig. 2.

Block diagram of the RF front-end architecture

Similar to the well know receiver chipsets, the proposed
architecture uses a ferrite antenna to receive the DCF77 signal.
After a first amplification stage, which again also decouples
the antenna from the rest of the circuit, the signal is fed
into two parallel branches of the circuit. The lower branch in
Fig.2 filters the signal, after further amplification, by a high-Q
crystal filter. The bandwidth of this filter is around 10-20 Hz.
This eliminates all kind of distortions and even affects the
rising edge of the amplitude modulation. After filtering the
signal is again amplified and then fed as reference frequency
into a PLL. The VCO output signal is by that tightly coupled
to the received highly precise 77.5 kHz sine wave and therfore
serves as the demodulating reference frequency.
The second branch of the RF front-end amplifies the signal,
too, and filters it with a bandpass filter with a 3 dB-bandwidth
of around 2.6 kHz. The filter is realized by a four-pole
multiple-feedback (MFB) configuration. A screenshot of the
simulated filter characteristic regarding attenuation and group
delay is shown in Fig 3. After filtering the signal is again
amplified by an automatic gain control (AGC) amplifier to
compensate losses from the filter stage and prevent the signal
from clipping.

Attenuation and group delay characteristic of band pass filter

The next block in the demodulating branch of the RF frontend represents an allpass filter which is used to compensate
differences in the signal delays of the two branches. The
phase rotation introduced by this allpass filter is necessary
to generate a DC-offset free output of the following phase
detector (PD). This is important for proper operation of
the digital baseband processing engine. The phase rotation
introduced by the allpass filter is compensated in the digital
baseband.
The following phase detector is fed by the output of the
allpass and the frequency generated in the other branch of
the circuit. The phase difference at the inputs of the phase
detector is constant and can easily be measured to calulate the
characteristic of the precedent allpass.
The demodulated signal is then digitized by a 2 bit flash
ADC for further signal processing.

IV. D IGITAL BASEBAND
The digital baseband processing engine is based on that of
the common single-shot receiver. It is used for the computation
of the cross correlation function between the received timecode or the GNSS satellite signals and their local replica.
As mentioned before both are a pseudo-random-noise (PRN)
codes of different length. All possible code-phases for one
signal are processed in a massive parallel approach. The
structure of one cross correlation channel is shown in Fig. 4.
The correlation function is performed in two steps. The first
step is a coherent correlation which must be performed for at
least one complete code epoch, namely 1 s for the time code
signal or 1 ms for GPS signals.
Depending on the received power level and distortions it
can be necessary to correlate over more than one epoch to
determine the actual code phase of the received signal. Since
the actual data bit of the time or navigation message are coded
into the PRN sequence by transmitting either non-inverted
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Fig. 4.

Block diagram of baseband processing channel.

or inverted PRN-sequences [6] coherent integration lead to
false results if correlated over data bit boundaries [7]. That
is why it is essential to perform the subsequent non-coherent
integration.
The proposed architecture, incorporating 1024 channels
shown in Fig. 4, is shown in Fig. 5. The channels are arranged
in parallel each fed with the same digitized demodulated signal
(either time-code or GNSS signals) and the local generated
replica of the appropriate PRN sequence. The PRN replica
is half chip-wise shifted regarding adjacent channels. The
position of the maximum result of the parallel cross correlation
functions correspond to either the actual error of the local RTC
with respect to UTC or the actual code phase for the actual
space vehicle (SV).

Fig. 5.

which again can be derived from the cellular network two
essential pieces of information can be extracted. First of all
the time of flight of the time-code signal is now known. The
error because of the error in the inital position approximation
is negligible. The host then initiates the reception of both the
time-code and the GNSS signals. The received samples are
stored in memory for offline processing and both front-ends
can be shut down for power saving.
The host then instructs the baseband processing engine to
cross correlate the DCF77 signal. The code-phase computed
directly relates to the offset between the local RTC and UTC.
With the known reception time the actual satellite constellation
can be computed and the SVs with the best GDOP can be
selected.
Together with their position at the calculated time and
the estimated position of the user an estimation of the code
phases for the selected SVs can be calculated by the baseband
processing engine either. Since the error of the inital user
position approximation and the error in the reception time
calculated are together smaller than 500 µs the search window
for the real code phase for the appropriate SV can be cut
down to 512 chips. Therefore again the 1024 cross correlation
channels available in the baseband processing engine are
sufficent to calculate the real code phase.
After four code phases are computed the well known
algorithms [8] for calculating the position from code-phases
can be applied.

VI. C ONCLUSION

Block diagram of baseband processing engine.

Regarding the result for corellating the time code signal,
the resulting clock offset has to be corrected from two main
errors. First of all the offset introduced by the allpass filter
in the RF front-end. This error is an offset which is constant
for a particular receiver and varies from receiver to receiver
due to component tolerances. As already mentioned it can be
measured once for each receiver and then be hard-coded in the
baseband processing engine or the software of the receiver, e.g.
by an initial shift of the local PRN replica. Second the distance
between the transmitter and the receiver has to be taken into
account.

V. P OSITIONING A LGORITHM
The algorithm to determine the actual user position is controlled by a host platform based on an OMAP3530 embbeded
processor running Google Android.
The first step is to collect the GNSS navigation message
over a cellular network connection. As already mentioned this
connection is essential for the single-shot operation mode of
the proposed architecture, due to the fact that the navigation
message does not have to be extracted from the satellite signal.
Together with an approximate position and time information

A new low-power approach to assisted navigation is proposed. Incorporating a long-range time-code receiver gives a
priori knowledge of the reception time of the satellite signal.
With the already know constellation a estimation of the code
phases for the appropriate SVs at the estimated position of
the user can be calculated. Since the resulting search window
is much smaller compared to the search window for common
receiver architectures the 1024 parallel cross-correlation channels for the determination of the reception time are sufficient
even for the determination of the code phases of the GNSS
satellite signals. This directly correlates to a cut in hardware
effort by a factor of two regarding GPS satellite signals and a
factor of 8 for Galileo satellite signals. Since active hardware
strongly correlates to power consumption the cut in active
hardware prooves the low-power approach mentioned at the
beginning.
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Abstract — The implementation of an all-digital time scale is
under way at NIST, by use of a novel 8-channel, all-digital phase
measurement system based on subsampling techniques. The
phase measurement system is used to compare output signals
from several commercial atomic frequency standards; the phase
differences between these signals, at different measurement
times, will then be input to the algorithm used to generate the
digital time scale. The subsampling technique allows the
elimination of analog mixers in the system’s front end, with their
noise contributions, and yields performance that is comparable
to or better than the present state of the art. Long-term (up to
80 days) comparisons of both common-clock performance and
fractional frequency measurements between the latest
generation of the digital measurement system and the
commercially available system used in the implementation of
UTC(NIST) are presented.

A third time scale, called DIG, will be computed, using the
same algorithm, from the phase measurements on the same
set of commercial atomic standards as executed by the novel,
all-digital measurement system developed at NIST in the past
few years.
The addition of a third time scale will provide increased
redundancy for the entire time-scale operation, and the
fundamentally different technology at the core of the digital
measurement system (with respect to the ones presently used
to provide the data for AT1 and TSC) will serve as a
discriminating tool for the occasional aberrant behavior of the
measurement systems. In fact, different technologies usually
have different shortcomings that are often triggered by
different occurrences.
II.

I.

INTRODUCTION

The implementation of a time scale requires the ability to
compare the time evolution of several clock signals. The
instantaneous absolute phase of each clock is expressed in
seconds to account for the accumulation of more than one
cycle (2π radians) of phase difference between two signals.
The quantity used in the computation of time scales is still
commonly called phase but is in fact indicated with x and
defined according to (1) below:
x(t)=

ϕ(t)
2πν0

,

(1)

where ϕ(t) is the instantaneous phase of the signal in radians
and ν0 is the nominal frequency of the same signal.
The differences between the instantaneous phase of n
different clocks with respect to a clock r, elected to be the
reference for the time scale, are indicated as xi(t)-xr(t) and are
then used by a weighting algorithm that computes the
instantaneous phase of a virtual clock, the ensemble clock.
The ensemble clock, calculated by use of the algorithm
at1e at NIST, is the representation of a local time scale, TA(t).
At NIST there are two real-time time scales, called AT1 and
TSC, computed separately (but using the same algorithm)
from distinct measurements of the same set of commercial
atomic standards comprising both hydrogen masers and
cesium thermal-beam clocks.

The high stability of the clocks involved in time-scale
operations requires high-resolution measurement systems,
making it impossible to use currently available time-interval
or frequency counters without the use of sensitivity-enhancing
techniques.
The
traditional
and
our
all-digital
sensitivity-enhancing techniques are briefly described below.
A. The dual-mixer technique
The technique traditionally used to compare the phase of
two (or more) atomic frequency standards is referred to as
dual-mixer measurement technique [1], [2] and is illustrated in
its basic conception in Fig. 1.
The mixers in Fig. 1(a) simply down-convert each of the
clocks’ signals (generally at 5 MHz) to a much lower
frequency (generally at 10 Hz) to increase the effective
resolution of the time-interval counter. In fact, the phase
difference in radians between the two 5 MHz waveforms
amounts to the same number of radians for the 10 Hz
waveforms, resulting in a time difference which is 5·105 times
larger. A time-interval counter with a resolution of 10 ps used
in this manner will therefore yield an effective resolution of
about 2π·10-9 rad for the phase measurement of the 5 MHz
signal.
To first order the quality of the synthesized intermediate
frequency (4.999990 MHz in this case) is irrelevant, because
its noise contributions are common to both down-converting
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processes and therefore cancel out, resulting in easier
implementation of this measurement scheme.

(a)
(a)

(b)
(b)

Figure 2. (a) Phase measurements using the all-digital technique. A
synthesized sampling time base drives the subsampling process and the
resulting samples are then fitted by a sinuoisdal waveform. The initial phase
of this waveform is the final result of the measurement. (b) Not-to-scale
representation of the sub-sampling process. The 5 MHz signal (in red) is
sampled at the rate set by the sampling timebase square-wave (which must
not be an integer fraction of the nominal 5 MHz) producing a set of samples
indicated by the blue squares. These samples are then fitted by a sinusoidal
waveform whose frequency is much lower that 5 MHz. The phase of the
5 MHz signal at the beginning of the measurement window is preserved by
the sub-sampling process.

Figure 1. The dual-mixer technique for measuring phase differences
between two signals. (a) The down-converting mixers produce two beat-note
signals used to measure the time (phase) difference. (b) The two downconverted signals and their relation with the start and stop of the timeinterval measurement.

The basic concept depicted in Fig. 1 can be expanded to
simultaneously measure phase differences between n clocks
and a common reference.
B. The All-digital technique
The all-digital technique for measuring phase differences
between clocks can be summarized in one basic concept: the
down-conversion performed by the analog mixers in Fig. 1 is
replaced by digital sub-sampling of the clock signals [3]. The
result of this operation is a digitized signal that is fitted by a
sinusoidal waveform at a much lower frequency than that of
the original clock signal.
The sub-sampling operation, like frequency mixing,
preserves the signal’s phase at the beginning of each
measurement instance, allowing the measurement of the phase
of a 5 MHz clock signal with a sensitivity gain similar to the
one described for the dual-mixer technique.
In Fig. 2 is shown a graphical representation (not to scale)
of the sub-sampling process used in the all-digital phase
measurement system. The nominal 5 MHz clock signal is
sampled at the rate set by the sampling time base square-wave
for the duration of the measurement window, providing a set
of samples that will be fitted by a sinusoidal waveform that is
at a much lower frequency than both the sampling rate and the
clock’s frequency.
The frequency of the “beat-note” is determined by the
residual of the ratio between the clock’s frequency (5 MHz)
and the sampling rate, which in fact must not be an integer
fraction of 5 MHz.

The length of the measurement window is a free parameter
that can be chosen together with the sampling rate to
determine the number of samples acquired for each
measurement instance. The sampling rate and the length of
the measurement window are parameters that should be
chosen with some care. In fact, if a higher number of samples
available for the “beat-note” fitting generally means a higher
accuracy in the waveform’s initial phase, a longer
measurement window may result in a set of samples whose
statistical properties are no longer stationary, introducing a
bias in the determination of the waveform initial phase.
III.

THE ALL-DIGITAL MEASUREMENS SYSTEM

The all-digital measurement system presently implemented
at NIST is a re-engineered version (V1.5) of the prototype
(V1) described in [3] and it can be seen in the photograph
shown in Fig. 3(a).
The three main system components are a Master Module
(top enclosure), a PC Bus (second enclosure from the top) and
the crate housing the six active acquisition modules. The same
three components are also indicated in the functional block
diagram in Fig. 3(b). One of the clocks under measurement is
used to synthesize both the sampling time-base and the pulseper-second (PPS) signal used to trigger the measurement
instances of the system, making that clock the reference for
the measurement system. The sampling time-base is not an
integer fraction of the nominal 5 MHz frequency of all clocks’
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signals, so as an intermediate step towards full Master Module
implementation with a Digital Direct Synthesizer (DDS) a
commercial synthesizer was used. Both the sampling timebase and the PPS signals are distributed by the Master Module
to all acquisition modules indicated as CH1, CH2 and CHi in
the diagram.

of the fitting process the phase of each 5 MHz signal at the
beginning of each measurement instance, xi(t), is stored to be
processed at a later time by the time-scale algorithm of choice.
Because any time-scale algorithm is substantially a
prediction algorithm for clock differences, one of the
ensemble’s clocks is chosen to be the reference clock for the
time-scale calculations. This reference clock must not be
confused with the clock that is used as the measurement
reference as indicated in fig. 3(b): while the two may be
chosen to be the same physical clock, their functions are
separate and different. Although some measurement systems
may not allow a complete freedom of choice in this regard,
and despite the setup chosen for the measurements shown in
this paper, the conceptually optimal choice should use
UTC(NIST) as the measurement reference clock. The effect
of using, instead, one of the clocks as the measurement
reference has the effect of introducing a skew in the measured
data, due to the drift of that clock with respect to the ensemble
clock representing the local UTC. As it turns out, the effect of
such drift is of no consequence, as discussed in the next
section.
IV.

SYSTEM CHARACTERIZATION

The names of the frequency sources (clocks) used in the
measurements described in this paper are summarized in
Table I, where the channel numbers are indicated for both alldigital (DIG) and dual-mixer-based (AT1, TSC) measurement
systems.

(a)

TABLE I.

SUMMARY OF MEASURED CLOCKS

DIG
Channel
number
1
2

AT1
Channel
number
30
5

TSC
Channel
number
30
5, 25, 26

3

7

7

4, 5

13

13

7
-

18
17, 24

18
17, 24

Clock name and description
ST004 – Hydrogen maser
ST003 – Hydrogen maser
AOG03 – Auxiliary Offset Generator
(ST006 steered by UTC(NIST))
ST0022 – Hydrogen maser
(reference for sampling time-base, PPS)
ST006 – Hydrogen maser
HP1074 –Cs thermal-beam clock

There are several ways to characterize this measurement
system, each one of them providing different and
complementary information about its overall performance in
the domain of time-scale applications.

(b)
Figure 3. (a) Photograph showing the re-engineered measurement system
V1.5. The top enclosure is the Master Module, the second enclosure from the
top is the PC Bus, and the crate below them houses the six active acquisition
modules. (b) Functional block diagram of the same sytem. The sampling time
base and the PPS signal are synthesized from one of the available clocks,
which is then the reference clock for the measurement system.

The PC Bus allows the PC dedicated to data fitting to poll
in turn each acquisition module, reading the acquired samples
from the flash memory chip where they were stored by the
microcontroller managing the acquisition process. At the end

A. Common-clock Measurements
In a common-clock measurement, two distinct channels
(acquisition modules) measure the same clock, thereby
offering as a result the residual noise of each channel, summed
in quadrature. Presuming the two measuring channels are
virtually identical, the resulting “noise floor” for each of them
is assumed to have a total time deviation (or a total fractional
frequency deviation) that is 0.7 times better than the one
computed from the measured noise levels.
Several results for this configuration are shown and
compared for different measurement systems in Fig. 4, where
the quantity depicted is the total time deviation (total TDEV)
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computed from the measured noise, without the 0.7 factor
reduction.
Fig. 4(a) shows the time instability of channels 4 and 5 for
the all-digital measurement system (V1.5), as compared with
the results of similar measurement for channels 17 and 24 of
the dual-mixer-based system that is the core of UTC(NIST).
The all-digital system exibits a time instability below 1 ps for
measurement periods up to approximately 10 days, and it is
comparable with, or better than, the dual-mixer system. The
measurements were conducted between MJD 55560 and
55680.

* Glitches removed are > 5 s and amount to less than 3·10-3 of total data points

(a)

* Glitches removed are > 5 s and amount to less than 3•10-3 of total data points

(b)

performance variability and the unwanted effect of the reengineering process of the all-digital system, which
significantly raised its noise floor, albeit without invalidating
its viability for time-scale applications. In fact, even the
worse performance is still within the spread of performance of
the dual-mixer system generating UTC(NIST).
Finally, a comparison of the projected effect of using a
specific clock as measurement reference clock, instead of
UTC(NIST), is compared with the noise floor of the system
and determined to be inconsequential, at least for the
measurement periods described in this paper. In fact, if the
measured drift of ST006 (used as the measurement reference
clock) is approximately -1.27·10-21, after 100 days of
measurements the 720 s measurement interval will have an
error of approximately 10 fs. This would be the timing error
of the measurement system if it were otherwise noiseless: in
reality it is well below even the best noise floor of the alldigital measurement system. The measurement reference
clock drift with respect to UTC(NIST) is a negligible
contribution to the all-digital system for measurement periods
up to 2000 days.
B. Frequency Offset and Double-difference Measurements
Although the common-clock measurements are very
important in determining the capabilities of the measurement
system, its typical operating conditions require the
simultaneous measurement of n different clocks’ phases.
Apart from channels 4 and 5, all other active channels in
the all-digital measurement system are measuring different
clocks (see Table I). The measurement of the absolute
frequency of a clock happens only through its comparison
with a primary frequency standard. The clocks that constitute
a time scale are all secondary standards, so any time scale
algorithm is essentially a predictor for clock differences. In
Fig. 5, therefore, is shown one example of the frequency offset
(difference) between maser ST0022 and the output of the
AOG03, as measured by the all-digital measurement system
and the dual-mixer-based one, AT1 in this case. The blue
curve (around zero) is the difference between the same
frequency offset, as measured by the two systems: it
represents the combined residual noise of the two
measurement systems and is obtained by calculating the
difference between the red and the green curve of Fig. 5:
double diff. = (ST0022-AOG03)DIG-(ST0022-AOG03)AT1

Figure 4. (a) Total time deviation calculated for channels 4 and 5 for the
all-digital measurement system (V1.5), as compared with the results of
similar measurement for channels 17 and 24 of the dual-mixer-based system
that is the core of UTC(NIST). (b) Total time deviation calculated for
common clock measurements using the prototype all-digital system prior to
its re-engineering and a different pair of channels of the dual-mixer system,
compared with the data in (a).

The data in Fig. 5 are representative of the frequency
offsets measured between all other clocks listed in Table I:
they confirm the ability of the measurement system to
accurately measure phase differences evolving with time.

In Fig. 4(b) the same data are shown together with the
results from common clock measurements using the prototype
all-digital system (V1) prior to its re-engineering. Data from a
better-performing pair of channels for the dual-mixer
measurement system (for the same period spanning
approximately MJD 55350-55400) are also shown.
The discrepancy between the two sets of measurements
illustrates the dual-mixer system channel-to-channel

An evaluation of this accuracy is shown by the total
fractional frequency deviations shown in Fig. 6, where the
combined residual noise of both measurement systems is
compared with the common-clock measurements for each one
of the measurement systems. The total fractional frequency
deviation for the common-clock measurements is computed
from the same sets of data used to compute the TDEV shown
in Fig. 4.
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time it is not clear what the cause of it is, and it is currently
under investigation.
V.

CONCLUSIONS AND FUTURE WORK

The performance of the re-engineered, multi-channel,
all-digital measurement system presently active at NIST is
presented, and compared, for both common-clock
performance and operational (difference clocks) performance
with the dual-mixer-based system that is at the core of
UTC(NIST).
Apart from validating the all-digital system as fit to be
used as part of an operational time scale, the comparison
between the measurements obtained from both systems offers
the possibility to investigate long-term behaviors not seen
previously, as shown in Fig. 6.
* Glitches removed are > 5 s and amount to less than 3•10-3 of total data points

Figure 5. Measurement results for the frequency offset (difference) between
maser ST0022 and AOG03, as measured by the all-digital system (red curve)
and the dual-mixer-based one (green curve). The blue curve is the difference
between the red and the green curves, and it represents the combined residual
noise of the two measurement systems.

Future work includes reducing the residual noise for the
all-digital system in order to reach the levels warranted by the
prototype V1, implementing ancillary systems allowing for
automated processing of the data into a time-scale algorithm,
and investigating the long-term trends of both measurement
systems.
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Abstract—This

paper

presents

a

time

synchronization method based on the COMPASS
code measurements in combination with two-way
transfer ranging, which results the clock offset
between COMPASS GEO satellite and the ground
station. The clock offset of COMPASS G3 satellite
on board is computed by using the data observed
on October 2010. In order to verify the accuracy of
this method, the results are compared with the
results,

which

are

determined

only

by

pseudo-range observation. By comparison and
1 The
analysis, the following facts can be drawn. ○
precision of navigation satellite clock bias is better

Two conventional GEO tracking techniques
are the pseudo-ranging and the transfer ranging.
The L-band downlink navigation signal is
received by the receiver and the pseudo-range is
observed with clock corrections of both the
satellite and the receiver. The transfer ranging is
a two-way ranging mode. The C-band ranging
signal from a ground station is transmitted by a
transfer onboard GEO satellites designed for
communication, and is also received by the
station, without clock corrections in the ranging
data.

than 10 ns, when the clock bias is calculated by the
new method .There is no systematic error between
our results and clock bias deduced from precise
2 The new method can separate
satellite orbit. ○
satellite orbit and clock bias, it is beneficial to
researching satellite clock bias.

I.

INTRODUCTION

Time synchronization is a basic key
technology and performance of a satellite
navigation system, directly affecting the
navigation, positioning and timing accuracy. GPS
system in order to improve accuracy for time
synchronization, the first request the satellite
clocks are atomic clocks with high stability, also
require the satellite and ground system clock on a
regular basis compared with the standard clock to
give the clock parameters of the satellites clocks
than the relative standard clock .In GPS control
and operation, or IGS system, the satellite clock
correction determined using the method "orbital
inversion", this method is applied to GPS, it
works well. Characteristics of this method is

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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dependent on the satellite orbit, there will be a
problem in COMPASS geostationary satellites.
The high-level precise orbit determination for
geostationary satellites is difficult to achieve,
because the tracking geometry for GEO is almost
unchanged due to the geostationary feature of the
GEO satellite, resulting in weak dynamical
constraints.GEO satellites are often in the orbit
maneuver, this time it also will be difficulties in
determining the orbit of the satellite. So clock
correction determined based on the satellite orbit
will be a problem. This paper presents a time
synchronization method with the combination
pseudo-range and two-way transfer ranging data,
free from influence of the orbital maneuvering to
determine the satellite clock correction.

This paper proposes a new method which
directly combines the two-way transfer ranging
data and code pseudo-range data to determine
clock correction of the satellite and the ground
station. This combined solution haves the
advantages, i.e. a high accuracy clock correction
free from satellite orbit. Section 2 of this paper
will describe the algorithm and methodology
used for the combination. In section 3, this direct
method will be applied to COMPASS G3 in
order to quantify its efficiency, advantages and
limitations.
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II.

pseudo-range data, including synchronized
record timestamp of two observational data, error
correction, and the antenna of the L-band
receiver and C-band transfer ranging system
convert to the same center corrected.

COMBINATION STRATEGY

The C-band transfer ranging is a two-way
ranging mode. Ranging signals are emitted by a
transfer tracking station, transmitted by the
transponders onboard a GEO satellite and the
transmitted signals are received by the original
tracking station to realize the distance
measurement between GEO satellite and tracking
station. Ignoring the delay correction, can be
written as

ρ=

τ
2

Error correction

A.

The pseudo-range measurement model is

ρ ' = ρ + c(Δtr − Δt s ) + Δion + Δtrop +
Δsagnac + ε

c

where Δt r is the clock correction of a station
and Δt s is the clock correction of a satellite,
Δtrop is tropospheric delay, which has nothing to
do with the signal frequency , and the values of
troposheric delay of two-way ranging are
ion
canceled out each other. Δ is ionospheric
delay,
and
here
the
dual-frequency
ionosphere-free combination of pseudo-range
observations is used. Δsagnac is the sagnac effect
correction，which is directly corrected by the
formula from the reference[1]. ε is the
observing noise.

where c is the speed of light.
For the L-band pseudo-range, the signal
propagation time between a satellite and a
receiver is determined by correlation processing
between the local receiver code and the
pseudo-range code of the satellite. To accurately
determine the distance from the satellite to
station, the satellite clock and the receiver clock
must maintain a strict synchronization, which is
difficult to achieve in practice. As the satellite
clock and receiver clock are not synchronized, so
the pseudo-range is observed with clock
corrections of both the satellite and the receiver,
which is equal to the measured distance from the
satellite to the receiver plus two clocks correction,
omitted delay correction, can be written as

The two-way transfer range measurement
model is
trop
ion
trop
τc = 2 ρ + Δion
up + Δ down + Δ up + Δ down +

(I

ρ = ρ + c(Δtr − Δt s )
'

e

)

+ I r c + τ sc + ε

where Rup is the uplink geometric distance
between the satellite and the station, Rdown is the
downlink geometric distance between the
satellite and the station, we suppose
Rup = Rdown = ρ , τ s is the instrumental delay of
the satellite transponder , I e and I r are the
signal instrumental delays for transmitter and
receiver, which can be determined by a special
trop
ion
trop
survey. Δup , Δ down , Δ up and Δion
down are the
uplink and downlink tropospheric delay and
ionospheric delay respectively, the ionospheric
errors are corrected by using global precise
ionosphere delay model provided by CODE. The
tropospheric delay has nothing to do with the
signal frequency, then uplink and downlink can
be approximately considered equal ， when
combination with pseudo-range, the tropospheric
delay can be cancelled out ， and ε is the
observing noise. The upward and downward
sagnac effects for two-way transfer range are the
same with opposite signs, so they can be
canceled out each other.

Where ρ ' is the pseudo-range, Δtr the
receiver clock offset, Δt s satellite clock offset.
Since the two-way transfer range directly
determine the distance between the satellite and
the station, and without clock error information.
If the two-way transfer ranging tracking station
and the COMPASS tracking receiver using the
same clock, at the same time and the same site to
tracking the same satellite to attain distances
between satellite and stations. So

c(Δtr − Δts ) = ρ ' − ρ
It can be seen from the above equation as
long as there are transfer ranging and
pseudo-range at the same ground station, it can
directly be access the clock correction of satellite
and ground station.
Combine two-way transfer ranging with
pseudo-range to achieve time synchronization
must be processing on transfer ranging and
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B. Timestamp synchronization of observation

⎡ΔE ⎤ ⎡ X compass − X tw ⎤
⎥
⎢ΔN ⎥ = ⎢Y
⎢ ⎥ ⎢ compass − Ytw ⎥
⎥
⎢⎣ΔH ⎥⎦ ⎢ Z
⎣⎢ compass − Z tw ⎦⎥

records
The recorded timestamp of two-way transfer
range is the time for UTC (converted into GPST)
of ranging signal emitted from the MODEM,
0
marked as ttw
, while the recorded timestamp of
pseudo-range is the received time for BDT (also
converted into GPST) of the signal by
COMPASS receiver, marked as t sw ,and such
recorded timestamps of two observations must be
translated into the same basis. Two-way ranging
signal transmission time is converted to the
signal reception time ttw = ttw + τ , where
τ includes instrumental delays, and the errors are
negligible if the accuracy of time synchronization
is 1 nanosecond. The time scale only effects the
observing time. Typically, ttw and t sw are not
synchronized. In order to solve the integration of
two-way transfer range and pseudo-range,
synchronization correction must be done. As a
basis of t sw , the two-way range is interpolated
into t sw to form virtual two-way range as a
reference timestamp using t sw , and two observing
data in the same timestamp are attained, where a
6-order Lagrange interpolation formula is used.

(

Due to the geostationary feature of the GEO
satellite, the change of correction for centering is
up to 2 ns, broadcast ephemeris is not used to
correct for centering, only elevation and the
distance
between
transfer
station
and
pseudo-range receiver are used to correct for
centering. This helps separation of the satellite
orbit and clock errors. From this perspective, the
integration solution does not rely on the satellite
orbit, and the error of the orbit of the satellite will
not be introduced into the satellite clock error.
III.

ranging tracking station and COMPASS

Relying on transfer ranging tracking network
in National Time Service Center, Chinese
Academy of Science, the domestic tracking
network of the COMPASS satellite navigation
system are established. In addition to each
tracking station equipped with geodesic receiver,
high-performance atomic clocks and a two-way
satellite time transfer (TWSTFT) system are
equipped. Test system configuration as shown in
Figure 1.

receiver
Although the geometry distance of the
satellite and the ground transfer station ρ and
pseudo-range only including clock corrections of
both satellite and the receiver ρ ' above has been
calculated, transfer station and the receiver are
not at the same absolute position on the ground.
Correction for centering between transfer ranging
tracking station and COMPASS receiver must be
carried out. The formula to correct for centering
is

(

COMPUTATION AND ANALYSIS

A. Experimental device configuration

C. Correction for centering between transfer

Δρ =

)

where X compass ,Ycompass , Z compass , ( X tw , Ytw , Z tw )
are the coordinates of COMPASS receiver and
coordinates of transfer tracking station in the
ITRF 2000 coordinate system, respectively. M is
transformation matrix from ECEF to station
coordinate system, the specific expression see
reference [2].

In tracking stations, the output of cesium
atomic clock, a 10MHz signal of high stability
performance, is send to the receiver.

ρ x ΔE + ρ y ΔN + ρ z ΔH

TAB.1 DIFFERENCES OF CLOCKS BETWEEN TWO SOLUTIONS

ρ x2 + ρ y2 + ρ z2

)

Where ρ x , ρ y , ρ z is the satellite position
vector in the station's coordinate system,
ΔE , ΔN , ΔH are ,respectively, relative to the
center of the receiver east, north, and up
deviation of the transfer station center.
In the calculation, the satellite coordinates
calculated
using
broadcast
ephemeris;
ΔE , ΔN , ΔH can be calculated
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Date

Max/ns

Min/ns

Mean/ns

sigma/ns

278

9.9495

2.9926

-6.1905

3.7016

279

11.1708

-4.5301

4.0059

3.3288

280

12.1989

-4.5533

4.2118

3.1839

Fig2. the results on October 5th

figure1. Test system configuration

B.

Experimental results and analysis

The experimental data were from the Lintong
tracking station from 2nd to 7th October, 2010.
The clock error of satellite G3 and the Lintong
ground station is calculated with the following
two strategies. Solution ○
1 : our new combined
method; Solution○
2 : deduced from the precise
satellite orbit, which is determined by
pseudo-range observations. At this time interval
to evaluate the orbit accuracy based on the
pseudo-range data, we used the SLR data of
Changchun station to evaluate the orbit radial
error. The maximum was less than 1m. So the
error of clock bias between satellite and ground
computed by solution ○
2 is relatively small as a
standard of comparison reference. Finally, the
clock errors calculated by two solutions were
directly compared.

Fig3. the results on October 6th

During the test calculations, first the clock
error was computed using solution○
1 , then the
clock error corresponding to timestamp was
calculated by solution○
2 , and the last two results
were compared directly. Table 1 shows the
comparison of the two results. Fig2-4 shows the
results of October 5th -7th, the upper are the
results using two solutions, the lower are the two
solutions comparison residuals.

Fig4. the results on October 7th

From October 5th to 7th, the comparison
shows that there are some systematic errors,
which have not been corrected completely, such
as the ionospheric delay. we need further
analysis.
IV.

The compared results show that: from
October 2nd to 4th, there are big systematic errors,
taking into account that the compared results
contain not only clock offset error of solution ○
1,
but also the clock bias error of solution ○
2 . We
need further analyze whether the GEO satellite
maneuvers occur these days or the change of the
instrument delays and so on.

CONCLUSIONS

From the analysis and comparison above the
following conclusions can be drawn:
1. Combination of two-way transfer range
and pseudo-range data can be directly measured
the clock errors of satellite and ground station;
2. Time comparison between the navigation
satellite-borne clock and the ground system
standard clock can be achieved by integration of

693

two-way transfer range data and pseudo-range.
As the GEO satellite needs maintain its position
relative to the equator in some time intervals, it
must be adjusted regularly. Solution ○
2 is not
reliable during and after an orbital maneuver,
because the orbital errors determined affect the
satellite-borne clock bias measured, it could harm
the separation of the satellite coordinates and
on-board clock errors. The use of integrated
solver ○
1 to determine the satellite clock error
reflects the actual satellite clock error. This can
be based on navigation satellite clock error
prediction to improve the real-time navigation
and positioning accuracy.
This paper presents the measurement method
of clock errors of satellites and ground stations
based on combination two-way transfer range
with pseudo-range observations. The preliminary
test results show that the method can weaken the
interaction of GEO navigation satellite
coordinates and clock offsets, determining the
satellite clock errors using a single tracking
station. Taking into account the carrier phase
measurement accuracy is far higher than the
pseudo-range observation accuracy, in future
work, we will further develop integration of
two-way ranging and carrier phase observations
to measure clock errors of the GEO navigation
satellite.
V.
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Abstract— The signal-to-noise ratio in the detection of a
single ion is one of the determining factors in the speed of
the detection of the ion’s internal states. Its value defines the
necessary interrogation time to distinguish between an ion in
the ”on” and an ion in the ”off” state. The improvement of the
detection signal by means of active optics is a new approach in
single-ion experiments. They accompany further progress in the
stabilization of the clock laser for the single ion interrogation.

I. I NTRODUCTION
The frequency stability of an optical frequency standard can
be quantified by the evaluation of the Allan deviation [1],
where the stability value depends on the interrogation time, the
cycle time of the measurement as well as the signal-to-noise
ratio (SNR) which can be realized throughout the probing of
the clock transition.
Single ion detection is always carried out on the cooling
laser’s wavelength as it scatters a maximum of photons. Today,
trap structures are getting smaller and smaller and even with
tightly focused laser beams, scattered light from the metallic
electrodes contributes to the background light level. A high
quality detection objective [2] as well as spatial filtering in
the imaging process are among the stringent requirements for
the detection of a single trapped ion.

trap experiments ([3], and references therein) that the background level is typically larger than the photomultiplier’s dark
count rate (10 photons per second). Even with high-quality
UV optics (a large majority of single-ion experiments has a
cooling laser in the blue or near UV) in many experiments a
deformation of the laser-beam can be observed, as well as an
additional halo due to scattering in the optics.
Aberrations in a beam have been corrected with active (or
adaptive) optics (AO) elements at multiple occasions since
seminal works in high-intensity lasers [4] and of course
in astronomy [5]. Moreover, it has been shown that strong
scattering in optics can be corrected by an AO element [6].
We propose the use of an AO element to optimize the SNR
in the detection of a single trapped ion. In this manuscript
we will develop the necessary requirements and envisaged
solutions. We suppose that aberrations in our system do not
show temporal fluctuations, we will thus concentrate on means
of active optics rather than adaptive.
II. C OOLING AND DETECTION OF A SINGLE ION
The interrogation of a single ion as a frequency standard
is made with the help of the electron-shelving technique [7],
the interrogation statistics is built by sequential probing of the
fluorescence state of the ion which indicates whether the ion
is in the ”on” (scattering photons) 4S1/2 -4P1/2 -3D3/2 - cycle
or shelved in the dark (”off”) 3D5/2 -state (cf. energy level
scheme in Figure 2).

Fig. 2.

Fig. 1.

Miniature ion trap

A perfect Gaussian beam of 100 µW focused to a waist
diameter of 20 µm in the centre of a trap (even if it is a
miniature trap) should give a scattered light level of less than
one photon per second collected by the optical detection solid
angle. However, it can be observed in essentially all single ion

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Scheme of the first energy levels of

40 Ca+

Quantum jump statistics are presented in Figure 3, the right
part of this figure shows the distinction between ”on” and
”off” state. The higher the SNR the faster the interrogation
procedure can be. This value conditions the cycle time in the
interrogation of the single ion for all types of high-resolution
experiments.
In our experiment, a frequency-doubled titanium-sapphire
laser at 397 nm is used for laser-cooling the ion on the 4S1/2 4P1/2 electric dipole transition. This laser is transported onto
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Fig. 3.

Quantum jump statistics in the interrogation of a single trapped ion

the ion experiment by a single-mode optical fiber, which also
spatially cleans the laser beam. The laser is then split in
three beams in order to dispose of different probing axis. This
separation is done by half-wave plates in conjunction with
polarization beam splitter cubes. Each beam is then focused
by a 50 mm-diameter achromat lens into the vacuum vessel
to a waist of about 20 µm radius.
A. Preliminary characterization of the cooling laser
In order to obtain a quasi-perfect beam in the plane of the
single ion, i.e. a Gaussian beam focused on a waist of 20 µm,
it is necessary to measure the deformations of this beam as
well as to estimate the scattering of this beam by the optical
elements of the system, before applying eventual corrections.
Scattering in optics has been suppressed by spatially filtering
with a pinhole in the image plane of the laser waist and is
considered to be negligible in the final background detected.
In order to identify the origin of the unusually high background of scattered light in our detection system, a realistic
description of the beam profile is required, which considers
the beam not only as a perfect Gaussian envelope but as a
Gaussian field amplitude with an aberrated wavefront. This
approach has to be made experimentally as well as theoretically. The corner stone of the description of an aberrated
beam is the decomposition of the wavefront surface on the
orthonormal basis of the Zernike polynomials.
Hence, a beam characterization was carried out on our setup by different means. Analysis were made with two types
of wave-front sensors based on different technologies (ShackHartmann and phase-shearing), and imaging with a camera is
under way. The presence of aberrations in the laser beam can
be quantitatively described with the Strehl ratio, or in terms of
encircled energy, which is the intensity deposited in a given
area. Indeed, the fiber output shows an almost perfect Gaussian

beam, with a Strehl ratio higher than 95%. Travelling through
the optical system, the beam is then deformed, and the Strehl
ratio drops below 80% at the site of its focus on the ion,
as can be seen in Figure 4. Monitoring the beam by a CCD
camera is a complementary method of waist characterization.
For reasons of acquisition dynamics, the center of the beam
has to be masked in order to reveal residuals in the wings.
Correction of the observed distortions in the beam profile
can be carried out by different means, actually, several types
of AO corrective elements are available : deformable mirrors
(DM), spatial light modulators (SLM) and optical valves
(OV). While DM have a number of actuators typically limited
to a few hundreds, and therefore present a limited spatial
resolution, they show a modulation depth of typically a few
micrometer. On the other hand, spatial light modulators are
LCD devices with an important number of pixels (on the
order of 105 ), their main drawback is the important diffraction
patterns they produce. Finally, OV probably present the best
spatial resolution, but the amplitude dynamics of the correction
is rather weak.
Only the precise characterization of the laser-beam with the
identification of the induced perturbations allows to determine
the spatial resolution and amplitude dynamics necessary for
the choice of the AO element adapted to his application.
The influence of aberrations in the beam on the noise
level in the single-ion detection has been evaluated with the
use of a deformable mirror. This 97-actuator device with a
mirror diameter of 13.5 mm was set-up in normal incidence at
the entrance of the vacuum vessel. Preliminary measurements
have demonstrated the link between the SNR and wavefront
modifications. The measured noise level is represented on the
graph in Figure 5 as a function of induced aberrations in the
beam.

Fig. 5. Noise level in the optical detection line as a function of the amplitude
of aberration, decomposed for the different Zernike polynomials

B. Simulation of the cooling laser beam

Fig. 4. Deformed laser beam as measured with all optical elements inserted
in the beam-line

In parallel to the experimental characterization of the optical
set-up, a quantitative analysis of its defects based on simulations of the full optical system up to the trap is carried out.
Using an optical design software (Zemax), we can precisely
reproduce each optical element (plane mirrors of finite size,
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achromatic lenses, pinholes and the entrance viewport of the
vacuum chamber) and predict the amount of aberrations that
affects the beam in the end, considering the consequences of
chromaticity, tilting and off-centering of the optics. The results
of this study consist of a qualification and a quantification of
the optical defects of the system decomposed on the basis
of Zernike polynomials. For each polynomial of this basis,
the depth value of the deformation in units of λ is obtained
and this computer assisted study, validating the experimental
observations, provides us with a versatile tool to precisely
understand and even predict the effects of the modifications
introduced in the set-up (especially modifications of the angle
of incidence).
A second type of simulation is based on the measurement of
the Zernike coefficients in the pupil plane of the system. With
the input of the measured coefficients in a numerical program
and the propagation of the aberrated field using the Fresnel
formalism, it is possible to deduce the intensity profile (pointspread function) of the beam, at the site of its focus inside
the trap. Figure 6 shows the simulated profile of the focused
aberrated Gaussian beam with 0.4 µm of coma in x and y
directions and -0.2 µm of 3rd order spherical aberration. This
work directly allows to quantify the percentage of light that
can be intercepted and diffused by the trap structure and to
understand the consequence of each aberration on the detection
noise we observe.

a first rough adjustment, and to apply corrections based on
1D signals only around this pre-optimized solution. The main
interest of such a method is that it could widely increase the
correction bandwidth. Moreover, in case of success, this would
also reduce the requirement of a permanently installed wavefront analyser on the experiment.
III. C LOCK LASER STABILISATION
To probe the narrow, electric quadrupole transition 4S1/2 3D5/2 of the Ca+ -ion at 729 nm, the spectral linewidth and
the frequency stability on a 1-second time-scale of the clock
laser have to be of the same order of magnitude as the clock
transition’s natural linewidth (below 1 Hz, [9]).
Our home-built titanium-sapphire laser at 729 nm is prestabilized onto a low-finesse (≈ 1000) Invar-cavity in a 10−6 vacuum by the Pound-Drever-Hall technique resulting in a
linewidth of the order of a few kHz. Further reduction of the
linewidth and in particular frequency stabilisation is made by
locking to a vertically mounted, high-finesse ULE cavity of
150 mm length. This cavity has been numerically and mechanically optimized [10], to render it vibration-insensitive to a
maximum extent. Fused silica mirrors are optically contacted
to the ULE-spacer, the finesse of this cavity has been measured
to be 140 000.
The cavity is surrounded by three thermal screens of polished aluminum, mounted in a vacuum-vessel. This set-up
is enclosed in a box, with an active thermal control and
mounted on a passive vibration isolation platform (see Figure
7). Locking of the clock laser on this cavity is made by a
commercial locking electronics (Toptica).

Fig. 6. Simulated point-spread function of the aberrated Gaussian beam with
0.4 µm of coma and -0.2 µm of 3rd order spherical aberration. Note that the
beam waist is approx. 20 µm and the trap’s inner diameter is 190 µm.

C. Feedback algorithm on the AO element
In astronomy the feedback on the active optics element is
made by a two-dimensional signal either from a wavefront
analyser or from a CCD camera, located at a reference
position. The presented laser-ion interaction experiment could
allow to test correction algorithms based on the only signal and
noise values. Using these two 1D signals for correction falls
into the category of the novel approach of wavefront sensorless
adaptive optics [8].
An intermediate approach would be to use a classical type
of correction, for instance a pre-registered correction map, for

Fig. 7. The high-finesse cavity is thermally and vibrationally stabilized by
different means, see detailed description in the text
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Fig. 8.

Clock laser stabilisation scheme

IV. C ONCLUSION
The use of an active optics device to control the wavefront
and intensity profile of a cw laser interrogating single atoms
in a trap opens the way to a tailored interaction of the electromagnetic wave with the atom. This approach will help to
increase the SNR and thus optimize the frequency stability
of an atomic clock.
Additional advantages are expected for the implementation
of a similar device for the probing of single ions in microand surface traps, which have even smaller dimensions, and
which are extremely sensible to the illumination by ultraviolet
light. Addressing of individual ions in ion chains [11] is a
supplementary application of the use of AO devices, allowing
a ’real-time’ correction of laser beams probing ions at different
sites.
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Abstract— We present the setup of a cryogenic single-crystal
silicon optical cavity with a potential thermal noise floor below
10−16 . The system comprises a vibration-free cryostat based on
gaseous nitrogen as coolant.

Thomas Kessler
May 30, 2011
I. I NTRODUCTION
The stability of optical clocks is currently limited by the
performance of the interrogating laser system. The reference
cavities used to stabilize the laser suffer from thermal noise
on a level of fractional instability of 10−16 − 10−15 at one
second [1]–[3]. To overcome these limits a sub-Hz laser
system based on a monocrystalline silicon resonator is being
developed with expected instability below 10−16 . To avoid
a large sensitivity to temperature fluctuations, state-of-the art
cavities are typically operated close to the zero-crossing of
the coefficient of thermal expansion of the cavity material.
For silicon, the zero-crossing lies at approximately 124 K [4],
therefore requiring construction of a dedicated cryostat. As an
additional requirement the maximum accelerations induced by
the cryostat should not exceed 1 µg.

Fig. 1. Schematic sketch of the cryostat. The outer shield is cooled by
nitrogen gas evaporated from a dewar.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Fig. 2.

Photograph of the cryostat.

II. E XPERIMENTAL S ETUP
The cryostat has been developed in a collaboration between
PTB and JILA. A sketch of the setup is shown in figure 1.
The cavity is held by three rods which are made of Teflon
to suppress heat exchange with the base. To avoid refractive
index fluctuations and for thermal insulation, the cavity is
placed in a vacuum chamber. The vacuum chamber is set
up on a vibration isolation table. The outer shield of the
cryostat is actively cooled by a flow of nitrogen gas evaporated
from a dewar. The temperature of the shield is obtained by a
Platinum sensor and fed into computer-controlled feed-back
system. Additional thermal insulation of the cavity from its
surroundings is reached by a gold-plated passive copper shield
placed between the cavity and the outer shield.
Figure 2 shows a photograph of the complete setup. The gas
is evaporated from a 200 liter liquid nitrogen dewar and guided
by superinsulated vacuum tubing to the cryostat. The tubes
are suspended by additional weights for improved vibration
isolation. A fiber laser operated at a wavelength of 1.5 µm
is locked onto the cavity. All free-space optics are placed on
the vibration-isolation platform to minimize optical paths. In
thermal equilibrium a consumption of 1 liter of liquid nitrogen
per hour is achieved with residual vibrations well below the
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required specification. The thermal shield suppresses residual
Temperature fluctuations of a few mK at the cryostat down to
µK level for the cavity.
III. C ONCLUSION AND O UTLOOK
A vibration-free cryostat has been built for operation of
a single-crystal silicon cavity at a temperature of 124 K.
First tests indicate that the performance of the cavity will
not be limited by the cryogenic enviroment and therefore a
stability below 10−16 seems feasible. After the completion of
the characterization of the cryostat we will focus on a direct
frequency comparison with state-of-the-art room-temperature
stable cavities to explore the potential of the silicon cavity.
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to the low power of the mid-infrared OFC obtained by
DFG. Another technique reported earlier is to use a midinfrared quantum cascade laser for spectroscopy and to link
it to a visible/near-infrared OFC by sum-frequency mixing
with a near-infrared laser [8].

Abstract—A method to measure the absolute frequencies of
molecular transitions in the mid-infrared region is presented.
The method is based on a mid-infrared cw optical parametric
oscillator, which can be used for sub-Doppler molecular
spectroscopy at ~ 3.4 µm while being phase-coherently linked
to an optical frequency comb in the visible/near-infrared.

Here we present a new technique for the measurement
of absolute frequencies of molecular transitions in the midinfrared. The technique is based on a cw optical parametric
oscillator (OPO), which can be used for sub-Doppler midinfrared spectroscopy. A phase-coherent link between the
OPO and a visible/near-infrared OFC is established through
the pump and signal beams of the OPO. This method
resembles another one previously reported by Kovalchuk et
al., in which a frequency comparison between a 3.39-µm
CH4-stabilized HeNe laser and a 532-nm I2/Nd:YAG laser
was demonstrated using a combination of pump-enhanced
cw OPO and Ti:sapphire OFC [9]. Unlike any of the
previously reported methods, our solution is based on a
singly-resonant cw OPO, which produces high output
power and easy wavelength tuning in the mid-infrared. This
makes the experimental setup for frequency-comb
referenced sub-Doppler spectroscopy simple. A particular
advantage of our method is that the carrier-envelope offset
frequency of the OFC does not need to be known or
stabilized. This, and other characteristics of the method are
described in more detail in the following section. The
experimental setup is presented in Section III, and the
results in Section IV.

I.INTRODUCTION
Absolute optical frequency measurements can be done
relatively easily in the visible and near-infrared using selfreferenced, octave-spanning optical frequency combs
(OFCs) based on mode-locked femtosecond lasers [1, 2].
The task is significantly more difficult in the mid-infrared.
Despite the recent remarkable progress in the development
of mid-infrared frequency comb generators based on
femtosecond optical parametric oscillators [3, 4], most
optical absolute frequency measurements reported so far at
wavelengths longer than 2.5 µm have been done using
continuous-wave techniques. The advantage of the cw
techniques is that they allow spectroscopic measurements
to be done with sub-Doppler resolution without spectral
filtering, and in some cases also without an optical power
enhancement cavity. As an example, Takahata et al.
measured the absolute frequencies of several tetrahedral
fine structure components of the P(6) and P(7) lines of
the ν3 band of methane using a narrow-linewidth midinfrared beam that was produced by difference frequency
generation (DFG) from two near-infrared laser beams [5].
The absolute frequencies of the mid-infrared transitions
were obtained by referencing the two near-infrared beams
to an OFC based on an Er-doped fiber laser. The
measurement can alternatively be referenced to a midinfrared OFC that has been generated by DFG from a nearinfrared OFC [6, 7]. Also in this case, a cw mid-infrared
source is required to probe the molecular transition, owing

978-1-61284-110-6/11/$26.00 ©2011 IEEE

II.METHOD
The basic principle of the method is to use a
continuous-wave optical parametric oscillator (cw OPO) to
phase-coherently link the mid-infrared and the visible/nearinfrared regions of the optical spectrum. The OPO is
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pumped by a near-infrared laser at frequency νp. Through a
parametric nonlinear frequency conversion process it
produces two output beams: a near-infrared beam called
signal (νs), and a mid-infrared beam called idler (νi). The
frequencies of the three optical beams involved in the
parametric process are linked to each other by the law of
energy conservation,
νi = νp – νs.

Using (1)-(4), we get the absolute frequency of the midinfrared idler beam as
νi = (fs – fp)+ (mp – ms)frep.

In practice, the two beat frequencies can be counted with
frequency counters referenced to a stable frequency
standard. The difference mp – ms of the comb mode
numbers can be determined by measuring the pump and
signal frequencies with an accurate wavelength meter. The
repetition rate frep is phase-locked to a microwave
frequency standard and hence known with high accuracy. It
is important to note that the measurement is independent of
the offset frequency fceo. This simplifies the experimental
setup, since fceo does not have to be stabilized or measured.
(In a typical octave-spanning OFC, in which the spectrum
is broadened using a microstructured fiber, slow
degradation and misalignment of the fiber makes long-term
stabilization of fceo more difficult than stabilization of frep.
Long-term operation of the comb is therefore easier if the
offset frequency does not require stabilization).

(1)

According to (1), the absolute frequency νi of the midinfrared beam can be determined by measuring frequencies
νp and νs. This can be done using a femtosecond frequency
comb generator. A typical mid-infrared cw OPO emitting at
λi ~ 3 µm is pumped with a 1-µm laser, which sets the
signal wavelength to λs ~ 1.5 µm [10]. Both λp and λs are
therefore within the range of a typical near-infrared OFC
based on an Er-fiber laser (0.95-2.1 µm) and can easily be
measured. Another approach, which is the one we have
used in this work, is to frequency double the pump and
signal frequencies so that they can be measured with a
Ti:sapphire-laser OFC that typically extends from 0.5 to
1.1 µm. The measurements can be done with a very high
accuracy if the OFC is phase-locked to a microwave
frequency standard. If that is the case, then also the midinfrared frequency becomes referenced to the same
standard, and a phase-coherent link between the midinfrared and microwave regions is established (in addition
to that between the mid-infrared and visible/near-infrared).

If the OFC used in the experiment is based on a
Ti:sapphire laser instead of an Er-fiber laser, the
measurement procedure remains the same but all optical
frequencies are replaced by their frequency-doubled
counterparts. That is, instead of (4a) we get
νi = ½[(f2s – f2p) + (m2p – m2s)frep],

To have a closer look at the method we first assume an
OFC generator (such as the Er-fiber comb) that can be used
to directly measure the pump and signal frequencies of the
OPO. The OFC consists of equidistant peaks, whose
frequencies are
fm = fceo + mfrep,

(2)

III.EXPERIMENTAL SETUP
A. Optical Frequency Comb
The MIKES frequency comb generator used in this
work is described in detail in a previous publication [11]. A
15-THz wide comb centered at ~800 nm is generated in a
mode-locked femtosecond Ti:sapphire laser. The ~1 GHz
repetition rate of the laser is referenced to an active
hydrogen maser (Kvarz CH1-75A). The offset frequency
fceo does not have to be stabilized or monitored, since the
measurement of νi is independent of it.

(3)

For the sake of clarity, we assume that the pump frequency
is measured against the comb peak that is on its highfrequency side (so that fp > 0). In a similar manner, beat
frequency fs between the OPO signal frequency and the
nearest comb peak ms (again on the high-frequency side) is
fs = fceo + msfrep – νs.

(5b)

where f2p and f2s now refer to the beat frequencies between
the comb and the second harmonic frequencies of the OPO
pump and signal, respectively. The absolute frequency νi
can be unambiguously determined also in this case.
Although the pump laser frequency is already within the
spectral coverage of the Ti:sapphire OFC, frequency
doubling of both the pump and the signal is done in order
to cancel out fceo.

where m is an integer, frep is the laser repetition rate, and fceo
is the (carrier-envelope) offset frequency. The beat
frequency fp between the OPO pump frequency and the
nearest comb peak mp is then
fp = fceo + mpfrep – νp.

(5a)

The maximum output power of the Ti:sapphire laser is
0.7 W when pumped with 5.5 W of 532-nm cw light from a
frequency-doubled Nd:YVO4 laser. For the experiments
discussed here, the output power was divided into two

(4)
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branches. Most (85%) of the power was coupled through a
1-m long microstructured fiber that broadens the comb over
a full octave. This comb was optimized for 532 nm in order
to measure the second harmonic frequency of the OPO
pump laser. The remaining 15% of the total power of the
Ti:sapphire laser was coupled into another microstructured
fiber, which was selected so that the original comb
produced by the laser was broadened to cover the
wavelengths from approximately 760 nm to 860 nm. This
branch was used to measure the second harmonic of the
signal frequency.

is used, and the dimensions of the cavity have been chosen
so that the focusing parameter of the signal beam is
matched with that of the pump beam (ξs ~ ξp ~ 2.3). The
length of the cavity corresponds to a free-spectral range
(FSR) of 580 MHz.
The first version of our experimental setup was
designed for accurate spectroscopy at wavelengths between
3.2 and 3.4 µm (ν3 band of methane). The OPO wavelength
can be tuned within this range by adjusting the MgO:PPLN
temperature. Gaps in the tuning range are unavoidable
when using the temperature tuning method, but they can be
easily covered with pump laser tuning [10]. Fast and modehop-free tuning of the pump laser by more than 90 GHz can
be done by applying a voltage to a piezoelectric actuator
that controls its cavity length. Fine tuning of the idler
frequency can also be done through the signal beam by
scanning the OPO cavity length using a piezoelectric
actuator (PZT2 in Fig. 1), which is glued on one of the
cavity mirrors. This method provides a maximum tuning
range of approximately one FSR.

B. Optical Parametric Oscillator
The cw optical parametric oscillator used in this work is
schematically shown in Fig. 1. It is based on our previous
design, which is described in detail in a previous
publication [10]. The OPO is pumped at λp = 1064 nm with
an Yb fiber laser system, which produces a maximum
output power of 15 W. The output beam of the pump laser
is linearly polarized and has an instantaneous linewidth of
~ 100 kHz. The pump beam is focused into a nonlinear
crystal, which is placed within the OPO cavity. The size of
the pump beam waist in the crystal is 42 µm, which
corresponds to a focusing parameter of ξp ~ 2.3 [10]. The
crystal is 5% MgO-doped periodically poled lithium
niobate (MgO:PPLN). The poling period used in this work
was 30.5 µm. Both ends of the crystal are antireflection
coated for the pump, signal, and idler wavelengths. The
crystal is 1 mm thick and 50 mm long, and it is placed in a
copper oven. The oven temperature can be stabilized to any
value between 15 and 200oC with 10 mK precision using
Peltier elements.
CaF2
wedge

CH4-cell (50 cm)

The single-mode output power of the OPO is > 0.5 W.
Within the single-mode regime, the long-term frequency
stability of the free-running OPO is typically better than
500 MHz [10]. The linewidth of the mid-infrared idler
beam is of the order of 1 MHz, and therefore sufficient for
sub-Doppler spectroscopy.
C. CH4 Spectrometer
The output power of the OPO is one to three orders of
magnitude higher than what can be achieved with pumpenhanced mid-infrared OPOs [9] or by DFG [5, 7]. The
high output power simplifies the use of the OPO in highresolution molecular spectroscopy. Several molecular
transitions, even rather weak ones, can be measured with
sub-Doppler resolution using a simple setup for saturated
absorption spectroscopy. There is no need to use a power
enhancement cavity. In this work, we have studied the ν3
band of methane, which is centered at 3.3 µm. The
saturation spectrometer used in the measurements is
schematically depicted in Fig. 1. The mid-infrared output
beam of the OPO is first separated from the residual pump
and signal beams using dichroic mirrors, and subsequently
spatially filtered using a pinhole. After the pinhole, the
beam is collimated and passed through a 50-cm long
sample cell that has Suprasil windows (ISI ASCR). The
sample cell is filled with 12CH4 to a pressure of ~1 mTorr.
After the cell, the beam is reflected back and a fraction of it
is directed to a MCT detector using an uncoated CaF2
wedge. A rotatable polarizer is used to attenuate the power
below the saturation level of the MCT detector. The focus
of the beam is at the gold mirror that reflects the beam
back. The 1/e2 diameter of the beam at the mirror was
measured to be 2.7 mm.

Iris
M

M

L

CT
M

Grating
λs/2 to OFC table

PH

M
cw OPO
M3

M4

λp and λs
to λ-meter

PZT2
Pump laser
1064 nm
L

M1
M2
MgO:PPLN

L

DM

L

λi
DM

λ p and λ s

Figure 1. Schematic of the cw OPO (on gray background) and of the CH4
spectrometer, which is described in Section III.C. The abbreviations are:
DM – dichroic mirror, L – lens, M – (gold) mirror, and PH – pinhole
(diameter 200 µm).

The OPO cavity is formed by 4 mirrors that are highly
reflective for the signal wavelength, and transparent for the
pump and idler wavelengths. The cavity is therefore singly
resonant at the signal wavelength. A bow-tie ring geometry
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IV.RESULTS

D. Coherent Link Between the OPO and OFC
Doubled frequencies of the OPO pump and signal are
needed in order to establish a phase-coherent link between
the OPO and the Ti:sapphire OFC. To get the first one of
these, a fraction of the output beam of the OPO pump laser
is picked up before the OPO and frequency-doubled in a 3mm long potassium titanyl phosphate (KTP) crystal. The
crystal is cut for type II (eo-e) phase matching at room
temperature; the cut angles are θ = 90o and φ = 23.5o. The
phase-matching bandwidth of the crystal is so large that no
temperature control or tuning is required. With 2 W of
pump power incident on the KTP, we get more than 1 mW
of green 532-nm light using a simple single-pass doubling
scheme. A single-mode optical fiber is used to transfer the
frequency-doubled light beam to another optical table that
accommodates the OFC. The beam is then combined with
the green part of the OFC spectrum in a non-polarizing
beam splitter. The overlapped beams are spectrally filtered
with a grating and focused into a fast Si-photodiode to
measure their beat frequency f2p. A signal-to-noise ratio
(SNR) of >35 dB was achieved in a 300-kHz resolution
bandwidth (RBW) by using a long (1 m) distance between
the grating and the photodiode [12].

The setup described here can be used to measure the
absolute frequency of the OPO idler beam anywhere
between 3.2 and 3.4 µm. The long-wavelength side of the
region is currently limited by the spectral coverage of the
OFC´s near-infrared part. Even with the free-running OPO
the setup can be used for mid-infrared spectroscopy
referenced to the OFC. The resolution and accuracy of the
spectroscopic measurements are, however, limited by the
frequency stability of the OPO. These can be greatly
improved by taking advantage of the high output power of
the OPO. The OPO outputs enough power so that it can be
used for saturation spectroscopy of several molecular
transitions without a power enhancement cavity. The OPO
idler frequency can therefore be stabilized on a Dopplerfree absorption line (Lamb dip), after which it can be
precisely measured with the OFC. As a first test we decided
to study the P(7) transition of the ν3 band of 12CH4, located
at 3.39 µm. This is a good test transition, since its
frequency and other parameters are known from previous
studies. Especially the P(7) F2(2) line is well known, since it
has been used for frequency stabilization of the HeNe laser.
The 3.39-µm CH4/HeNe laser is a common mid-infrared
optical frequency standard, whose frequency has been
determined with high accuracy. It provides a CPIM
recommended radiation for the realization of the definition
of the meter [13].

Generation of the frequency-doubled beam of the OPO
signal does not require an additional doubling crystal. A
sufficient amount of optical power at 2νs is produced in the
OPO crystal as a result of a residual non-phasematched
mixing process. Depending on the OPO wavelength, and
with idler output powers of >0.3 W, the frequency-doubled
power emitted through mirror M3 of the OPO is between
30 and 700 µW. This was measured from the –1st order
diffraction from a gold-coated grating, which was used to
separate λs/2 from the other wavelengths, such as λp, also
emitted through the mirror. After the grating, the beam was
coupled into a single-mode fiber, and combined with the
near-infrared part of the OFC in a 2×1 fiber coupler. The
beams were then filtered using a grating before focusing
them into a fast Si-photodiode for the detection of beat
frequency f2s. The SNR of the beat signal is 20 to 25 dB
(300-kHz RBW), depending on the power of the frequencydoubled signal beam.

A scan over six tetrahedral fine structure components of
the P(7) line of 12CH4 is shown in Fig. 2. The spectrum was
recorded using the spectrometer described in Section III.C,
and the scan was done by tuning the frequency of the OPO
pump laser. The etalon fringes in the spectrum are mainly
caused by the OPO pump laser [14]. We have previously
used a balanced-detection scheme to get rid of the fringes
but decided not to use it here for simplicity. Instead, we are
planning to solve the problem by replacing the seed laser (a
fiber laser) of the pump system with a DFB diode laser.
1.01

1.00

Transmission

Both beat frequencies f2p and f2s can be simultaneously
counted using two separate frequency counters.
Alternatively, they can be mixed in an RF-mixer, in which
case only one counter is required. A calibrated wavelength
meter is, in general, needed to determine the integers m2p
and m2s (Eq. 5b), i.e. the mode numbers of the OFC peaks
used to measure f2p and f2s, respectively. Pump and signal
beams leaking out through mirror M4 of the OPO are used
for this purpose – they are coupled into the wavelength
meter through a single-mode fiber, and optical bandpass/reject filters are used to select the wavelengths to be
measured.
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Figure 2. Absorption spectrum of the P(7) transition of 12CH4.

704

Figure 3a shows a detail of the recorded spectrum,
revealing the Lamb dip of the A2 component of the
transition. The observed linewidth of 4.3 MHz (full-width
at half-maximum) is mainly due to the OPO linewidth and
due to power broadening, which results from the high
intensity used in the experiment (~ 10 times the saturation
intensity). In addition to direct recording of the subDoppler spectrum, we used wavelength modulation
spectroscopy with 3f detection. The frequency of the
wavelength modulation was 1249 Hz, and it was done by
dithering the OPO cavity length using PZT2. The
modulation depth was ~2.5 MHz peak-to-peak. The third
harmonic of the lock-in detected Lamb dip is shown in Fig.
3b. The time constant of the lock-in amplifier was 1 ms (24
dB) and the scan speed over the Lamb dip was 440 MHz/s.
Transmission

0.975

referenced to a microwave frequency standard, a phasecoherent link between the mid-infrared and the microwaves
is established as well.
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Applications of Electrodeless Discharge Rb Vapor
Lamp for frequency stabilization of 1529 nm laser
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Optical-optical double-resonance (OODR) Spectra for the 52P1/2
–62S1/2 and the 52P3/2 –42D3/2,5/2 transition of 87Rb have been used
for frequency stabilization in near-infrared region for many
years. Though the method works well, it calls for locked 780nm
lasers to pump Rb atoms into 52P3/2. We are trying to use an
electrodeless discharge Rb vapor lamp to replace the complex
locked pumping laser. The lamp’s spectra show us that there are
two spectral signals, 780nm and 795nm, are much larger than
others. We are trying to make 52P3/2 level populated by shining
the lamp light into a Rb vapor cell. Meantime, the lamp could
absorb 1529 nm laser most seriously when operating in red
mode. The absorption signal with high SNR but with several
hundred megahertz line-width is hopefully to be used to lock the
1529 nm laser directly without 780 nm laser. The advantage of
the lamp used in the frequency stabilized system is to reduce the
size and cost of 1.5 μm wavelength standard for optical
communication application.

I.

nm laser could be used to stabilize the frequency of 1529 nm
laser, which can be used as a wavelength standard for optical
communication.

Near-infrared region spectra (780 nm-1550 nm) of the
lamp are measured when the lamp is working in red mode.
The optical power of one side of the lamp has been measured
by a pyroelectric power meter as 46 mW. The spectra of 52S1/2
−52P3/2 and 52S1/2 −52P1/2 transitions are much stronger than
that between higher excited states. The results show that there
are much more atoms in the first excited states than that in the
higher ones[8].

INTRODUCTION

TABLE I.

Frequency stabilized 1.5 μm laser is a necessary
wavelength standard in optical communication [1-2]. Nowadays
the frequency of 1.5 μm laser source can be stabilized by
using saturated absorption spectroscopy of molecule[3-4] and
double resonance spectroscopy[5-6]. The transition wavelengths
between 52P3/2 –42D3/2, 5/2 of rubidium atoms are 1529 nm. For
5P3/2 and 5P1/2 are the first excited states, double resonance
optical pumping (DROP) and optical-optical double resonance
(OODR)[7] are two useful ways to make these states populated.
These methods work well, however they call for complex and
expensive frequency stabilized 780 nm lasers.
We are trying to use an electrodeless discharge Rb vapor
lamp in DROP and OODR methods to simplify the complex
1529 nm frequency locking system. The lamp’s spectra show
us that there are two spectra signal, 780nm and 795nm, are
much larger than others[8]. So we consider that the lamp could
replace the pumping laser in DROP system. Besides, for the
lamp is pumped by radio frequency source, almost all the
excited states of Rb atom are populated with different
populations. So the lamp can absorb 1529 nm laser directly
without 780 nm pumping laser. The absorption signal of 1529

PARAMETERS OF THE RUBIDIUM VAPOR LAMP

Parameters

Vapor Cell in the Lamp

Shape

Cylindrical

Diameter

3 cm

Length

3 cm

Filling

Nature Rb, 2 torr Xe

Rf signal frequency

178 MHz

Max temperature

200 ℃

III.

EXPERIMENTS, RESULTS AND DISCUSSION

Firstly our experimental scheme for investigation is shown
in Fig. 1. A low pass filter was used in front of the lamp trying
to prevent atoms to be pumped into higher excited states.
However, no obvious change of 1529 nm absorption signal
was observed. The cylindrical shape of the bulb perhaps
caused low pumping efficiency for the atoms on the path of
light.

Project supported by National Natural Science Foundation of China (Grant
No 10874009 and No 11074011)

978-1-61284-110-6/11/$26.00 ©2011 IEEE

ELECTRODELESS DISCHARGE RB VAPOR LAMP

II.

The Rb vapor cell in our lamp is a cylindrical glass cell
winded with copper wire and can output light from the both
(ends) sides of it. Details of the bulb are listed in Table 1.
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In order to improve the pumping efficiency, the
experimental scheme is changed as shown in Fig 2. Laser
passed through the lamp and the nature Rb vapor cell orderly
to let atoms on the light pass to touch lamp light closely.
Besides, we could compare the result induced by the lamp
with the traditional DROP spectra.
Laser at 780 nm is locked on the 52S1/2 (F=2)–52P3/2 (F’=3)
transition in an 87Rb D2 line. Transmitted signal of 780 nm is
detected when the frequency of 1529 nm laser is scanned. As
shown in Fig 3, red line corresponds to the transmission signal
of 780 nm laser obtained when the lamp is absence, and the
blue line is measured when the lamp is working in ring mode.
Actually, the traditional DROP spectra of the transition 52P3/2
(F=2)-42D3/2(F’=2, 3) have 2 transition signals, and that of
52P3/2(F=2)-42D5/2(F’=2, 3, 4) have 3 signals. The red line here
fails to distinguish the hyperfine transition signals apart
partially due to the copropagating beams of the two lasers.
Thought the signal obtained corresponds to which transition is
still not clear, due to the lamp, the magnitude of DROP signal
is increased by 4 times with a line-width which doesn’t
changed so much. When the radio frequency source power
supplied to the lamp is turned low and let the lamp operates in
red mode, the transmitted signal of 780 nm laser disappears
but the absorption signal of 1529 nm laser reaches the
maximum value. In red mode, the first excited state of Rb in
the lamp can gather most atoms and then make serious
absorption of 1529 nm laser[9]. So the laser pass through the
nature Rb vapor is too low to induce obvious DROP process.
Until now, we are not very clear to what degree that the vapor
is pumped by the lamp. More experiment should be done to
research the underlying phenomenon.
On the other hand, since the lamp in red mode could
generate an absorption signal of 1529 nm laser with big
magnitude and big signal-to-noise ratio (Absorption process
corresponds to transitions between higher excited state is
generally weak, because that the intermediate state is not
easily populated[7]), the lamp is useful to be used to lock the
1529 nm laser by the absorption signal directly. However,
because of the buffer gas in the lamp, the hyperfine structures
in the absorption signal are mixed together, and then induce
the line-width of the signal widen to several hundred

Fig 2. BS is beam-splitter mirror; PBS is polarized beam-splitter
mirror; Dichroic mirror: reflection at 1529 nm, transmission at 780 nm;
Filter is a high-pass mirror which cutoff frequency is 800 nm; PD1 and
PD2 are Si photodiodes; PD3 is photo-detector, Thorlabs.Inc, PDA10A. At
point A, the power of 1529 nm laser is 7.76 mW and, 780 nm, 1.7 mW.

Fig 3. Detected transmitted signal of 780 nm laser

megahertz. The final stability of the laser depends on the
balance of SNR and line-width. So the lamp is still hopefully
can be used to reduce the size and cost of the stabilized 1.5 μm
laser source for optical communication.
IV.

Fig 1. Experimental scheme for the first time. M1 and M2 are two
reflection mirrors for 1.5 μm region. PD1 and PD2 are two Ge
photodiodes, and PD1 obtains SAS signal, PD2 gets Doppler background
signal. The filter plate lets only 780 nm region light pass.

CONCLUSION

We explored the potential applications of electrodeless
discharged Rb vapor lamp in simplifying the frequency
locking system for 1529 nm laser. Firstly, we checked the
possibility of the lamp to replace the frequency stabilized 780
nm pumping laser, and there are still a lot of research we
should do in the future. Moreover, we presented the possibility
of locking the 1529 nm laser on the lamp simply by detect the
absorption signal which passed through the lamp. Without the
complex frequency locking 780 nm laser, the Rb vapor lamp
could reduce the size and cost of a frequency stabilized 1529
nm laser as wavelength standard for optical communication
application.
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Use of AOM-RN as a Phase Modulator in FM Sideband Heterodyne Technique
in the Atomic Frequency Standards
Viacheslav Baryshev, Viacheslav Epikhin, Sergey Slyusarev
FGUP VNIIFTRI, Moscow Region , Mendeleevo, Russian Federation
E-mail: baryshev@vniiftri.ru
signals by varying the local oscillator frequency in a few
tens of kHz range with corresponding shift of the
saturated absorption error signal lock point in a few MHz
range. Next, driving AOM-RN local oscillator signal
power that is necessary to ensure a few-percent ratio of
powers of each ±1st diffraction order sidebands to the
carrier power did not exceed 100 mW. Actually, the
existing EOMs do not produce a pure FM spectrum.
Hence, one has to control the polarization of the input and
output beams to remove the residual amplitude noise.
When using AOM-RN, such control is not required, and
the experimental setup is simplified. Also, the accurate
spatial adjustment of AOM-RN is not required since, for
sufficiently short acousto-optical interaction length, the
Raman-Nath diffraction takes place at any incidence
angle of the light on the acoustic beam. That
distinguishes the Raman-Nath diffraction from Bragg
diffraction which happens and is optimized at certain
incidence angle satisfying Bragg condition.
FM spectroscopy in that sense as it was introduced by
Bjorklund [1], when the AOM-RN modulation frequency
is larger than the linewidth of the investigated transitions,
enabled to get the error signals corresponding to the
narrow coherent population trapping (CPT) resonances
[5, 6]. It has been experimentally demonstrated [7, 8] in
Cs vapor that the detection of sub-natural magnetooptical resonances in the Hanle configuration by means
of FM spectroscopy with AOM-RN as an external phase
modulator is possible. The electromagnetically induced
absorption (EIA) error signal superimposed on the
saturated absorption error signal becomes apparent when
the last one corresponds to the dispersion component of

Abstract – AOM-RN, an acousto-optic modulator designed
to operate in the pure Raman-Nath diffraction regime, was
applied as an optical phase modulator in FM spectroscopy
of saturated absorption resonances, coherent population
trapping
resonances,
sub-natural
magneto-optical
resonances in Cs vapor, i.e. such kind of optical resonances
which are currently employed as the frequency references in
metrology of the microwave and optical frequency
standards and in magnetometry. We show experimentally
that the spatial divergence of the AOM-RN frequency
modulated output spectrum, the only seeming disadvantage
of AOM-RN, is not an obstacle, as well, to obtain the error
signals by means of Pound-Drever-Hall heterodyne
technique with the use of high-finesse (up to tens of
thousands) Fabry-Perot cavities as the frequency
discriminators.

I. INTRODUCTION
It has been shown in [1, 2] for the first time that
phase-sensitive detection of the sub-Doppler saturated
absorption resonances within D2 line of Cs atom can be
carried out by means of the conventional FM sideband
heterodyne spectroscopy [3, 4] with an acousto-optic
modulator operating in the Raman-Nath diffraction
regime as an external phase modulator. This technique
has been used to obtain the error signals for wide
bandwidth, high-speed servo-loop for frequency control
of the external cavity diode lasers (ECDLs), as well.
Then, it has been reported in [5] on the production of
AOM-RN (see fig. 1), a compact acousto-optic modulator
operating purely in the Raman-Nath diffraction regime.
The application of AOM-RN as a phase modulator in FM
spectroscopy appeared to be reasonable, since in the case
of weak AOM excitation, due to the phase modulation, its
output spectrum consists of a strong carrier and two weak
sidebands corresponding to the ±1st diffraction orders. It
has been confirmed that FM spectroscopy with the use of
AOM-RN is capable of measuring both the absorption
and dispersion associated with the spectral features.
It has been shown in [5] that AOM-RN as an external
phase modulator in FM spectroscopy has some features
advantageous in comparison with the electro-optic
modulators (EOMs) which are conventionally used for
the same purposes. The important advantage is the
possibility of obtaining error signal with a desired slope
sign of its linear central part in a wide frequency range,
which is easily achieved by varying the frequency of the
amplified local oscillator signal without changing its
power. This feature of AOM-RN has been utilized in a
fast and wideband (about 10 MHz) ECDL locking
system, developed for using in Cs fountain frequency
standard at VNIIFTRI. It provides on-line tuning the
ECDL frequency and optimization of the detection
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Fig. 1. Photographs of the “ISOMET” 1205-C2 AOM and couple of the
“VNIIFTRI” AOM - RN.
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the photo-detector beat signal formed by the frequency
modulated probe radiation.
A closely related to the FM spectroscopy method the
Pound-Drever-Hall method [9] is a most powerful
technique for frequency stabilization of the existing
lasers. Pound-Drever-Hall method introduced in practice
a highly effective optical frequency discriminator: FabryPerot interferometer and based on that laser stabilization
scheme. In our work, the Pound-Drever-Hall method with
AOM-RN as an optical phase modulator has been used
for frequency stabilization of the diode lasers. The only
seeming disadvantage of AOM-RN is the spatial
divergence of its frequency modulated output spectrum.
In this paper, we will show experimentally that this
divergence, as in the case of saturated absorption
spectroscopy in the atomic vapor, is not an obstacle to
obtain the error signals by means of FM sideband
heterodyne technique with the use of high-finesse (up to
tens of thousands) Fabry-Perot cavities as frequency
discriminators.
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II. EXPERIMENTAL SETUP AND RESULTS
The experimental setup which has been used for
obtaining the error signals via Pound-Drever-Hall method
is shown in Fig. 2. Developed and designed in VNIIFTRI
AOM-RN provides fm spectrum of a single-mode ECDL
radiation at λ=689 nm. This modulator has a center
working frequency of 30 MHz and a modulation
bandwidth of 20 MHz. Its acousto-optic interaction
length is 2 mm. AOM-RN frequency modulated output
spectrum consists of a strong carrier at frequency ωECDL
and two weak sidebands at ωECDL± Ω corresponding to
the ±1st diffraction orders. Ω is the AOM-RN modulation
frequency. The laser radiation at λ=689 nm is used in the
87
88
second stage cooling of Sr , Sr atoms in the Sr atom
optical lattice clock developed, at present, in VNIIFTRI.
The second stage laser cooling of Sr atom in a optical
lattice on 689 nm 1S0 – 3P1 transition requires an ECDL
whose short-term linewidth is comparable with the 7.5
kHz transition natural width [10]. The spectrum width of
the ECDL can be first narrowed by locking the laser to a
stable optical cavity via the Pound-Drever-Hall
technique. To ensure long-term stability, the ECDL
should be next locked to the 1S0 – 3P1 resonance via
saturated absorption spectroscopy. Again, this can be
done by means of FM spectroscopy of saturated
absorption resonances in the Sr atomic beam with the
same AOM-RN as a phase modulator.
So, AOM-RN frequency modulated output spectrum
consists of a strong carrier at frequency ωECDL and two
weak sidebands at ωECDL± Ω corresponding to the ±1st
diffraction orders. Lenses L1 and L2 form a telescope
system with AOM-RN in between. The Fabry-Perot input
radiation represents three collimated and parallel light
beams with size of 2 mm in the plane where all three
beams lie. First, we used “Thorlabs” model SA200-5B
confocal Fabry-Perot cavity with finesse about 200 and
FSR=1.5 GHz. The total incident radiation power was
1.25mW. The zero background level error signal (curve
1) and FP-cavity transmission (curve 2) signals recorded

λ/2

L1
M

Fig. 2. The experimental setup. ECDL – external cavity diode laser; L
– lens; M – mirror; LPF – low-pass filter; PZT – piezo-electric
transducer; PBS – polarizing beam splitter; λ/2 and λ/4 – halve and
quarter waveplates; PD – photo-detector.

20.25 MHz

0
1
2

FP-cavity transmission signal, 200 mV/div.

Error signal, 50 mV/div.

simultaneously are shown in fig. 3. The AOM-RN
modulation frequency was Ω = 20.25 MHz. The same
signals are given in fig. 4 at Ω = 47.09 MHz. At
continuous varying of the local oscillator output
frequency Ω from 20 to 50 MHz, the error signal slope
periodically changes its sign several times, as it can be
seen in fig. 3 and 4.

0
Optical frequency,

ECDL

Fig. 3. The error (curve 1) and SA200-5B confocal Fabry-Perot cavity
transmission (curve 2) signals recorded simultaneously. Ω=20..25 MHz.
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Optical frequency,

ECDL

ULE-cavity transmission signal, 5 mV/div.

0

FP-cavity transmission signal, 200 mV/div.

47.09 MHz

ECDL

Fig. 4. The error (curve 1) and SA200-5B confocal Fabry-Perot cavity
transmission (curve 2) signals recorded simultaneously. Ω=47.09 MHz.

Fig. 6. The error (curve 1) and ULE-cavity transmission (curve 2)
signals recorded simultaneously. Ω=19.99 MHz.

Since the photo-detector beat signal amplitude is
proportional to the geometrical mean of the carrier
intensity Pc and the intensity of some sideband Ps, the
optimizing of the error signal and increase of its slope can
be provided by varying the power of the driving AOMRN local oscillator signal. Taking into account only
sidebands of the ±1st diffraction orders, i.e. when the
total laser power is P0 = Pc+2 Ps, then the value (Pc Ps)1/2
is maximum for Ps / Pc = 1/2 and Ps = 1/4 P0. Such a ratio
of the power deflected into first diffraction order and
carrier power several times larger than that ratio of a few
percent which is sufficient to conduct the saturated
absorption spectroscopy. However, it is not critical for
operation AOM-RN in the Raman-Nath diffraction
regime.

In the same experimental arrangement, the ultra-low
expansion (ULE) Fabry-Perot cavity with finesse about
60000 and FSR=1.92 GHz has been used as a frequency
discriminator. A part of collimated AOM-RN output
consisted, as before, of a carrier and two sidebands was
fed via polarization maintaining fiber to the ULE-cavity
as it is shown in fig. 5. The AOM-RN modulation
frequency was Ω= 19.99 MHz. The total radiation power
at the fiber output was P=0.34 mW. Three dispersion-like
error signals can be observed on curve 1 in fig. 6 when
the ECDL frequency ωECDL is scanned. Each of them
arises when the frequencies of the upper, carrier and
lower sidebands match consecutively the ULE-cavity
resonance frequency.
III. CONCLUSION
AOM-RN, an acousto-optic modulator designed to
operate in the pure Raman-Nath diffraction regime, was
applied as an optical phase modulator in FM
spectroscopy of saturated absorption resonances, coherent
population trapping resonances, sub-natural magnetooptical resonances in Cs vapor, i.e. such kind of optical
resonances, which are currently employed as the
frequency references in metrology of the microwave and
optical frequency standards. We showed experimentally
that the spatial divergence of the AOM-RN frequency
modulated output spectrum, the only seeming
disadvantage of AOM-RN, is not an obstacle, as well, to
obtain the error signals by means of Pound-Drever-Hall
heterodyne technique with the use of high-finesse (up to
tens of thousands) Fabry-Perot cavities as the frequency
discriminators.
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Abstract—Based on an extended-cavity diode laser locked to a
high-finesse ultra-low thermal expansion Fabry-Perot cavity
using the Pound-Drever-Hall (PDH) technique, we are
developing an ultra-stable laser at 1.55 μm for the generation of
low phase noise microwave. Our target short-term frequency
instability is 10-15 at 1 s. The horizontally-mounted cavity has a
resonance width of 8.1 kHz, experimentally determined from the
cavity ring-down time. The analysis of the in-loop error signal of
the laser stabilization to the cavity shows that the residual servo
loop noise contributes only <10-15 (@ 1 s) to the laser instability
and no additional contribution to the laser linewidth is induced
by the PDH stabilization. Consequently, the laser linewidth will
be ultimately limited by the cavity noise only. The cavity will be
stabilized at its zero coefficient of thermal expansion
temperature, which has been experimentally determined to be
22.6°C.

I.

II.

CAVITY-STABILIZED LASER

A. Laser Frequency Noise
Our 1.55-µm extended cavity diode laser (ECDL) is
stabilized to a 10-cm long, horizontally-mounted ULE cavity
by the PDH stabilization technique [1]. The frequency noise
properties of the free-running ECDL were first analyzed using
a scanning Fabry-Perot interferometer with a resonance width
of ~2 MHz. In order to use the linear side of the Fabry-Perot
resonance as an optical frequency discriminator, the cavity
was weakly locked to the laser by a side-of-fringe stabilization
technique with a low servo-loop bandwidth of ~2 Hz.

INTRODUCTION

In the development of an all-optical microwave oscillator
based on an optical frequency comb (OFC), the transfer of the
relative stability of an ultra-stable laser to a microwave signal
is studied. The most critical component in this scheme is the
ultra-low thermal expansion (ULE) reference cavity used for
laser stabilization. Our target relative frequency stability in the
low 10-15 at 1 s requires the same challenging stability in the
cavity length, which must be made as little sensitive as
possible to any external perturbation, such as temperature,
pressure or vibration. We have designed and manufactured a
2-layer enclosure to hold the ULE cavity and minimize its
temperature sensitivity. This enclosure, made of an internal
copper "cradle" and an external aluminum thermal screen with
gold-coated surfaces, placed in a vacuum chamber, aims at
simultaneously achieving a high temperature stability (by
efficiently attenuating external temperature fluctuations) and a
high temperature homogeneity of the cavity. However, a much
simpler 1-layer prototype enclosure made of an uncoated
aluminum cradle without any temperature stabilization and
little long-term temperature fluctuations filtering has been
used so far to hold the cavity. Laser stabilization to a cavity
resonance has been implemented and studied using this
prototype enclosure.

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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Figure 1. Frequency noise spectrum of the ECDL (free-running
and locked to the ULE cavity). The free-running laser was measured
using the resonance of a scanning Fabry-Perot interferometer as a
frequency discriminator. Below 2 Hz, the measured frequency noise
is reduced by the weak lock of the cavity to the laser. The noise of
the locked laser is determined from the in-loop error signal. The βseparation line that is relevant for the determination of the laser
linewidth [2] is also shown.

Figure 2. Linewidth of the free-running ECDL calculated from the
frequency noise spectrum [2] as a function of the observation time.

The measured frequency noise power spectra density
(PSD) of the free-running laser shows a general 1/f α trend
between 1 Hz and 100 kHz (Fig. 1), with α ≈ 1.8. Additional
noise observed in some spectral regions (e.g. the bump in the
range 102-104 Hz) is of technical origin, mainly due to
mechanical noise in the laser external cavity. The laser
linewidth ∆ν (FWHM) can be determined from the frequency
noise spectrum according to ∆ν = [8ln(2)A]1/2 [2], where the
surface A shown in Fig. 1 corresponds to the frequency noise
PSD Sδν(f) integrated over all spectral components for which
the frequency noise exceeds the β-separation line given by
Sδν(f) = (8ln(2)/π2)·f. Due to the 1/f α type of noise, the
linewidth of the free-running ECDL depends on the
observation time (inverse of the low cut-off frequency
considered in the frequency noise spectrum integration). The
evolution of the laser linewidth as a function of the cut-off
frequency is shown in Fig. 2.
Due to our lack of a suitable optical reference (e.g. another
similar cavity or a second independent ultra-narrow linewidth
laser) to quantify the frequency noise of the laser stabilized to
the ULE cavity, only the in-loop error signal was considered
to assess the performances of the stabilization loop. Absolute
frequency noise of the laser (and true laser linewidth) can thus
not be inferred from the analysis of this signal. However,
Fig. 1 shows that the residual noise of the in-loop error signal
lies well below the β-separation line in the entire analyzed
frequency range. This means that the residual servo loop noise
contributes only <10-15 (@ 1 s) to the laser instability and no
additional contribution to the laser linewidth is induced by the
PDH stabilization. With a servo loop bandwidth of ~1 MHz,
the laser thus faithfully follows the cavity and the laser
frequency noise (and linewidth) will be ultimately limited by
the cavity noise only.

Figure 3. Cavity lifetime determined by a ring-down time
measurement. A decay time of 19.6 µs is obtained from the
exponential fit.

data by an exponential decay function gave a cavity decay
time of τ = 19.6 µs, corresponding to a resonance width
(FWHM) of 8.1 kHz. For the 1.5-GHz free spectral range of
the cavity, this translates into a finesse of about 185’000.
III.

CAVITY THERMAL EXPANSION

Length fluctuations of the Fabry-Perot cavity directly
translate into frequency fluctuations of the laser, which tracks
any change of the cavity resonance frequency. The use of
ultra-low thermal expansion material allows to minimize
cavity length fluctuations due to temperature variations. The
temperature of the zero coefficient of thermal expansion
(CTE) of the cavity (or cavity turning point) has been
determined by measuring the tuning curve of the resonance
frequency as a function of temperature. The resonance
frequency was determined from the beat note between the
ECDL locked to the ULE cavity and a fully stabilized OFC.
The cavity temperature has been changed by heating or
cooling the baseplate of the vacuum chamber using heaters or
a set of 8 Peltier elements (for cooling). As the cavity
temperature cannot be directly measured, it must be
determined from the temperature measured on the surrounding
aluminum cradle. The cavity temperature (TULE) is related to
the cradle temperature (Tcradle) through the time constant τ of
the heat flow between cavity and cradle:

B. Cavity Ring-Down Measurement
One of the important parameters characterizing the cavity
is the finesse. The width of a cavity resonance has been
determined experimentally from a ring-down time
measurement. For this purpose, the laser was locked to a
cavity resonance and the light transmitted through the cavity
was monitored on a photodiode. Following a sudden laser
switch off, the time decay of the photodiode signal was
recorded on an oscilloscope (Fig. 3). Fitting the experimental
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Figure 4. Determination of the cavity turning point from the beat
frequency between the ultra-stable laser locked to the ULE cavity
and a fully stabilized frequency comb (referenced to a H-maser)
measured as a function of the cavity temperature.

=
TULE (t ) T cradle (0)e

1
− t

τ

+

1

t

1
− ( t −ξ )

eτ
τ∫
0

constant of 77’000 s has been achieved with a simple cavity
enclosure.

Tcradle (ξ )d ξ . (1)

The time constant is unknown, but it can be determined if
simultaneous measurements of the beat frequency and cradle
temperature are performed once when the system is cooled
and then when it is heated. Calculating the cavity temperature
from (1) for both measurements, the time constant can be
determined from the closest overlap between the heating and
cooling curves [3]. Then the cavity turning point can be
determined from the evolution of the beat frequency obtained
as a function of the cavity temperature (Fig. 4). The turning
point of our cavity was thus determined to be 22.6°C and the
time constant 77’000 s. This value is achieved with a simple
prototype cavity enclosure and a much higher value is
expected for the final 2-layer enclosure.
IV.

The analysis of the in-loop error signal of the laser
stabilization to the cavity shows that the residual servo loop
noise contributes only <10-15 (@ 1 s) to the laser instability
and no additional contribution to the laser linewidth is induced
by the PDH stabilization, meaning that the laser linewidth will
be ultimately limited by the cavity noise only.
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A 1.55-µm ultra-stable laser has been developed by
frequency-stabilization to a high-finesse ULE cavity. The
horizontally-mounted cavity has a resonance width of 8.1 kHz,
measured from the cavity ring-down time. The cavity zero
CTE temperature has been determined to be 22.6°C,
temperature at which the cavity will be stabilized when
mounted in its designed 2-layer enclosure. A cavity time
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Abstract—We have demonstrated optical phase recovery from a
Pulse-Position Modulated (PPM) laser beam. Our goal is to
develop and validate a laser communication and ranging method
that utilizes optical coherence within the well-established scheme
of PPM with photon-counting detection. Recovery of the carrier
phase within optical PPM signals will enable precision Doppler
tracking and ranging at optical wavelengths, benefitting
spacecraft navigation and scientific measurements based on the
propagation of light signals. It also has direct implications for
ideal quantum-limited optical communication receivers.

I.

INTRODUCTION

Free-space optical communication is projected for future
space missions requiring high data-rates and/or high
efficiency. The high energy of optical photons allows
detection of individual photons; thus photon-counting
techniques can be employed to overcome thermal noise in
detection electronics, leading to shot-noise limited
performance [1]. For communication in deep space, current
paradigms employ Pulse-Position Modulation (PPM) [2]. In
this scheme, the light is transmitted and detected as a single
laser pulse within a symbol comprised of multiple time slots.
It utilizes pulses that are of uniform height and width but
displaced in time from some reference position based on the
amplitude of the input signal at the instant of sampling. PPM
offers higher noise immunity than pulse amplitude
modulation (PAM) and pulse duration modulation (PDM)
because the receiver simply detects the presence of a pulse
within a given time slot, while the exact duration and
amplitude of the pulse are not specifically important.
The PPM approach is known for efficient data
transmission, but generally it is not considered useful for
precision Doppler tracking or ranging, as the phase of the
laser light is not utilized by the direct detection scheme. It
may seem that the irregular modulation of the laser intensity
and the photon-counting detection could corrupt the carrier
phase information, thereby squandering the coherent nature
of the laser source. In this paper we show that the phase
information is indeed preserved, and furthermore, we have
demonstrated optical phase locking with a PPM laser signal.

In this effort we built upon our earlier work including
calculations and experiments designed to establish the
feasibility of a deep space coherent optical transponder based
on an optical phase lock loop (PLL). We modeled, developed
and tested optical PLL’s that operate at power levels as low
as 40 femto–Watts [3]. Having demonstrated such excellent
performance, a PLL–based optical transponder is a highly
attractive prospect for deep space tracking with the inherent
capability to outperform any microwave transponder [4].
Here we describe our investigation of carrier phase
recovery in a PPM signal, with the goal of developing a
hybrid laser communication and ranging scheme that utilizes
optical coherence within the well-established PPM paradigm.
We discuss our analyses in both frequency and time domains.
We first developed code to generate pseudo-random PPM
signals and model the spectrum via FFT analysis. We then
measured spectra of PPM signals, and recovered the phase of
a modulated radio frequency (RF) carrier. Lastly, we
demonstrated optical phase locking in the presence of PPM.

Jet Propulsion Laboratory, California Institute of Technology under
contract with the National Aeronautics and Space Administration
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Figure 1. Top shows a sample of a code-generated PPM sequence with
9 symbols labeled below. Each symbol in this sample has 10 slots with
the first empty to serve as an inter-symbol guard time reference. Below is
s a scope trace of a single pulse from the signal generator.

Figure 4. The measured power spectrum for a 5-slot PPM signal.
Labeled is a large peak offset by 10 MHz corresponding to the pulse
width of 100 ns. Also noted is the 2 MHz separation between peaks
corresponding to the 500 ns symbol length. These peaks rise above a
continuum in the frequency spectrum. The spectrum of a periodic pulse
train is shown in light red, exhibiting the sinc-envelope.

Figure 2. The plot shows the calculated FFT showing the spectrum of
a 5-slot PPM with each pulse filling 90% of the slot width. For
reference, in red is the FFT of a periodic train of square pulses, a pulse
appearing in the same slot for every symbol. Note the apparent sincenvelope and corresponding 2 MHz and 10 MHz features corresponding
to the 500 ns symbol length, and pulse width of 100 ns.

II.

PPM SPECTRAL ANALYSIS

We developed code to generate pseudo-random PPM data
sequences for (1) numerical modeling of the PPM power
spectrum, as well as (2) carrying out empirical spectral density
measurements and (3) testing our carrier phase recovery
techniques. The code enables adjustment of PPM parameters
including total number of symbols, slots per symbol, slot-with,
pulse height, pulse duration, resolution, rise-time, and
reference slot position. The first slot of each symbol remains
empty to serve as a reference, a standard “inter-symbol guard
time” technique in PPM communication used to synchronize
the receiver clock [5]. We generate randomly positioned
pulses that fit within the PPM structure established by the
code’s input parameters (Fig. 1). These pseudo-random PPM

sequences can then be uploaded to a signal generator for our
laboratory tests, and/or analyzed with discrete Fourier
transformation to calculate the frequency spectrum (Fig. 2).
We can also tune the code to generate periodic pulse trains for
comparison, and verify the validity of our simulations and
experimental measurements.
To begin our investigation of PPM signals in the
frequency domain, we measured the power spectral density of
a PPM laser beam (Fig. 3). The RF spectrum was acquired by
beating the PPM signal with a frequency-shifted carrier on a
fast photo-detector and measuring with an RF spectrum
analyzer. We directed a tunable 1550 nm DFB fiber laser
through an acousto-optic modulator (AOM)). The frequencyshifted light was used as a reference, and the zero-order beam
was intensity modulated by a Mach-Zehnder electro-optic
modulator (EOM).
An arbitrary waveform generator, loaded with our
pseudo-random PPM waveforms, controlled the modulation of
the signal beam through the EOM. The EOM voltage bias was
set to achieve the maximum extinction ratio for the pulsed
signal. We directed this modulated optical signal through a
fiber splitter/combiner, where it was mixed with the first-order
shifted beam (110 MHz). We monitored the resulting power
with a fast photo-detector, and analyzed the signal with a highresolution RF spectrum analyzer. Two examples of measured
power spectra are shown in Fig. 4, modulated by PPM and
also a periodic pulse train for reference.
III.

Figure 3. Diagram of the experimental set-up used to acquire the PPM
signal’s power spectrum. The spectrum is centered at 110 MHz, which is
the RF driving the AOM shift. The fiber splitter’s second channel can be
utilized for real-time measurements as described in the next section.

RF CARRIER PHASE RECOVERY

While a time-averaged frequency spectrum in the
previous section exhibits mostly a continuum, underneath
each pulse there exists optical carrier with instantaneous
phase. Each pulse carries phase information that can be
monitored and “stored” until the next pulse arrives. We
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Figure 5. Diagram of the RF-based experiment designed to recover phase in a PPM signal. The mixed detection signal is integrated and amplified.
We incremented the phase shift and measured the output voltage, recovering the expected sinusoidal behavior shown in the plot on the right.

accomplished this recovery by mixing the PPM signal with a
reference carrier and integrating the resulting beat note. By
choosing an appropriate time constant for the integration, the
accumulated phase information can be acquired despite long
“dark” times between pulses with low duty cycle.
To first demonstrate proof-of-principle for this approach,
we operated in the RF domain with a 30 MHz carrier
modulated by a slow PPM sequence. Fig. 5 illustrates this setup. The PPM signal was mixed with the RF source reference,

which could be phase-shifted through 2π radians. The
resulting beat note was integrated and amplified to yield a
voltage proportional to the average phase of the 30 MHz
carrier. We were able to recover the phase of the pulsed
signal, as shown in the plot on the right of Fig. 5. The same
phase recovery procedure could be extended to optical
carriers and higher frequency PPM as long as the bandwidth
of the integrator is tuned accordingly.
IV.

Figure 6. Diagram of the optical phase lock with PPM. Both the
amplitude modulation (AM) and frequency modulation (FM) were
accomplished with a voltage-controlled oscillator (VCO) driving an
AOM, imparting the PPM signal on the optical beam.

OPTICAL PHASE LOCK WITH PPM

To demonstrate phase recovery in the optical domain, we
phase-locked two lasers while one beam was modulated with
a pseudo-random PPM code. We used a single AOM to
amplitude modulate (AM) the first-order diffracted beam with
the PPM waveform. A voltage-controlled oscillator (VCO)
provided both amplitude modulation and frequency
modulation (FM). In this way, we could feed back the
frequency error signal to the PPM beam in order to phase
lock it to the reference beam, a second free running fiber laser
(Laser 1 shown in the set-up in Fig. 6). This approach is
effectively the same as AM on one path while frequency
tracking with the second. The two beams were combined in a
fiber optic splitter and the beat note was measured on a fast
photodiode. The resulting signal was monitored on a RF
spectrum analyzer (Fig. 7). Most of the signal passed through
a 100 MHz bandpass filter, and fed into an RF mixer, where
it was mixed with a local oscillator (LO) of 100 MHz. This
error signal was monitored on an oscilloscope and sent to the
PLL. The PLL feedback controlled the FM of the VCO and
served to phase lock the two laser signals. In this
demonstration, we used a 500 ns symbol length containing
five slots with 100 ns widths. This PLL set-up achieves
optical phase locking between the two laser beams in the
presence of a low-duty cycle PPM signal, thus demonstrating
the preservation of optical carrier phase within a pseudorandomly modulated signal.
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tracked and recovered by implementing a phase lock between
two laser sources, one of which was modulated with pseudorandom PPM. Future efforts will investigate these methods
with photon-counting detection. We will also explore the
lower limits of laser power with low duty cycles, in
connection with our earlier optical transponder work
demonstrating a phase lock at pico- and femto-Watt average
power levels [3].
Both PPM and photon-counting are established
techniques considered for optical communications in deep
space [1], and carrier phase information is essential for submillimeter ranging measurements such as in a coherent
optical link. When this phase is recovered, Doppler and range
information become available for tracking similar to the
current schemes with microwave signals, except with
increased resolution due to the smaller wavelength of optical
signals [4]. Micron-level range resolutions are readily
achievable with a coherent optical link, which opens up new
opportunities for performing scientific investigations based
on the propagation of light signals. It also has direct
implications for quantum-limited optical communication
receivers.
ACKNOWLEDGMENTS
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Figure 7. The measured power spectrum of a phase-locked PPM
signal. The 500 ns symbol length is reflected in the 2 MHz spacing of
sideband peaks (above). The zoomed-in spectrum (below) shows the
phase locked laser linewidth less than 1 kHz.
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Abstract—Highly stabilized lasers are an increasingly valuable
tool for metrology. For many applications, however, existing
Fabry Pérot systems are too bulky and cumbersome. We are
investigating the use of miniature monolithic whispering gallery
mode resonators as reference cavities for laser stabilization. We
seek to exploit the benefit of small size and vibration resistance by
suppressing thermally induced frequency fluctuations. We have
theoretically investigated the viability of using a thin-film coating
to achieve temperature compensation. We have experimentally
investigated an active temperature stabilization scheme based on
birefringence in a crystalline resonator. We also report progress
of laser locking to the resonators.

I. I NTRODUCTION
Optical atomic clocks have attracted widespread interest
due to their high stability and accuracy. These systems are
facilitated by advances in laser technologies that enable optical trapping, cooling, and octave-spanning frequency combs,
which provide a link from optical to microwave frequencies
(see, e.g., [1]).
Limiting the short-term stability of optical frequency standards is the local oscillator – a highly stabilized laser capable
of producing sub-hertz linewidths. Typical stabilization techniques utilize a Fabry-Pérot cavity fabricated from materials
with extremely low thermal expansion coefficients. These
cavities are further stabilized via operation under vacuum and
with extensive thermal and vibration isolation. The net result
is a large and complex local oscillator package.
Therefore, aiding the development of a portable and compact optical clock is a laser reference cavity that is both small
and highly robust to mechanical vibrations and thermal fluctuations. At first glance, whispering gallery mode resonators
(WGMRs) might not seem promising for such applications:
because the light travels completely within bulk material, they
are subject to higher levels of thermorefractive noise than is
present in conventional Fabry-Pérot cavities. Furthermore, the
most thermally stable materials, such as ultra-low expansion
(ULE) and zerodur glass, are not suitable for WGMRs due to
unacceptably high absorption at optical wavelengths. On the
other hand, if the thermorefractive noise can be suppressed,
WGMRs have potential to be high-performance cavities owing
to their extremely high quality factor (Q) over a wide range
of wavelengths, low sensitivity to mechanical noise, and small
size, which enables precise and fast temperature control.
The dominant coupling mechanisms between temperature
and resonant frequency in a WGMR are thermal expansion and
thermorefraction. In case of the former, a change in resonator
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temperature leads to a change in its size – i.e., the cavity length
– and a corresponding change in frequency. The latter refers
to a temperature dependence of the host material’s refractive
index n, and is a quantity which varies widely from material
to material. For WGMRs to be useful as reference cavities,
both effects must be highly suppressed.
II. T HERMAL C OMPENSATION
We have explored two schemes for suppression of thermally
induced frequency fluctuations: (1) a passive scheme whereby
a material with negative thermorefractive coefficient is applied as a coating to a resonator to compensate for thermal
expansion, and (2) an active scheme whereby a differential
in frequency fluctuations between differently polarized modes
in a birefringent crystalline resonator is used to stabilize its
temperature.
A. Coated WGMR simulations
Coating a whispering gallery mode resonator with a thinfilm of negative thermorefractive coefficient material could
potentially be used to suppress the effects of thermal expansion. Such a compensation scheme was proposed by Han and
Wang [2] and experimentally demonstrated by Jestin et al. [3],
albeit with a resonator demonstrating relatively low Q. In such
a heterogeneous resonator, the mode volume is shared between
two materials so that part of the mode is contained in a medium
demonstrating substantial negative thermorefraction (thermal
expansion is always positive in the relevant materials).
We have performed simulations to investigate the viability
of such a thin-film temperature compensation scheme following the procedure outlined in [2]. The method begins
with a solution to Maxwell’s equations over the geometry of
the resonator, accounting for the different refractive index of
resonator and coating (n1 and n2 , respectively). The boundary
condition demands continuity of tangential field components
at resonator-coating and coating-air interfaces of the heterogeneous structure, yielding
1 χl (z4 ) Cl ψl (z3 ) + χl (z3 )
−
=0
n2 χl (z4 ) Cl ψl (z3 ) + χl (z3 )

(1a)

where the coefficient Cl is given by
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Cl =

n2


n1 ψl (z1 )χl (z2 ) − ψl (z1 )χl (z2 )
.
n2 

ψl (z1 )ψl (z2 ) − n1 ψl (z2 )ψl (z1 )

(1b)

a=
t=
n=

(1)
a0 (1 + αl ΔT )
(2)
t0 (1 + αl ΔT )
n0 (1 + αn(i) ΔT )

able combination of geometric factors and wavelength. This
decreased improvement is due to the relatively low thermal
expansion coefficient of SiO2 : 0.55×10−6 /◦ C [2] compared
to 9.0×10−6 /◦ C for MgF2 [7].

(2)

(i)
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Fig. 1. Simulation results for an SiO2 resonator coated with CaF2 . For a
coating thickness of 1.70 µm, the frequency shift is considerably reduced.
The inset has an expanded frequency axis for this optimal thickness, showing
a turning point in thermal fluctuations.
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where αl is the linear thermal expansion coefficient, αn =
(1/ni )∂ni /∂T is the thermorefractive coefficient, i = 1, 2
for the disc and coating, respectively, and the zero subscript
indicates the initial (ΔT = 0) value.
Thus, the temperature dependence of eigenfrequencies can
be found from roots of (1a). We find these roots using a
numerical solver in MATLAB, with an initial guess provided
by asymptotic approximation. The derivatives are expanded
using standard recursion relations (e.g., [5]). Furthermore, we
make the approximation that both materials are non-magnetic
and that the refractive index of air is identically 1. The
characteristic equation has many roots for a given set of
parameters; we choose the first one – corresponding to the
“fundamental” whispering gallery mode.
First, we simulated the thermally induced frequency shift
of a fused silica (SiO2 ) resonator that has been coated with
calcium fluoride (CaF2 ). As shown in figure 1, we find that
the coating has potential to substantially reduce the frequency
shift when it is an optimal thickness. The shift is suppressed
by about two orders of magnitude over a resonator where t
varies ± 0.1 μm from this optimal value, and three orders of
magnitude over the uncoated resonator (not shown for clarity).
Furthermore, evidence of a turning point suggests the potential
for extreme stability (see inset). However, a pitfall is the high
sensitivity of the technique to coating thickness; an error of
just 50 nm results in a ten-fold increase in thermal fluctuations,
placing stringent tolerances on the fabrication process of such
a device.
The simulations suggest that careful coating of an SiO2
resonator could bring substantial stabilization. However, fused
silica is an amorphous material. A crystalline resonator would
offer several advantages, among them higher quality factor [6],
and the possibility of birefringence (the benefit of which is
described below). This motivates simulation of a crystalline
magnesium fluoride (MgF2 ) resonator coated with calcium
fluoride. Such simulations suggest that the coating provides
some improvement, though the gains are much less dramatic
than in the case of the amorphous fused silica. Temperature
induced frequency shift remains in the gigahertz per degree
Celsius range, even for a coating of 5 μm (figure 2). Additionally, there does not exist a turning point for any reason-

Shift [MHz]

Fused Silica Resonator

Frequency Shift [GHz]

The characteristic equation (1a) is derived in [4], and uses the
following notation: The Riccati-Bessel functions are defined
by ψl (z) = zjl (z) and χl (z) = znl (z), where l is the angular
mode number; jl (z) and nl (z) are spherical Bessel and Neumann functions, respectively. The arguments are z1 = n1 ka,
z2 = n2 ka, z3 = n2 k(a +t), and z4 = k(a+t), and the prime
denotes derivative with respect to the argument. Solution of
equation (1a) depends on the radius of the disc, a, the thickness
of the coating, t, and the refractive index of each material, all
of which in turn depend upon temperature via
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Fig. 2. Simulation results for a crystalline MgF2 resonator with varying
thicknesses of CaF2 coating. Though some increase in temperature stability
is predicted, the frequency shift remains monotonic and in the GHz/◦ C range.

The simulation results shown in figures 1 and 2 are performed for spherical resonators with a radius of 90 μm with
light in the mode having a free-space wavelength of about 1
μm. This corresponds to an angular mode number l in the
neighborhood of 800. While larger resonators can in principle
be treated with the same simulation, the angular number gets
very large if the 1 μm wavelength is maintained, exhausting
computational resources.
B. Active Stabilization
We have developed an active temperature stabilization
scheme that utilizes a differential in thermorefractive coefficients of the ordinary and extraordinary polarizations in
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a birefringent resonator. Since the two polarizations have
different thermal dependencies, a change in the frequency
spacing between their modes corresponds to a change in the
resonator’s temperature. By selecting a TE and TM mode that
are close together (in frequency) and measuring the difference
between them in real time, one can measure temperature
fluctuations. Feeding-back this measurement to a temperature
control mechanism on or near the WGMR constitutes closedloop temperature stabilization.
The experimental setup is as follows. Light from a fiber
laser is coupled via an angle-polished fiber into a resonator
made from magnesium fluoride. The laser frequency is swept
over a few MHz, with a center frequency such that the two
polarizations are simultaneously observable. Upon exiting the
coupler, a polarizing beam splitter separates polarizations and
each is detected with a separate photodiode (PD). Signals
from the two detectors are acquired and processed digitally so
that the frequency difference, Δf , between their peak centers
can be precisely determined. The resulting error signal is
passed through two proportional-integration stages to generate
a correction signal. For temperature control, the resonator
is placed in a house-made brass mount which contains two
resistive heating elements, one above and one below the
device, and in good thermal contact with it.
To predict the stabilization performance, we first determine
the frequency differential’s temperature dependence for a
given, typical pair of modes. Such a pair is shown in figure 3.
We make simultaneous, independent measurements of Δf
and the resonator’s temperature (with a precision thermistor)
for several values of temperature. A fit to this data yields a
value of d(Δf )/dT ≈ −90 MHz/◦ C, a very sensitive function.
Assuming we can make a shot-noise limited measurement of
the mode locations (with a linewidth of 100 kHz), we can
expect a frequency resolution of 0.1 Hz, corresponding to
nK temperature resolution. This in turn yields a projected
frequency stability of a few parts in 1014 [8].

III. WGMR AS A R EFERENCE C AVITY
The ultimate goal of this work is to lock a laser to the
temperature-stabilized WGMR. We have begun development
of the locking system. Using the Pound-Drever-Hall (PDH)
method [9], we have achieved preliminary stable locking. The
magnesium fluoride cavity demonstrated Q=1.9×109 (corresponding to F≈100,000), and is temperature stabilized by a
conventional resistive heater and foam insulation.
The experimental setup is shown in figure 4 and described
as follows. Light from a 1550 nm laser is coupled into the resonator via an angle-polished optical fiber, while a photodiode
placed near the end of the fiber collects light from a single
mode family. Our electronics employ a 1 MHz modulation
frequency, which is split into two, with one portion being
amplified and fed to an electro-optic phase modulator, while
the other portion is used to demodulate the photodiode signal
in an rf mixer. The resulting error signal (figure 5) is then
fed to proportional-integrator-differentiator stages to generate
the correction signal for the laser’s piezoelectric tuning. So
far, we have measured 3.2 kHz rms residuals over the loop
bandwidth.

Fig. 4. Schematic of the experimental setup used for locking the Koheras fiber
laser to the WGMR cavity. Locking has been achieved to an non-temperature
stabilized resonator.

Fig. 5. Oscilloscope capture showing the photodiode signal (upper trace)
and PDH error signal (lower trace). Sidebands are 1 MHz from the carrier.
Fig. 3. Frequency spacing between the ordinary and extraordinary modes is
a function of temperature and can be used for active temperature stabilization.

IV. C ONCLUSION
We have investigated temperature compensation schemes
for whispering gallery mode resonators applied as frequency
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reference cavities. Thermal compensation from a thin-film
coating of material with negative thermorefractive coefficient
is predicted to yield substantial improvements to an amorphous silica resonator, but insufficient improvement for a
crystalline MgF2 device. We note, however, that other material
combinations may facilitate successful implementation with
a crystalline resonator. A scheme utilizing the differential in
thermorefractivity of differently polarized modes in a birefringent WGMR yields temperature resolution in the nK range
and can be used for frequency stabilization. A cavity stabilized
in this way has many advantages, chief amongst them being
that it eliminates the need for thermal shielding, dramatically
reducing the size of the apparatus. Our data support potential
stabilization to a few parts in 1014 at 1 second. Furthermore,
we believe that this technique is among the best performance
of an active temperature control system operating near room
temperature, and that it will have applications beyond laser
stabilization.
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Abstract—Direct observation of phase-modulation (PM) noise is
often difficult due to the high dynamic range that exists between
the carrier and the modulated sidebands. A common tool used
to reduce the dynamic range is the phase detector, which
removes the carrier and down-converts its noise sidebands to
baseband. The double balanced mixer (DBM) is the most widely
used phase detector for high-resolution PM noise detection at
most carrier frequencies. For Fourier offset frequencies close to
the carrier, the residual flicker phase noise of the DBM is often
the limiting factor of a PM noise measurement system. Careful
evaluation of the phase detector under various operating
conditions can lead to the optimization of a PM noise
measurement system’s sensitivity. This paper describes a survey
of residual PM noise measurements for a variety of DBMs at 5
MHz. In order to attain quality measurements, careful attention
is devoted to the reduction of ground loops during PM noise
measurements. The input powers to the local oscillator (LO)
and reference frequency (RF) ports of the mixers are varied to
determine the optimal operating point of these devices.
Index Terms— Flicker noise, mixers, phase detector, phase
noise.

I.

INTRODUCTION

The measurement of close to carrier phase modulation
(PM) noise of state-of-the-art oscillators is always challenging
[1]. Quite often the residual noise of the phase detector used
in these measurements is the source of difficulty [2], in
particular, at Fourier offset frequencies below 100 Hz, where
oscillator noise has a slope of f -3 and may be lower than the
mixer noise floor, which follows a slope of f -1 [3]. The
motivation for this paper is to locate mixers that offer low
phase noise at 5 MHz for use in high resolution measurement
systems. This paper describes a survey of PM noise
measurements for 18 DBMs used as phase detectors [4, 5]. A
study of the phase sensitivity of these detectors with operating
power is also investigated. The measurement system used to
characterize the detectors is described in section II, and the
results of this survey are summarized in section III.

Figure 1. Block diagram of residual PM noise measurement system. PS:
power splitter, CPL: directional coupler, IF AMP: low noise baseband amp,
DVM: digital voltage meter, FFT: two-channel fast Fourier transform
analyzer.

II.

DESCRIPTION OF THE MEASUREMENT SYSTEM

The PM noise of the detectors for this survey is measured
by use of a 5 MHz cross-correlated homodyne measurement
system[6, 7, 8]. Fig. 1 shows a block diagram of the
measurement configuration. The signal from a 5 MHz
reference oscillator is amplified and split to drive the local
oscillator (LO) and reference frequency (RF) ports of the
detector. Variable attenuators are used to test the detectors at
different power levels. A phase shifter is used to set a 90°
quadrature condition between the LO and RF signals. In
quadrature, the common-mode phase fluctuations of the
oscillator and power amplifier cancel, and the residual noise of
the detector is measured. The switched delay line and “Noise
In” port are used to calibrate the system’s phase sensitivity.

8.5 μH

*This report summarizes the noise for various mixers by product name for
completeness of this survey. No endorsements are implied.
Work of the US government. Not subject to Copyright.

U.S. Government work not protected by U.S. copyright

Figure 2. Mixer IF Diplexer schematic.
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The detector is followed by a diplexer and a pair of
baseband intermediate frequency (IF) amplifiers [9]. The
diplexer, shown in Fig. 2, terminates and filters the highfrequency products of the mixing, while still maintaining a
high voltage-to-phase conversion at baseband. This diplexer
also allows for the baseband signals to be amplified without
saturating the IF amplifiers with the 5 MHz and 10 MHz
signals from the mixing process. The topology of the diplexer
at the output of the phase detector plays a very important role
in its performance [10, 5]. The pair of IF amplifiers is utilized
to minimize the noise contribution of the fast Fourier
transform (FFT) analyzer to the measurement.
The
uncorrelated input voltage noise of each IF amplifier is
reduced by the use of cross-correlation.
This allows
measurement of the correlated residual detector noise [7].
This noise contribution of the IF amplifiers to the
measurement is shown in Fig. 3.
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RF power = 1 dB below the RF compression point.
2. Saturated operation
LO power = Maximum mixer power 11 dBm.
RF power = LO power.
Fig. 4 shows the range of PM noise for the measured devices
on two separate plots. Due to the large number of devices
evaluated, the measured residual PM noise of the detectors is
reported at two offset frequencies; 10 Hz for specifying flicker
PM noise and 100 kHz indicating thermal PM noise. The top
and bottom plots show the 10 Hz and 100 kHz data
respectively for each detector. Each offset frequency is
displayed as a line with endpoints representing the linear and
saturated measurement values.
Often the PM noise of the phase detectors decreased
significantly when they were operated in saturated mode. As
discussed in [1, 5], this is attributed mostly to the higher
sensitivity, kd, in saturated operation. For this survey, mixers
with a nominal LO rating of +7 dBm and maximum rating of
+17 dBm are classified as low-power. Mixers with a nominal
LO power rating above +7 dBm are classified as high-power
for this study. It can be seen in Fig. 4 that the variation of
measured PM noise is greater in high-powered DBMs than for
the low-power mixers. Of the commercial detectors, the
HP10534A* has the lowest flicker and the ZAD-1H+* the
lowest white noise in linear operation. The MCL ZRPD-1+*
showed the largest improvement in its white noise between
linear and saturated operation, and has the lowest white noise
level overall. The PM noise of the best detectors surveyed in
saturated mode are presented in fig. 5. The lowest level of
flicker noise observed is in a custom mixer built and described
in the following section.
Legend
HP 10534A
MCL-ZRPD-1+
Custom Mixer

100000
-160

Figure 3 Plot shows that the PM noise of the phase detectors (Top) is higher
than the noise floor of the IF amplifiers (Bottom).

   cos∆

⁄2

SSB Phase Noise (dBc/Hz)

In phase quadrature, the filtered output voltage of the
detector is represented by
(1)

where kd is the mixer sensitivity in volts/rad and ∆ϕ is the
differential phase deviation from quadrature between the LO
and RF ports. For small phase deviations, kd can be
determined from a known phase shift introduced by the
calibrated delay line. kd is the ratio of DC voltage change to
the introduced phase shift. This method of kd calibration was
also checked against single-sideband modulation and noiseinjection methods [11, 12].

III.

-170

-180

MEASUREMENT RESULTS

10

For this survey 18 types of phase detectors have been
compared. Each mixer was evaluated at two operating points.

100

1000
Offset Frequency (Hz)

10000
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Figure 5. Residual phase noise of surveyed mixers with the highest
performance in saturated operation.

1. Linear operation
LO power = Nominal specified LO power
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Figure 4. Residual PM noise summary of various phase detectors (endpoints indicate linear and saturated measurement limits).

IV.

CUSTOM MIXER DESIGN

A. Mixer Design
The custom-built mixer listed in the summary of
measurements was a simple double-balanced mixer with
2N2222A transistors in the diode ring. This design is
discussed in a letter recently submitted for publication [13].
The custom detector is noteworthy because its flicker
performance was the best in the detectors surveyed. Fig. 6
shows the general topology of the DBM. In this design there
are four 2N2222A bipolar junction transistors (BJTs) used to
construct a conventional double balanced diode ring.

Figure 6. Double balanced mixer schematic. The diode ring in this doublebalanced mixer is constructed by use of transistors with the collector input
tied to the base.

We short the base to the collector of these BJTs and operate
them as diodes by use of the emitter-base junction. The
transformers used for this design are commercial off-the-shelf
parts and have a 1:5 impedance ratio. This impedance ratio is
chosen so that the input impedance of the reference frequency
(RF) and local oscillator (LO) ports are nearly 50 Ω at 5 MHz.
The mixer’s input impedances are measured by use of the
Smith chart display of a vector network analyzer.

B. Mixer Characterization
In order to measure the PM noise of the DBM, the nominal
operating powers need to be found [3]. To determine the
nominal LO power, a 4 MHz sinusoidal signal at -30 dBm is
applied to the RF port of the mixer while the power of a 5
MHz signal at the LO port is varied. Conversion loss of the
mixer is calculated by taking the power ratio of the 1 MHz
beat at the intermediate frequency (IF) port to the RF signal at
5 MHz. A plot of conversion loss versus LO power is shown
in Fig. 7. By use of this plot, the 1 dB compression point of
the LO drive is found to occur at a level of +8 dBm.
Operating the LO port in saturation is desired to reduce LO
power fluctuation sensitivity. Taking the maximum allowed
operating specifications of the transistors and transformers
into account, a nominal LO drive of +11 dBm is selected. An
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-160

additional measurement of conversion loss versus RF power at
the selected nominal LO is made and plotted in Fig. 8. The 1
dB compression point of conversion loss at the RF port occurs
at +5 dBm. All conversion loss tests for the mixer were
conducted with a 50 Ω load at the IF port.

Legend
Linear Mode
Saturated Mode

SSB Phase Noise (dBc/Hz)

-164

-168

-172

-176

Figure 7. Conversion loss versus LO power of mixer with a -30 dBm RF
power level. RF @ 4 MHz, LO @ 5 MHz, 50 Ω input impedance to FFT

-180
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1000
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100000

Figure 9. Cross-correlated residual PM noise floor of the 2N2222A based
mixer in linear and saturated operation.
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Figure 8. Conversion loss vs. RF signal power at constant LO drive powers.
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Fig. 9 shows the results of the residual PM noise of this
DBM design used as a phase detector. From these data it can
be seen that the flicker noise of this device is L(10 Hz) = -161
dBc/Hz when the DBM is operated at LO = +11 dBm and RF
= +5 dBm. In deep saturation (LO = RF = +11 dBm) the 10
Hz noise is improved to L(10 Hz) = -163 dBc/Hz. Both of
these measurements show that this DBM has very low flicker
noise as a phase detector.
V.
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Abstract—We describe a prototype optical cavity and associated
optics that has been developed to provide a stable frequency
reference for a future space-based laser ranging system. This
instrument is being considered for inclusion as a technology
demonstration on the recently announced GRACE follow-on
mission, which will monitor variations in the Earth’s gravity
field.

I.

INTRODUCTION

Launched in 2002, the Gravity Recovery and Climate
Experiment (GRACE) mission [1] monitors changes in the
Earth’s gravity field by measuring changes in the distance
between two spacecraft induced by that variable field. The
distance variation is measured with a microwave ranging
system with sub-micron precision. [2] The ranging
measurement accuracy is limited by the signal-to-noise ratio
and by the frequency stability of the microwave signal
referenced to an ultra-stable oscillator (USO). [3] For the
upcoming GRACE follow-on mission a laser ranging system
with precision better than the GRACE microwave ranging
system is under consideration as a technology demonstration.
A laser ranging system easily provides improved signal-tonoise ratio over the microwave system. [4] Laser frequency
stability better than the GRACE USO stability has been
demonstrated in several laboratories using thermally stabilized
optical reference cavities. We are developing a spacequalifiable laser frequency stabilization system for the
proposed GRACE follow-on mission. The system includes a
ULE optical cavity with the associated optics and electronics
and will be capable of providing a fractional frequency
stability of better than 10-13 for averaging times from 0.01 to 1
s.

II.

The goal for this development is to achieve a frequency
noise power spectral density of less than 30 Hz/ √Hz over
the frequency range of interest, which is 10 mHz to 100mHz.
For an orbital speed of 7 km/sec, this frequency range
corresponds to distance scales on the Earth’s surface of 350
km to 35 km. Below this frequency range accelerometer noise
is expected to dominate the measurements, while
measurements at higher frequencies are limited by data
sampling.
The cavity is based on a design available from Advanced
Thin Films, Inc., which has been used successfully in a
number of laboratories around the world. [5,6] It consists of a
77.5 mm ULE spacer to which high reflectivity mirrors are
optically contacted. The mirror substrates are also fabricated
from ULE glass. The design finesse was 10000. The cavity
is mounted to a vacuum flange using titanium flexures, which
are bonded to the cavity spacer. The flange is attached to a
titanium vacuum enclosure which forms the first stage of a
two stage thermal isolation system. Laser light is injected into
the cavity via an optical fiber, which is mounted along with
the required mode-matching optics on a zerodur optical bench.
The bench, in turn, is mounted to the cavity via additional
titanium flexures. A 90/10 beamsplitter picks off a portion of
the light reflected from the cavity, which is steered through a
window on the bottom of the vacuum enclosure to a
photodiode. Figure 1 shows the reference cavity and optical
bench mounted on the vacuum flange, while Figure 2 shows
the sealed thermal enclosure, which is mounted, again with
titanium flexures to a baseplate. Also shown is the outer
thermal shield. The outer surface of the vacuum can has been
coated with gold to reduce radiative heat transfer. Heaters and
RTD temperature sensors mounted directly to the outer shield,
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and also to an additional baseplate on whichh the entire cavity
mperature at each
system is mounted are used to control the tem
end of the enclosure.

source to provide a signal within thee 20 MHz bandwidth of a
high accuracy digital phasemeter developed originally for
GRACE-2 [9] and further developed
d for the LISA instrument
[10]. Results of these performance tests
t
are described in [7].

Figure 3. Test configuration for laser staabilization in simulated space
environment

Figure 1.

Figure 2.

III.

vity will need to meet its
During space operations, the cav
performance requirements in a vary
ying thermal environment,
as the spacecraft flies in and out of
o the sun over a ninetyminute orbit. While the cavity will be
b mounted to a baseplate
which is temperature controlled to within 0.1°C, some
spacecraft surfaces will experience a temperature variation of
not more than 1°C. To simulate this, the spacecraft is placed in
a large vacuum chamber containing an 8” by 10” sheet of
aluminum with a heater and temperrature sensor attached. A
function generator drives the heaater such that the plate
temperature varies by 2 °C over niinety minutes, a variation
which is greater than that expected on the spacecraft. During
these tests the thermal control was applied to the baseplate
under the cavity only. Comparisons of the cavity under these
conditions to a second independent cavity
c
are shown in Figure
4. The results meet the current requ
uirements for the GRACE
follow-on mission.

Reference cavity and optical bench mounteed to a vacuum flange

Reference cavity assembly with outer therrmal shield removed

ULATED SPACE
PERFORMANCE TESTING IN A SIMU
ENVIRONMENT

A neodymium:YAG laser with a non-plaanar ring oscillator
(NPRO)configuration was used for perform
mance tests of the
cavity design. The laser was locked using a standard Pound
Drever Hall technique [8], whereby the laser light is
modulated (in this case at 5 MHz) andd phase sensitive
detection of the light reflected from the cavvity generates the
phase error signal as the frequency discriminnator. A sketch of
the setup is shown in Figure 3. A portion oof the laser output
was split off to beat with the output of a second, identical,
laser, which was locked, to a second cavity iin an independent
vacuum chamber. The beat signal was deetected on a high
bandwidth photodetector and then mixed with a stable rf

Figure 4. Power spectrum of difference frequencies
f
of lasers locked to
prototype and to a second cavity. The prrototype is subjected a varying
thermal environment as described in the text. Dark blue trace has no thermal
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control applied to the prototype, light blue: with thermal control. Green: 30
Hz/√Hz requirement.

IV.

FUTURE WORK

The prototype cavity assembly will be subject to thermal
cycling and launch vibration tests in order to establish its
readiness for consideration for a future space flight. A
complete system test including an Interferometric Range
Transceiver (IRT) developed under a previous IIP [4] will be
performed.
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Abstract— We report a frequency measurement of a single 40Ca+
optical clock towards the 10-15 uncertainty level. In contrast with
our previous measurement, in which the accuracy was limited
by line broadening due to the magnetic field fluctuation, the use
of a magnetic shield significantly reduced the spectrum
linewidth of the clock transition. By a frequency comparison to
an 87Sr lattice clock, an Allan deviation of 7 x 10-16 was observed
at an averaging time of 103 seconds. We preliminarily measured
the clock transition frequency to be 411 042 129 776 397 (3) Hz
with respect to the SI definition of the second. Further
measurements are executed aiming at an accuracy of low parts
in the 10-15 level.

I.

measurement towards the 10-15 uncertainty level, as well as the
frequency stability of the clock laser locked to the 40Ca+ clock
transition.
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Figure 1. Partial term energy diagram of 40Ca+ ions.
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As candidates for next generation definitions of the
second, various efforts are being made to develop optical
clocks with the uncertainty better than that of the cesium
standards. The best uncertainty of 8.6 x 10-18 has been
reported in a composite quantum system using 27Al+ ions [1].
However, this technique requires sophisticated quantum logic
operation and it is not easily accessible. Simpler clocks with
modest accuracies have been also developed using Alkalimetal like ions (88Sr+, 177Yb+). We are developing an optical
clock using single 40Ca+ ions [2]. The energy levels of 40Ca+
that are relevant to the operation of the frequency standard are
shown in Fig. 1. The lifetime of the 2D5/2 state is about 1.2
seconds, which gives a high line Q to the 2S1/2 - 2D5/2 transition
at 729 nm (411 THz). In 2008 we reported the absolute
frequency of this transition with an uncertainty of 4 x 10-14. In
the next year, it was also reported by M. Chwalla et al. with an
improved uncertainty of 10-15 level [3]. These two reports
contributed to the acceptance of the 40Ca+ transition to the
2009 CCTF list of recommended radiations. We measured this
frequency to be 411 042 129 776 395 (5) Hz in 2009 [4].
These results are consistent with each other within the
uncertainties. This paper reports on our improved frequency
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Figure 2. Experimental setup for Ca+ ions. AOM: acousto-optic modulator;
EOM: electro-optic modulator; PMT: photo-multiplier tube; Galvano:
Galvano tube. Roles of AOM1~3 are described in the text.

In this paper, we first outline the experimental setup, and
then explain the clock transition measurement, frequency lock
to the clock transition, and absolute frequency measurement.
Finally, a conclusion is described.
II.

EXPERIMMENTAL SETUP

The experimental setup, which is based on that described
in our previous paper, is shown in Fig. 2 [2]. The output of the
729-nm clock laser is distributed to the ion-trap chamber using
a 40-m PM optical fiber. In order to minimize the phase noise
due to the fiber transfer, we used a cancellation system [5].
The clock transition spectrum is observed by the electron
shelving method [6] with a measurement sequence using laser
pulses [2]. A stable dc magnetic field is used to resolve the
clock transition into ten Zeeman components. In our previous
measurement, the spectrum was broadened to a few hundred
hertz mainly due to the ambient magnetic field fluctuation.
Therefore, we have developed an ion trap chamber equipped
with a two-layer magnetic shield. This shield decreases the
amplitude of the ambient magnetic field by a factor of more
than 25.
|mj”=1/2>
- |mj’=1/2>

|mj”=-1/2>
- |mj’=-1/2>

30Hz
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20
0

Clock Laser Frequency

(b) Linewidth

100

Linewidth [Hz]

Excitation Probability

(a) Clock Transition Spectrum

reference. And next, we measured the frequency of the 40Ca+
clock in comparison with that of an 87Sr optical lattice clock.
In the short term, the clock laser frequency at 729 nm is
stabilized using an ultra-low-expansion (ULE) optical cavity,
which has a high finesse of about 2 x 105. Because of the
material aging, however, its resonance frequency has a slow
long-term frequency drift with a rate of about 0.03 Hz/s. In
addition, very small thermal fluctuation of the optical cavity
causes a non-linear frequency drift. The long-term linear drift
was reduced using a frequency chirp with an acousto-optic
modulator (AOM1 in Fig. 2). The residual drift was detected
by the spectrum observation with the second AOM (AOM3).
The residual drift was evaluated every 25 seconds and it was
compensated using the third AOM (AOM2). Figure 4 (circles)
shows the Allan deviation of the frequency stability measured
using the CSO as the frequency reference. We believe that the
Allan deviation of 1 x 10-15 at an averaging time of 103
seconds was limited by the stability of the CSO.
To measure the stability of the 40Ca+ clock at the averaging
time of more than 103 seconds, we compared the stabilized
laser frequency to a 698-nm laser frequency that was locked to
the 87Sr clock transition. The 87Sr clock was developed using
the optical lattice technique [7]. The measured Allan deviation
is also shown in Fig. 4 (squares). An Allan deviation of 7 x 1016
at 103 s was measured. The Allan deviation was limited to
about 5 x 10-15 at 103 s when we measured the stability
without magnetic shielding. An improvement in the stability
of about one digit over our previous measurements was
attained.

0 20 40 60
Time [ms]

10-14
40Ca+

: Microwave
: 87Sr lattice
Microwave

40Ca+

Allan Deviation

Figure 3. (a) Typical clock transition spectra and their Lorentz fitting. (b)
Linewidth as the function of interrogating time of the clock laser. Gray line
shows theoretical transit-time broadening using rectangular light pulses.

A typical transition spectrum is shown in Fig. 3 (a). It
shows a pair of the Zeeman components of | 2S1/2, MJ =1/2> |2D5/2, MJ =1/2> and |2S1/2, -1/2> - |2D5/2, -1/2> transitions.
Averaging of these two transition frequencies cancels the first
order Zeeman shift. The linewidth is about 30 Hz when the
interrogation time of the trapped ion by the 729-nm light was
40 ms. The measured linewidth at various interrogation times
is shown in Fig. 3 (b). It was mainly limited by the transit-time
broadening by rectangular 729-nm light pulses. Introducing
the magnetic shield, the observed linewidth has been
decreased to be about one digit smaller than that previously
observed.
III.

10-16

1

10
100
1000
Averaging Time (sec)

Figure 4. Frequency stability evaluated by Allan deviation between the
Ca+ clock, the 87Sr lattice clock and the microwave frequency standard.
Circles (red): Allan deviation between the 40Ca+ clock and the microwave
standard: Squares (green): between the 40Ca+ and the 87Sr clock; Triangles
(black): Allan deviation of the cryogenic sapphire oscillator measured by the
developer (University of West Australia).
40

FREQUENCY STABILITY MEASUREMENT

To certify the frequency stability of the 40Ca+ optical clock,
we stabilized the 729-nm laser frequency by the 40Ca+ clock
transition. The frequency was locked to the average of the two
Zeeman components of the | 2S1/2, MJ =1/2> - |2D5/2, MJ =1/2>
and |2S1/2, -1/2> - |2D5/2, -1/2> pair, which was shown in Fig.
3(a). At the first we measured the stabilized frequency using
an optical comb based on a femto-second pulse laser. A
cryogenic sapphire oscillator (CSO) was used as the frequency

10-15

IV.

ABSOLUTE FREQUENCY MEASUREMENT

The absolute frequency of the 40Ca+ clock transition was
evaluated from the laser frequency locked to the 40Ca+ clock.
It was measured by an optical comb with a hydrogen maser as
the frequency reference. Here, the frequency of the hydrogen
maser is evaluated every second by the Coordinated Universal
Time (UTC) maintained in NICT. Time difference between
the UTC(NICT) and the SI definition of the second on the
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geoid surface (TAI) was corrected using the Circular T by the
BIPM.
Systematic frequency shifts were evaluated as follows. In
order to avoid the ac Stalk shift caused by the 397- and 866nm light powers, we used a measurement sequence using the
laser pulses [2]. A faint leakage of the 397- and 866-nm light
powers during the interrogation time by the 729-nm laser
causes a large ac Stark shift. Therefore, using a combination
of a mechanical shutter and an AOM one we fully blocked the
397- and 866-nm light power, and we checked a negligible
amount of frequency shift for our measurement by measuring
the clock transition with various 397- and 866-nm powers.
Black body radiation (BBR) frequency shift of 0.4 (0.5) Hz
was evaluated from the room temperature. From the
geographical height of the ion trap from the geoid surface, the
gravitational shift was evaluated to be 3.4 (0.1) Hz [8].
TABLE I.

SYSTEMATIC SHIFTS AND UNCERTAINTIES

Physical effect and drift

Correction (Hz)

Uncertainty (Hz)

Gravitational shift
Black body radiation shift
Electric quadrupole shift
Quadratic Zeeman shift (3μT)
ULE cavity drift
Magnetic field strength drift

3.4
0.4
0
0
0
0

0.1
0.5
2
0.1
0.5
0.5

The electric quadrupole moment of the DJ state interacts
with the electric field gradient, causing an additional shift of a
few hertz [9]. The value of the quadrupole shift (ΔνQ) at the
MJ sublevel of the DJ state is expressed using

=Δν Q =

J ( J +1) −3M J2
dE z
Θ( D , j )
(3 cos 2 β −1) . (1)
dz
4 J (2 J −1)

where EZ/dZ is the electric field gradient along the symmetry
axis of the trap potential (z), β is the angle between the axis z
and the magnetic field, and Θ(D, j) is the strength of the
quadrupole moment in terms of a reduced matrix element.
From Eq. (1), the ratio of the quadrupole shift of the |2D5/2, MJ
= ±1/2> levels to the |2D5/2, ±3/2> level and |2D5/2, ±5/2> level
is 4:1:-5. Therefore, the quadrupole shift can be canceled by
averaging the transition frequencies of six Zeeman
components of the |2S1/2, ±1/2> - |2D5/2, ±1/2> (ΔMJ = 0
transition), |2S1/2, ±1/2> - |2D5/2, ±3/2> (ΔMJ = 1), and |2S1/2,
±1/2> - |2D5/2, ±5/2> (ΔMJ = 2). The uncertainty of 2 Hz was
estimated from the standard deviation when we fitted the
measured quadrupole shifts to the theoretical shift ratio of
4:1:-5. We considered other contributions to the transition
frequency shift, such as the quadratic Zeeman shift, which
were listed in TABLE I. The total correction was 3.8 (2.2) Hz.
We measured the absolute transition frequency on two
separate days in this year, 16 February and 3 March in 2011.
In each of the measurement, after observation of the transition
spectrum, we stabilized the clock laser frequency to the
average of the |2S1/2, ±1/2> - |2D5/2, ±1/2> transition pair. And
then, we measured the clock laser frequency for about one
hour by the optical comb. The Allan deviation was smaller

than 3 x 10-15 at the averaging time of 103 seconds. Therefore
it was considered that the long-term drift of the systematic
shift including the quadrupole shift was smaller than 2 Hz for
103 seconds. The stabilized frequency was also measured for
each of the |2S1/2, ±1/2> - |2D5/2, ±3/2> transition pair and the
|2S1/2, ±1/2> - |2D5/2, ±5/2> one. The average frequency of
these three measurements was used to evaluate the transition
frequency. It was compensated for both of the first order
Zeeman shift and the electric quadrupole shift.
The measured frequency was corrected using the Circular
T. For the measurement on 16 February, we evaluated a
correction of 0.1 (2.0) Hz using Circular T 278. For the
measurement on 3 March, we evaluated a correction of 2.0
(2.0) Hz using Circular T 279. The uncertainty was estimated
from the link uncertainty between the UTC(NICT) and the
TAI. From the measured frequency, the correction using
Circular T, and the shifts in TABLE I, we evaluated the
absolute frequency of the 40Ca+ clock transition to be 411 042
129 776 397 (3) Hz.
At the present, we have evaluated the absolute frequency
from the measurements on two separate days. In 2009 M.
Chwalla et al. reported the 40Ca+ clock frequency to be 411
042 129 776 393.2 (1.0) Hz [3]. Although it overlaps with our
measurement by the range of the frequency uncertainty, we
will need further evaluation about the frequency difference
between the two measurements. While we evaluated the BBR
shift by the room temperature, it is preferable to measure the
temperature at the ion trap electrode surface. Making full use
of the advantage of the improved linewith and stability, we are
now trying to re-evaluate the systematic shifts. The link
uncertainty between the UTC(NICT) and TAI might be also a
problem. Taking all effects into account, we will evaluate the
absolute transition frequency, aiming at a total uncertainty of
low parts in 10-15.
V.

CONCLUSION

We have improved our experimental setup using an ion
trap equipped with a magnetic shield. The linewidth of the
2
S1/2 - 2D5/2 clock transition was decreased to about 30 Hz.
Stabilizing the clock laser frequency to the clock transition,
the Allan deviance of 7 x 10-16 at 103 s was measured. We
preliminarily evaluated the absolute frequency to be 411 042
129 776 397 (3) Hz with respect to the SI definition of the
second. We now measure the transition frequency in order to
evaluate the absolute frequency with an uncertainty of low
parts in 10-15 level.
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Abstract— We report on progress made at the VNIIFTRI
towards a 87 Sr optical clock. A detailed description of the main
parts of the apparatus is given together with the preliminary
measurements characterizing step by step the cooling and trapping of the strontium atoms. The Sr-MOT is operative and the
first observation the cloud of cold atoms in the blue MOT is
reported.
)

Index Terms— optical lattice, frequency standard, cold atoms,
magneto-optical trap
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I. I NTRODUCTION
Inrecent years significant attention has been devoted to
optical lattice clocks, in part because the prospects for a
fractional frequency uncertainty of such clocks could achieve
a level 10−17 − 10−19 . On the other hand, the clock transition
1
S0 − 3 P0 in strontium atoms is being considered as one of
the choices for a new definition of the SI second. Precise
measurements of this transition at the best laboratories agree
with uncertainties in the 10−15 range [1] -[4].
In the present paper we discussed the design of the strontium
experiment at VNIIFTRI. The 1 S0 − 3 P0 transition with a
hyperfine induced decay rate at λ0 = 698 nm is used as the
clock transition of 87 Sr atoms trapped in a 1D vertical optical
lattice. The optical lattice formed by the standing wave of
linearly polarized light at λL = 813 nm was kept on duration
the experimental sequence. A preliminary cooling uses a MOT
operating at the cycling transition 1 S0 − 3 P1 at 461 nm. Then
the precooled atoms are trapped in the MOT using 698 nm
diode laser. In order to probe the clock transition, an external
cavity laser diode was stabilized to a high- finesse reference
cavity made of ultralow extension (ULE) glass.
The preliminary results of the measurements are given.
II. E XPERIMENTAL S ETUP
Cooling and trapping of 87 Sr are conducted in two stages
(Fig. 1). The energy levels related to the experiment are
shown in the Fig. 2. All transition wavelengths, needed for
cooling and trapping, are easily provided with commercial
diode lasers. For example, to generate the 461 nm light
we use a standard technique of doubling the frequency of
a 922 nm Toptica diode/amplifier laser combination with a
resonant cavity containing a BiBO non-linear crystal. The
atoms coming out of an oven heated to 450-500°C are slowed
down using a 30 cm long Zeeman slower. The trapping and
oven chambers are evacuated by a 75 l/s and 10 l/s ion
978-1-61284-110-6/11/$26.00 ©2011 IEEE
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A schematical drawing of our experiment.

pumps respectively, and vacuum levels 6.5 · 10−11 mbar (oven
chamber) and 1.6·10−8 mbar (trapping chamber) are achieved.
Anti-Helmholtz MOT coils are made from 4mm OD copper
tube, which ensures effective direct watercooling.
A vacuum chamber is mounted on vertically placed optical
plate and put inside the system of the coils, intended to
compensate the Earth’s magnetic field, which have a form of a
cube with sides equal 1 m (see Fig. 3). The measurements of
the magnetic field generated by 3 pairs of these coils have been
made; the currents, necessary for generation of compensatory
magnetic field, have been determined for each pair of coils.
To stabilize ”Red MOT” 689 nm and ”clock” 698 nm lasers,
two ULE-resonators are utilized [5]. Each one is placed inside
vacuum chamber (vacuum is better than 10−7 mbar) and then
mounted on 400 × 400 mm vibration-isolated platform. The
characteristics of ULE-resonators are following: temperature
excursions (without a laboratory climate control system) are
smaller than 10 mK, finesse is 60000, free spectral range is
1.92 GHz.
The first stage MOT is operated on the 1 S0 − 1 P1 transition
(with linewidth 32 MHz) at 461 nm. The number of atoms in
the 1 S0 − 1 P1 MOT were increased by an order by using the
679 nm and 496 nm repumping lasers (see Fig. 4). The second
stage cooling operates on the 689 nm 1 S0 − 3 P1 (linewidth 7.6
kHz) intercombination transition.

736

!

!

(a)

(b)

Fig. 4.
A cloud of cold atoms trapped in Blue MOT (a) without any
repumping (b) with 679 nm laser repumping.

Fig. 2.

Energy levels and transitions of Sr, used for spectroscopy.

Fig. 3.

The working chamber placed on optical table.

III. AOM IN R AMAN -NATH MODE
The second stage laser cooling of Sr atom in a optical
lattice on 689 nm 1 S0 − 3 P1 transition requires an ECDL
(external cavity diode laser) whose short-term line-width is
comparable with the 7.5 kHz transition natural width. The linewidth of the ECDL can be first narrowed by locking the laser
to a stable optical cavity via the Pound-Drever-Hall technique.
To date, a Pound-Drever-Hall method with AOM-RN, a new
sample of acousto-optic modulator designed to operate in a
pure Raman-Nath diffraction regime [6], as an optical phase
modulator has been used for frequency stabilization of the
689 nm diode laser. To ensure long-term stability, the ECDL
should be next locked to the 1 S0 − 3 P1 resonance via saturated
absorption spectroscopy. Again, this can be done by means of
FM spectroscopy of saturated absorption resonances in the Sr
atomic beam with the same AOM-RN as a phase modulator.
The only seeming disadvantage of AOM-RN is the spatial
divergency of its frequency modulated output spectrum. We
show experimentally that this divergency, as in the case of
saturated absorption spectroscopy in the atomic vapor [6], is
not an obstacle to obtain the error signals by means of FM

sideband heterodyne technique with the use of high-finesse
(up to tens of thousands) Fabry-Perot cavities as frequency
discriminators.
The experimental set-up is shown in Fig. 5. Developed and
designed in VNIIFTRI AOM-RN provides fm spectrum of a
single-mode ECDL radiation at λ = 689 nm. This modulator
has a center working frequency of 30 MHz and a modulation
bandwidth of 20 MHz. Its acousto-optic interaction length
is 2 mm. AOM-RN frequency modulated output spectrum
consists of a strong carrier at frequency ωECDL and two weak
sidebands at ωECDL ± Ω corresponding to the 1st diffraction
orders. Ω is the AOM-RN modulation frequency. Lenses L1
and L2 form a telescope system with AOM-RN in between.
The Fabry-Perot (ULE) input radiation represents three collimated and parallel light beams with size of 2 mm in plane
where all three beams lie. The ultra-low expansion (ULE)
Fabry-Perot cavity with finesse about 60000 and FSR =
1.92 GHz has been used as a frequency discriminator. A part of
collimated AOM-RN output consisted, as before, of a carrier
and two sidebands was fed via polarization maintaining fiber
to the ULE-cavity. The AOM-RN modulation frequency was
19.99 MHz. The total radiation power at the fiber output was
P = 0.34 mW. Three dispersion-like error signals can be
observed on curve 1 when the ECDL frequency ωECDL is
scanned (see. Fig. 6). Each of them arises when the frequencies
of the upper, carrier and lower sidebands match consecutively
the resonance frequency of the ULE-cavity.
IV. C ONCUSIONS
In summary, we have discussed the prospects of an optical
clock operating on the 1 S0 − 3 P0 transition in 87 Sr isotope.
As a first step for the realization of proposed optical clock,
we have efficiently cooled and trapped 87 Sr atoms in a blue
magneto-optical trap employing a Zeeman slower. The first
stage MOT is operated on the 1 S0 − 3 P1 transition at 461 nm.
We found, that the number of 87 Sr atoms were increased by
an order by using the 679 nm and 496 nm repumping lasers.
The experimental set-up with ULE-cavity and error signals are
discussed.
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Fig. 5. The experimental set-up with ULE-cavity. ECDL - external cavity
diode laser; L - lens; M - mirror; LPF - low-pass filter; PZT - piezo-electric
transducer; PBS - polarizing beam splitter; λ/2 and λ/4 - halve and quarter
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Fig. 6. The error (curve 1) and ULE-cavity transmission (curve 2) signals
recorded simultaneously. Ω = 19.99 MHz.

738

Low Vibration Sensitivity Fiber Spools for Laser
Stabilization
T. Li
Key Laboratory of
Quantum optics, Shanghai
Institute of Optics and
Fine Mechanics, CAS,
Shanghai, PRC

B. Argence,
A. Haboucha, H. Jiang,
J. L. Dornaux, D. Koné,
A. Clairon, P. Lemonde,
G. Santarelli
LNE-SYRTE,
Observatoire de Paris,
CNRS, UPMC, Paris,
France

Abstract—Mechanical vibration induced frequency noise is
dominated at low Fourier frequencies in a fiber spool stabilized
laser. Environmental vibration causes mechanical deformations
in the fiber which induce phase fluctuations and then convert
into excess frequency noise to the lasers. Therefore, the spool
which supports the fiber plays a critical role in this frequency
noise conversion. We have studied several different structures of
spool. The preliminary results are about 3x10-10/m s-2 for
accelerations along the spool axis. In this paper, we describe the
development of a spool design which is optimized for low
vibration sensitivity along all spatial directions. Both simulations
by Finite Element Modeling (FEM) and vibration sensitivity
measurements are presented.

I.
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propose to design a spool with similar level of vibration
sensitivity or better.

(a)

INTRODUCTION

Very low noise lasers is a powerful tool which has a
variety of important applications, such as optical frequency
standards, gravitational wave detection and generation of low
phase noise microwave signals. Currently, the lowest noise
lasers are realized by stabilizing laser frequency onto an ultra
stable high-finesse Fabry-Perot cavity with PDH method [13]. However, this approach requires stable and fine alignment
of free space optical elements and high vacuum. A radical
alternative is to use an optical fiber delay line as a frequency
reference to stabilize laser frequency. Recently we
demonstrated that the fiber-stabilized laser showed a
comparable frequency noise to the one obtained by PDH
locking to a high-finesse cavity for Fourier frequency from
40 Hz to 30 kHz and a level below 1Hz2/Hz at 1Hz [4, 5].
The fiber stabilized laser is mainly sensitive to mechanic
noise, temperature fluctuation, acoustic noise and air-flow. At
low Fourier frequencies, the mechanical vibration is critical.
First study on low vibration fiber spool was done by Huang et
al [6]. They use an anti-symmetric structure to mount two
identical fiber spools to obtain very low vibration sensitivity
(~10-11/ms-2). We pursuit the effort in this direction and

978-1-61284-110-6/11/$26.00 ©2011 IEEE

(b)

Fig. 1. (a) Mechanical draw of the spool. (b) Simplified
schematic of the spool.
II.

DESIGN AND SIMULATION OF LOW VIBRATION
SENSITIVITY FIBER SPOOL

Before this design, we studied several configurations, such
as simple cylindrical spools and cylindrical spool
symmetrically held on a central post, and found that the
vibration sensitivity depends strongly on the holding
conditions. To overcome this problem, we develop a spool
with asymmetric support configuration that would be
independent on the holding constraints. The mechanical draw
of the spool is shown in Fig. 1 (a). Because the spool has an
axial symmetry structure, we restrict our analysis to the half
section (Fig. 1 (b)). The spool is made of Titanium because of
its stiffness and small mass compared with other metal
materials. Some similar works about spool materials have
been done and published [7]. The analysis is done by FEM
with the hypothesis that fiber delay variation follows the
support surface deformation. We test the consistency of the
support surface deformation by varying the boundary
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conditions. By optimizing the post length, in such a way, the
surface variation under acceleration is independent from the
boundary conditions applied on the post base.
This geometry shows another interesting feature. If we plot
the FEM calculated vibration sensitivity with different h2
parameter (see Fig.1 (b)) values as shown in Fig. 2, we can
observe that the vertical vibration sensitivity can be zeroed
with an optimized value of h2≈5.2mm. Other geometrical
parameters (see Fig. 1 (b)) also influence the vibration
sensitivity. For example, increasing the central width e1 moves
the null sensitivity point close to h2=0 while increasing the
radius R displaces this point towards opposite direction. The
increasing of e1 value reduces the vibration sensitivity
coupling to the holding post length and the boundary
conditions. The final geometry of the spool is optimized to
hold more than 2km of fiber. In addition, a modal analysis is
also performed and shows the first resonance of about 1.5
kHz.

oscillator (VCO) which drives AOM1 providing fast
correction. The fiber spool stabilized laser is combined with a
signal from PDH cavity stabilized laser to provide a beat note
signal for frequency noise analysis. The fiber spool is housed
in an aluminum cylindrical enclosure and placed on an active
vibration isolation platform which can be used as a low level
shaker by external modulation. In the same time, the other part
of interferometer is placed on a passive vibration isolation
platform and connected to the fiber spool by two output fibers.
The transfer function of frequency noise to vertical
acceleration Tr(f) is measured by a vector signal analyzer
HP89410. This instrument generates a chirp modulation signal
injected in the active vibration isolation platform and then
calculates the transfer function between acceleration noise
Sa(f) and the measured frequency noise Sν(f) as follow:
Tr(f) = (Sν(f) / Sa(f))1/2

(1)

The acceleration is measured by an accelerometer 356B18
(PIEZOTRONICS INC.) placed on the top of the aluminum
enclosure. The vibration sensitivity of the spool Γ(f) can be
presented as:

Fig. 2. Plot of FEM calculated vibration sensitivity with
different h2 parameter values

III.

VIBRATION SENSITIVITY MEASUREMENT SETUP

The measurement is done in three steps. We first lock the
laser source to the fiber interferometer and measure its
frequency noise. Then, we shake the fiber spool vertically and
measure the transfer function of frequency noise to vertical
acceleration. And finally, the vibration sensitivity of the spool
is calculated by the transfer function. The schematic of
measurement is shown in Fig. 3. The interferometer part is
enclosed by dash line.
A fiber laser at 1542.14 nm is used as the laser source, the
laser beam goes to the Michelson interferometer passing
through an acousto-optical modulator (AOM1). Another
acousto-optical modulator (AOM2) is placed into the long arm
of interferometer after a 300 m fiber spool and driven by a 70
MHz RF signal. Therefore, the heterodyne detection signal is
140 MHz. We use a home-made low phase noise tunable
synthesizer to provide demodulation signal and a low-pass
filter converts the demodulation signal into laser frequency
correction signal. The correction signal simultaneously acts on
a piezo-electric transducer (PZT) stretcher which provides a
slow correction on large range and a voltage controlled

Fig. 3. Schematic of vibration sensitivity measurement, the
optical signals are drawn in red while the electronic
signals drawn in black

Γ(f) = ΔL / (LΔV) = Δτ / (τΔV) = Tr(f) / ν0

(2)

Where ΔL, L, Δτ, τ, ΔV, ν0 represents length variation, total
length, delay variation, total delay of the fiber spool and
acceleration variation, optical frequency, respectively.
Additionally, it should be noticed that the acceleration level is
quite low (1mg RMS maximum level). At frequency higher
than 60 Hz the acceleration rolls off of about 20 dB up to 110
Hz because of the response of the active vibration isolation
platform.
IV.

THE RESULTS AND DISCUSSIONS

In our experiment, the reference fiber is standard single
mode fiber (SMF-28). Two output fibers of about 0.4 m are
used as connections between the fiber spool and other optical
components in interferometer. These output fibers are bare
fiber (8/125/250µm) and can be looked as “free” fiber because
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they are only fixed by few points. We notice that the vibration
sensitivity of the fiber spool has dependency on the way to fix
these fibers. As a consequence, we measure the vibration
sensitivity of the fiber spool with different tensions on the
“free” fiber. The results are shown in Fig. 4. The vibration
sensitivity of new-design spool wound with 300 m fiber is
around 5×10-11/ms-2. However, it is strongly influenced by the
constraints on the “free” fiber. The Young’s modulus of SMF28 fiber is about two orders of magnitude lower than that of
spool materials. Therefore, the vibration sensitivity of the
“free” fiber should be same order higher than that of the fiber
wound on the spool. Some studies about fiber vibration
sensitivity have been doing in NIST [8]. Moreover, different
constraints on the “free” fiber will change its vibration
transmission and result in vibration sensitivity variation.

can be carried out to reduce its contribution, such as increasing
the fiber length wound on the spool while reducing the “free”
fiber length, removing the optical connectors instead of optical
splicing. In addition, the studies of vibration sensitivity
contributions from other optical components (AOM, FM, etc.)
will be performed in the future. In this way, we want to
demonstrate a compact ultra-low noise laser without vibration
isolation platform that could be used for a variety of precision
measurement applications.
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Abstract— We demonstrate coherent detection of the emission
from a terahertz frequency quantum cascade laser which is
actively mode-locked by modulating its bias-current with a
microwave synthesizer. Coherent sampling of the terahertz
pulse train is achieved by phase-locking the repetition rate and
the carrier frequency of the terahertz quantum cascade laser to
the repetition rate of the of a commercial erbium-doped modelocked femtosecond fibre laser. We show that the terahertz
pulses from the quantum cascade laser are transform limited,
and reconstruct the full emitted waveform.
Introduction

Quantum cascade lasers (QCLs) are unipolar
semiconductor lasers based on electronic intersubband
transitions in the conduction band of multi-layered
heterostructures [1]. In contrast to interband diode lasers,
where the lifetime of the electrons populating the upper laser
state is determined by electron-hole recombination, the
electron lifetime in QCLs is dominated by non-radiative
phenomena, and in particular optical-phonon scattering. This
leads to fast relaxation times, on the picosecond (ps)
timescale, which have an important impact on the dynamical
properties of this family of devices [2]. In particular,
modulation bandwidths up to several tens of GHz have been
demonstrated, which were recently used to show that the
frequency separation, or roundtrip frequency, between the
longitudinal modes of multimode terahertz (THz) frequency
QCLs [3-7] can be stabilised using an external RF-synthesiser
[8-11]. Under these conditions the laser is expected to operate
in a regime of active mode-locking, producing a train of short
pulses. The lack of suitable detection techniques in the THz
range has prevented the measurement of these pulses.
Difficulty in demonstrating QCL mode-locking has previously
been encountered at mid-infrared (mid-IR) frequencies, and
arises in part from the inefficiency of second-order
autocorrelation techniques in the mid-IR (and THz) ranges,
hindering the measurement of the emitted pulse train. The
first reports of passive and active mode-locking of mid-IR
QCLs were later identified as coherent dynamic instabilities
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resulting from the fast gain recovery time (~1 ps) preventing
the formation of stable mode-locked pulses. Recently,
however, mode-locking of a QCL operating at 6.3 μm has
been demonstrated using 2nd order auto-correlation with a twophoton quantum well detector. Compared to mid-IR QCLs,
THz QCLs based on bound-to-continuum active regions have
generally longer non-radiative relaxation times of the upper
laser state, of ~5-10 ps, as a result of the laser transition
energy lying below the optical phonon energy.
We show that THz QCLs can be operated in a regime of
active mode-locking. The measurement proof of mode-locking
operation is obtained by sampling the electric field amplitude
emitted by the QCL using a mode-locked fs-laser. In our
work, we use off the shelf mode-locked erbium-doped fs-laser
emitting at 1.55 µm (193 THz), for the asynchronous sampling
of a mode-locked QCL emitting at 2.5 THz [7]. Mode-locking
of the QCL is obtained by direct modulation of its bias current
close to the laser roundtrip frequency[11]. Asynchronous
sampling is made possible by phase-locking the QCL source
to the fs-laser,[12] i.e. the pulse repetition rate of the QCL at
~13.3 GHz and its carrier frequency at 2.5 THz are
simultaneously phase-locked to a harmonic of the repetition
rate of the fs-laser-comb at 96.5 MHz. Furthers details in Refs
[12,13]
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Abstract— This work presents a new class of devices, AlNbased lateral overmoded bulk acoustic wave resonators (LOBAR), to investigate the Q limit imposed by the intrinsic loss
of thin film AlN. The LOBAR devices utilize a rectangular AlN
thin film plate with a small percentage (0.57%) inter-digitated
transducer (IDT) fingers coverage to minimize the piezoelectricmetal interface loss. This design experimentally pushes the f · Q
product value (1.17 × 1013 ) for thin-film AlN to magnitude level
close to the theoretical limit predicted by the Akhizer effect
(AKE) for AlN (2.5-5 × 1013 ). To study the performance of
the LOBAR design, the IDT to rectangular plate coverage ratio
was varied. The results have shown that the Q of the LOBAR
device scales nonlinearly and inversely with coverage ratio.
Measurement of the highest Q LOBAR device for temperatures
varying between 300 and 400 K have indicated that the AlN
LOBAR has a temperature coefficient of frequency (TCF) of 16.25 ppm/K, and phonon-phonon dissipation (AKE) is not yet
the dominant loss mechanism..

(a)

I. I NTRODUCTION
Driven by the increasing needs for high performance, multifunctional wireless services, several researcher groups have
been working on the implementation of intelligent systems
that realize more efficient ways of utilizing the increasingly
crowded RF spectrum. One of the most popular approaches
involves sensing the ambient radio spectrum and seeking
for opportunistic use of idle RF channels [1]. Making such
systems feasible for handheld mobile applications, requires the
implementation of low cost and power spectrum analyzers.
A very promising way of synthesizing such a system with
low complexity is to detect the RF power density across the
spectrum using passive narrowband channelizes and power detectors. Such approach has strong potential to enable low cost
deployment of cognitive radios [2]. The same channelizer can
also be used to assist feature-base spectrum sensing to significantly reduce the device count and power requirements. However, the implementation of such narrowband channelizers,
which requirehigh Q (> 10,000) and low motional impedance
resonators (50Ω), remains a grand challenge. Micro-machined
electrostatic and piezoelectric resonators have already demonstrated their capabilities to potentially meet these requirements
at high and very high frequencies(3-300 MHz) [3][4]. However, at higher RF frequencies (∼3 GHz), such task becomes
significantly more difficult due to f · Q limit imposed by
phonon-phonon dissipation [5]. In the past, numerous research
efforts have been focused on bringing the experimentally
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(b)

(c)
Fig. 1.
(a) Mockup view of the AlN-LOBAR resonator (b) COMSOL
simulation showing the lateral vibration generated in the AlN-LOBAR devices
(c) COMSOL simulation showing the S1 lamb-mode (3.3 GHz) in the same
device.

demonstrated f · Q product of different materials close to
the their theoretically predicted values, and simultaneously
enhancing the understanding of various loss mechanism in
play [6]. Among these low loss materials, it has been show
that Si can reach f · Q values ( 2-3 × 1013 ) [7] [8] at
GHz frequencies that are close to the theoretical limit(3.9 ×
1013 ) [5]. Instead, AlN-based resonators have an experimental
f · Q that is about one order of magnitude lower than its
theoretical limit[3][9][10][11].
This work reports on a new class of devices, the AlN

744

TABLE I
T HE DEVICE DIMENSION FOR
W (µm)
48

l(µm)
560

t(µm)
1

THE

COMSOL

wf (µm)
1.6

SIMULATION .

tf (nm)1
50

N1
2

CR1
0.57%

Fig. 2.
COMSOL simulated admittance performance of one port AlNLOBAR device having the dimensions shown in Table 1. A Q of 10,000
was assumed for AlN and a Q of 2,000 was assumed for Pt electrodes.

LOBAR, which permits to explore the ultimate f · Q in
thin AlN piezoelectric films . Owing to the partial electrode
coverage of the AlN LOBAR design, the device minimizes the
piezoelectric-metal interface induced loss. Therefore, a high
f · Q can be achieved. Effectively, the LOBAR device can be
classified as a general instrument that can be readily adopted
for experimentally studying the theoretical f ·Q limits of many
low loss acoustic materials (SiC [12], Si [8], Diamond [13],
LiNbO3 [14], and sapphire). In this paper we will demonstrate
and study the LOBAR performance in AlN thin films.
II. DEVICE DESIGN AND MODELING
A. Device Operation
As shown in Fig. 1, the AlN LOBAR device, similarly to
high overtone bulk acoustic wave resonators [15], utilizes a
small volume piezoelectric transduction to induce vibrations in
a larger resonant cavity. The prototype device has IDT placed
in the center of the AlN thin film plate covering a small portion
(< 2%) of overall resonator. In operation, instead of launching
thickness mode vibrations vertically into the substrate like
the HBAR [16], the AlN LOBAR excites laterally S0 and
S1 overtone vibrations into the AlN extensions as shown in
Fig. 1(b) and 1(c). The center frequency of the S0 mode
is defined by the lateral dimension of the IDT fingers. The
S1 mode of vibration is also excited by the same IDT, but
its center frequency is set primarily by the thickness of the
AlN thin film plate. The LOBAR design incorporates multiple advantages. First, the piezoelectric-metal interface loss
is greatly minimized by limiting the metal coverage on AlN.
This is in line with what has been shown experimentally for
AlN contour mode resonators [17]. Second, the well defined
acoustic boundaries of the LOBAR in the lateral and vertical
dimensions should yield lower energy loss into the supporting
substrate (differently from the HBAR whose lateral boundaries
are not well defined). Third, the device is easily fabricated with
well-establish surface micromachining processes [18][19].

Fig. 3.
Theoretical analysis of the quality factor versus coverage ratio.
Arbitrary assumptions (close to what seen experimentally in GHz devices)
on the transducer and AlN Q were made.

B. COMSOL Analysis
A one port device with the dimensions shown in Table I was
simulated in COMSOL to predict its performance across the
spectrum. The simulated results, shown in Fig. 2, indicate that
two groups of overtones exist. The first group of overtones
centered around 2.4 GHz are S0 (longitudinal) vibrations,
whose center frequency is set by the lithographically defined
IDT finger width (1.6 µm). The second group of overtones
appearing between 3.0 and 3.5 GHz are the S1 mode lamb
wave vibrations, of which center frequency (3.25 GHz) is
determined by the thickness of the AlN thin film (1 µm in
this case). The mode shape of one of the overtones (3.4 GHz)
is shown in Fig. 1(c) to clearly show that most of the vibrations
occur across the thickness of the film, although they propagate
laterally.
C. Damping Model
In order to understand how the coverage ratio of the
electrodes (IDT to total rectangular plate length ratio) affects
the overall Q of the device, a simple linear damping model is
used. Damping coefficients, ζ, are assigned to the transducer
and extension section (uncovered portion of the AlN plate) of
the LOBAR device.
1
ζunmetalized−AlN =
(1)
2 · Qunmetalized−AlN
ζT ransducer =

1
2 · QT ransducer

(2)

As shown in Eq. 3, the overall damping coefficient of the
device is related to the damping coefficients of the transducer
1 where N is the number of fingers, and t is the thickness of the IDT
f
electrodes, and CR is the coverage ratio.
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Fig. 4. The SEM of the fabricated AlN resonator with a coverage ratio of
0.67%. The device is made out of a 48 × 560 µm thin film AlN plate with
2 IDT fingers, each having a width of 1.6 µm. The anchors are placed in
the center of the two sides of plate to provide signal routing and mechanical
support.

and AlN extension via the coverage ratio.
ζT otal = ζunmetalized−AlN ·(1−CR)+ζT ransducer ·CR (3)
QT otal =

1
2ζT otal

Fig. 5. Measured transmission response of the two-port AlN LOBAR device.

(4)
TABLE II
D IMENSIONS OF THE DEVICES USED IN THE COVERAGE STUDY AND THE

Fig. 3 shows that the quality factor of the overall device
increases as the coverage ratio decreases for a given Q value
of the transducer and extension sections. Due to the nonlinear
relationship between Q and coverage ratio, an accelerated
increase in Q is observed as the coverage ratio is reduced to
below 10%. In order to reveal the Q limit imposed by the AlN
material at high frequencies, a coverage ratio study should be
performed for low percentages (< 2%) so as to minimize the
piezoelectric-interface loss.
III. EXPERIMENTAL RESULTS
Multiple devices are simultaneously fabricated using a fabrication process similar to the one described in [19]. One of
the fabricated devices, with the same dimension as the one in
the COMSOL model, is shown in the Fig. 4. The zoomedin view shows excellent definition of the IDT fingers. The
released AlN thin film exhibits upward curvature due to stress
gradient accumulated in the fabrication process.
A. Transmission Response
The fabricated devices were measured at room temperature
and atmospheric pressure with a probe station and network
analyzer. On-chip TRL calibrations were performed for all
these measurements. The measured transmission response,
plotted in Fig. 5, shows multiple overtone resonances across
the spectrum from 1.5 to 3.5 GHz with an even spacing of
16MHz. As predicted by the COMSOL simulations, the lateral
mode (S0) overtone resonances center around 2.4 GHz. These
S0 mode overtones ranging from 1.5 to 2.6 GHz attain average

MEASURED

Device1
A
B
C
D
E
F

Q AND EXTRACTED Rm

W (µm)
48
48
48
48
48
48

l(µm)
560
480
400
320
480
320

N
2
2
2
2
4
4

OF THESE DEVICES .

CR
0.57%
0.67%
0.8%
1%
1.14%
2%

Rm
3062
2912
3100
3021
3108
3087

Q
3609
3294
2935
2624
2284
1600

Qs of about 1500. S1 mode vibrations are also excited around
3.3 GHz with multiple overtone resonances. In comparison
with the S0 mode, the S1 mode resonances have a smaller
insertion loss due to the higher value of the electromechanical
coupling coefficient (due to d33 > d31). The highest Q among
these overtones was recorded experimentally at 3.244 GHz. A
value of 3609 was measured, resulting in a f · Q product of
1.17 × 1013 . This is the highest f · Q ever demonstrated for
AlN-based micro-resonators (Fig. 6). This result is also very
close to the theoretical limit for AlN [5]. This demonstration
has effectively verified that AlN is indeed a high Q material
at GHz frequencies, has great potentials in achieving higher
Qs, and expand the use of AlN-based micro-resonators into
new applications.
B. Coverage Ratio Study
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1 The

AlN thickness in these devices is kept to 1 µm.

Fig. 6. Comparison of f · Q achieved by the state-of-art AlN-based microresonators.

To experimentally investigate the effect of piezoelectricmetal interface induced loss on the quality factor of the AlN
LOBAR devices, a coverage ratio (CR) study consisting of 6
devices with different dimensions and CR was performed. The
device parameters are listed in Table II. The lateral dimensions
of device A, B, C, and D are fixed to be 48 µm while
their longitudinal dimension varies from 560 to 320 µm to
attain coverage ratios from 0.57 to 1 %. Device E and F,
despite having the same dimensions as device A and B, further
increase the coverage ratio to 1.14 and 2 % by increasing
the number of IDT fingers to 4. The measured Q values
show an inverse scaling versus coverage ratio as predicted
by the damping model. The extracted motional resistance
Rm remains roughly constant as the coverage ratio varies.
Therefore, although reducing the CR of the electrodes results
in high Q, a trade-off between Q and electromechanical
coupling, kt2 has to be made.
C. Temperature Study
The fabricated LOBAR devices were tested from 300 to
400 K under atmospheric pressure using the Lakeshore probe
station. The devices were cycled between 300 and 400 K three
times before each measurements. The device shown in Fig. 4
exhibits a TCF of -16.25 ppm/K as opposed to the -25 ppm/K
commonly demonstrated by AlN contour mode resonator [19].
This is because the composition of AlN LOBAR is mostly
un-metalized AlN and the TCF of these devices should be
close to the theoretical value derived for sputtered AlN thin
films [19]. The measured Q of the device shows little change
versus temperature. As previously reported, phonon scattering
due to Akhieser effect imposes a lower limit on Q than
thermoelastic dissipation [5] in high frequency, extensional
mode resonators,. The theoretical limit of Q thus can be
formulated as:
QAKE =

ρc2
1
2πγ 2 cv T f

Fig. 7. The Measured Q of the LOBAR device versus temperature. Fitting
of the measurements is done assuming phonon scattering and anchor loss are
the two major damping mechanisms.

where γ is the Gruneisen’s parameter, c is the acoustic
velocity, cv is the heat capacity per unit volume, T is the
temperature, and f is the frequency of operation. As shown
in Fig. 7, the Q of the LOBAR shows little dependence on
temperature between 300 and 400 K. This indicates that other
damping mechanisms independent of temperature (differently
from the Akhizer’s effect) are still contributing to setting the
Q of the overall device. It is believed that anchor loss is
playing a key role. Future studies on a larger set of devices
will help in clarifying the origin of these damping mechanisms
and engineer ways to is required in order lift the LOBAR Q
limit close to QAKE .
IV. CONCLUSION
To summarize, a new class of piezoelectric microresonators, the LOBAR, has been demonstrated using sputtered AlN thin films. The fabricated devices exhibit multiple
S0 and S1 mode overtone resonances across the GHz frequency spectrum. The highest Q of 3607 is observed for one
of the S1 mode overtones, resulting in a f ·Q product of 1.17×
1013 . This is the highest f · Q product ever demonstrated for
state-of-art AlN-based micro-resonators. These devices have
moved one step closer to experimentally reach the theoretical
f · Q limit imposed by the AlN material. A study on the
electrode coverage ratio also validated the damping model
used for understanding the working principle behind LOBAR
type devices.
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Abstract—This paper presents tunable width-extensional mode
bulk acoustic resonators that are piezoelectrically-actuated and
sensed using thin layers of AlN on the sidewalls as well as the top
surface. By using both longitudinal and transverse piezoelectric
effects of conformally-sputtered AlN layers on sidewalls and top
surface of a 20 m thick resonator, a low motional resistance of
~35 Ω was achieved for a 100 MHz silicon resonator operating in
air. The motional resistance is improved by at least 10x
compared to similar devices with capacitive transduction.
Furthermore, it is shown that the resonance frequency of these
piezoelectrically-transduced devices can be tuned by varying the
electric signal power from 0 to 7 dBm.

I. INTRODUCTION
Lateral bulk acoustic wave (BAW) resonators
implemented in single crystal silicon (SCS) are of great
interest for signal processing applications. Since the resonance
frequencies of such resonators are defined lithographically,
devices with multiple frequencies can be implemented in the
same batch and integrated with CMOS circuitry. Furthermore,
superior acoustic properties of SCS such as high bulk acoustic
wave velocity, small intrinsic dissipation in different
frequency regimes [1, 2] and extended linear-elastic region
alleviate the implementation of resonators with small form
factor, improved power handling, and high quality factor (Q).
Although advances in micromachining techniques (i.e.,
fabrication of small capacitive gaps, deposition of high quality
piezoelectric thin films, etc.) have enabled the realization of
high-frequency SCS BAW resonators [2], large motional
resistance of these devices remains a major obstacle to utilize
them in low insertion loss filters.
Most transduction techniques that have been used to
actuate and sense silicon BAW resonators [3-5] require a
relatively large DC polarization voltage (Vp) to provide
sufficient electromechanical coupling required for low
motional resistances. Piezoelectric transduction, on the other
hand, has the advantage of high electromechanical coupling
without requiring Vp. However, all demonstrations of lateral
micromechanical resonators have so far used the transverse
piezoelectric coefficient e31 of a planar piezoelectric layer such
as AlN [6-9]. While low motional resistances have been
demonstrated using this technique for AlN-on-Si resonators
[6], achieving low resistances (< 50 Ω) has been challenging
due to limited transverse piezoelectric coupling, which is
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mainly a result of smaller e31 compared to e33 and small
transduction area. To overcome this limitation, high-order
modes are used in high-frequency lateral BAW resonators to
increase the transduction area, which in turn leads to a larger
die area [8]. Moreover, the efficiency of transverse
piezoelectric transduction of silicon lateral BAW resonators is
significantly degraded by the increase in proportional
thickness of silicon in the resonator stack. However, thick
silicon substrates are desirable for improvement of Q, power
handling and linearity. Furthermore, the resonance frequency
of BAW devices with transverse piezoelectric transduction
cannot be tuned without sacrificing transduction area and
considerably degrading the motional resistance.
Using the technique presented here, in addition to the AlN
layer on top surface of the resonator AlN layers on the vertical
sidewalls of the resonator are simultaneously used to employ
the larger longitudinal piezoelectric coefficient e33 to actuate
and sense bulk acoustic waves through the resonator
sidewalls. In this configuration since Mo electrodes on the
sidewalls connect equi-stress areas of AlN layers, charge
cancellation is substantially reduced. Moreover, since
transduction occurs on two sidewalls in addition to the top
surface, it is scalable with resonator thickness which makes
this method preferable for high-frequency resonators with
small width (frequency-determining dimension). Because the
sidewall AlN layers are mainly responsible for actuation and
sensing, the top AlN layer can be dedicated to tuning purposes
without a considerable reduction in effective transduction
area.
II.

MULTI-FACE ALN TRANSDUCTION

Figure 1 shows the cross-section of a silicon BAW
resonator with multi-face AlN transduction. Since the top and
bottom Mo electrodes are conformally deposited over the
resonator surface, an input voltage signal results in electric
fields ETop and ESW perpendicular to the top surface and
sidewalls, respectively. ETop and ESW induce transverse and
longitudinal mechanical stress in top and sidewall AlN layers,
respectively (Fig. 1a), which results in excitation of the
width-extensional bulk acoustic mode (Fig. 2). This
resonance mode has an amplified strain in the AlN films on
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top and sidewall of the resonator and induces electric charge
on the Mo electrodes (Fig. 1b).

TL=e33.ESW

TT =e33.ETop

TL=e33.ESW

(a)

Figure 1: Silicon Bulk Acoustic Resonator (SiBAR) with Mo/AlN/Mo on top
surface and sidewalls: (a) actuation mechanism; (b) sense mechanism; (c)
resonator cross-section; ETop and ESW are applied electric fields and DT and DL
are excited electric-displacement on top and sidewall AlN layers, respectively.

Figure 3: Electrical equivalent circuit for general SiBAR with multi-face AlN
considering three ports for electromechanical transduction. V1, V2 and V3 are
shorted if the top Mo layer is continuous over the sidewall and top surfaces
of the device, resulting in a one-port resonator.

where ASW is the sidewall surface area and AAlN,Top represents
the area of the vertical cross-section of top AlN layer.
Since the top Mo layer is conformally deposited on the
sidewall and top surfaces (Fig. 1), all three ports are
electrically connected together; hence, the resonator can be
treated as a one-port device.
The resonator motional resistance Rm can be estimated
from (2):

Rm 

Figure 2: Stress field (T) and deformation in two half-cycles of resonance for
a SiBAR with multi-face AlN transduction.

III. MODELING
Considering each AlN layer (two sidewall layers and one
top layer) as a separate electromechanical transducer, a
SiBAR with multi-face AlN transduction can be modeled as a
three-port device. Figure 3 shows the general form electrical
equivalent circuit of the resonator around the first widthextensional mode.
In this model, transformers represent the two piezoelectric
transduction mechanisms with longitudinal (η1) and
transverse (η2) coupling coefficients.
In the equivalent circuit of Fig. 3, D1, K1, and M1, and D2,
K2, and M2 represent equivalent damping, stiffness and mass
of the SiBAR with top AlN and sidewall AlN, respectively.
CSW and CTop are the capacitances of sidewall and top AlN
layers, respectively. The ratio between η1 and η2 can be
estimated from (1):

1 e33
A

 SW
 2 e31 AAlN ,Top

(1)

Dtot
(21   2 )2

(2)

where Dtot represents the total mechanical damping in the
resonator. Since |e33| ≈ 3|e31| and ASW is much larger than
AAlN,Top, η1 is much larger than η2 (in this work η1 ≈ 100η2),
implying that actuation and sensing of the bulk acoustic
resonance is more efficient using piezoelectric films on the
sidewalls rather than the top surface. Thus, bulk acoustic
resonators with sidewall piezoelectric transduction should
provide a considerably lower Rm than those employing top
surface AlN actuation and sensing. Additionally, since η1 is
directly proportional to ASW, Rm can be further reduced by
increasing resonator thickness. This is a superior advantage of
sidewall transduction over top surface transduction, where a
piezoelectric layer with large surface area is required to
achieve small values of Rm.
IV. FABRICATION PROCESS
The fabrication process of one-port SiBARs with multi-face
AlN layers consists of two masks and three steps
(schematically shown in Fig. 4). First, the resonator body is
patterned in the silicon device layer of a thick SOI wafer using
the Bosch DRIE process. This is followed by thermal
oxidation and annealing in N2 ambient at 1100°C to improve
the smoothness of sidewalls surface after Bosch DRIE. The
BOX layer is then partially etched in HF to prevent deposition
of Mo/AlN on the BOX layer in the next step. This is done to
allow access of HF to the BOX layer during the final release
step. Silicon structures are then covered with RF sputter
deposition of a thin AlN layer sandwiched between top and
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(a)

(b)

(c)

Bottom Mo

Si resonator
body

Ein

Partially etched
BOX layer
Equi-stress
surface

AlN

Bottom Mo

Ein

Top Mo

e31.Ein
Ein
e33.Ein

Figure 4: Resonator fabrication process: (a) patterning Si device layer and partially etching the BOX layer; (b) deposition of Mo/AlN/Mo
layers, etching top Mo and AlN on one pad to expose ground contact; (c) releasing device in HF.

bottom Mo electrodes on the top surface and sidewalls. Then,
the top Mo and AlN layers are etched from one pad to access
the bottom Mo which serves as an electrical signal ground.
Finally, the device is released by etching the BOX layer in
HF. Figure 5 shows an SEM image of a fabricated one-port
SiBAR with multi-face AlN and schematic of the electrical
interface for measurement.

Figure 8 shows the quality and uniformity of sidewall AlN
towards the bottom of the resonator. Uniform thickness of the
AlN sidewall film results in efficient actuation of the desired
width-extensional resonance mode over the entire thickness
of the resonator and eliminates charge cancellation in the
sensing mechanism.

Figure 5: SEM image of the resonator and electrical interface
scheme for measurement.

Figure 7: Continuity of AlN and Mo films from the top surface to sidewalls
at the resonator edges.

Figure 6 is the cross-sectional SEM picture of the
resonator before release in HF. Figure 7 shows the continuity
of AlN and Mo films from the top surface to sidewalls at the
edges of the resonator, with sidewall AlN thicknesses
approximately half of the top surface AlN.

Mo/AlN/Mo
stack

Partially etched
BOX layer

Figure 8: Close-up SEM image, detailing the quality and uniformity of
sidewall AlN towards the bottom of the resonator.

V.
Figure 6: SEM image of the device cross-section; BOX layer partially etched
to enable full release in HF.

MEASUREMENT RESULTS

Experimental results are obtained using a vector network
analyzer. Fig 9 shows the measured reflection coefficient
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(S11) as well as the resonator impedance extracted from S11
response of the one-port resonator of Fig. 5. A quality factor
(Q) of 3500 can be extracted from [10]:

Q

 X

2R 

(3)

where ω is the angular frequency and R and X are the real and
imaginary components of resonator impedance, respectively.
An Rm of 35 Ω has been achieved at 99.85 MHz, which is at
least ten times less than its capacitive and transverse
piezoelectric counterparts [3-6].

VI.

CONCLUSION

This work presents very low motional resistance tunable
silicon bulk acoustic resonators with piezoelectric AlN layers
on the sidewalls and top surface of the resonator. Exploiting
the larger longitudinal piezoelectric coefficient of sidewall
AlN layers as well as the substantially reduced charge
cancellation as a result of the electrode configuration, this
technique demonstrates very high transduction efficiency for
silicon bulk acoustic resonators. The electrical equivalent
model is presented to demonstrate the advantage of this
transduction technique as well as the possibility of efficiency
improvement by using thick silicon substrates. Resonators
with Rm values as low as 35 Ω have been implemented at 100
MHz using a two-mask, three-step fabrication process. The
feasibility of tuning these devices without degrading Rm has
been demonstrated by sweeping the applied signal power
from 0 to 7 dBm.
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A
Abstract—A volttage controlled electrical stiffn
ness tuning meth
hod
haas been demon
nstrated to corrrect phase an
nd amplitude mism
m
matches between
n the constituen
nt resonators in a half-wavelen
ngth
(λλ/2) mechanically coupled arra
ay-composite towards maximizzing
itss output powerr. Via tuning, a nine-disk arra
ay-composite ussing
3 output resonators achieves an
n output currentt 2.91× larger th
han
hat of a single one
o of its consttituent resonato
ors, and only a bit
th
sh
hort of the 3× th
heoretical maxiimum. Without tuning, the arrraycoomposite achiev
ves only 2.78× the
t current of a single device, and
a
th
he deviation fro
om ideal is expeected to increase with the num
mber
off resonators in the array. Thee amount of tun
ning available can
bee tailored in nu
umerous ways,, from sizing of electrode-to-d
disk
gaap spacing, to specifying the number of dev
vices in the arrray
in
nvolved with tu
uning, to simplee variation of voltages
v
across seleected electrode--to-resonator ga
aps. By raising the power outtput
off a high-Q miccromechanical disk-array com
mposite resonator,
th
he method and design of this work stand to greatly lower the
ph
hase noise of osscillators referen
nced to such deevices.

I.

INTTRODUCTION

Among the various transd
duction method
ds [1]-[4] used by
m
micromechanicaal resonators, capacitive
c
tran
nsduction has hish
toorically achieveed the highest Q’s, with values reaching past
p
1660,000 at VHF
F [3] and 14,600
0 at 1.2 GHz [4
4]. Such high Q’s,
Q
coombined with small size and
d the potential for on-chip in
ntegrration with CM
MOS, make thiis technology very
v
attractive for
vaarious applicattions, from very
y narrowband low insertion loss
l
filters for RF freequency gating
g spectrum anallyzer implemen
ntaw phase noise, low power osccillators for raadar
tioon [5]; to low
annd communicattions [6].
Still, adaptattion of capacittive micromech
hanical resonattors
haas so far been slowed by theeir higher than conventional impeedances and lim
mited power handling
h
capabiility (governed
d by
linnearity) relativ
ve to other tech
hnologies, such as piezoelecctric
reesonators. How
wever, there iss no theoreticaal reason why the
im
mpedances and
d linearities of
o capacitive resonators
r
can
nnot
acchieve the desiired levels. In fact, a 60 MHz capacitive reesonaator recently attained
a
an imp
pedance as low
w as 140Ω on par
w
with piezoelecttric resonators, but with a much higherr Q
>770,000 [7]. The power handliing and linearitty performancee of
caapacitive transsducers has also
a
been stu
udied extensiv
vely
[88][9], with sing
gle 156 MHz capacitively
c
traansduced disk resr
onnators demonstrating measurred IIP3’s of 19
9.5dBm that meet
m
G
GSM requiremeents.
If even betteer linearity is needed
n
for morre demanding appllications, mech
hanically coup
pled array-com
mposite resonato
ors,

Figure 1: SEM image of a mechanically cooupled micromechhanical disk array-compposite with individual electrode acccess to each of the resonators
constitutin
ing the array.

ure 1, that sum tthe output currrents of identical mechanicf. Figur
cally cooupled resonatoors designed too resonate in pphase, have
been shoown to improvve performancee dramatically over standalone deevices [3][10]. Specifically, aarraying reduces motional
resistancce by increasinng the total ouutput current foor the same
input vooltage amplitudde; and simultaaneously improoves linearity by redducing the resoonator displaceement requiredd to source a
given am
mount of pow
wer, thereby redducing the perrcent of the
electrodde-to-resonator gap traversedd by the mechaanical structure. Iddeally, arrayingg improves thhe linearity annd motional
resistancce by factors eequal to the num
mber of resonaators used in
the array
ay [3]. Howeveer, due to fabriication non-ideealities, random varriations in the rresonator and ccoupling beam dimensions
across thhe array often compromise thhe degree to w
which output
currentss actually add. Because oof this, previious arraycomposiites have fallenn short of theirr expected imppedance and
linearityy improvementts, especially w
when the numbber of resonators uused in the arrayy is large [3][10].
Thiss work attemptts to better undderstand the efffect of mismatchess between the eelements of an array-composiite resonator
by invesstigating how sstiffness tuningg some of the reesonators in
the arrayy influences thhe amplitude annd phase matching of resonators being summedd. In particularr, voltage-conttrolled electrical stiiffness tuning applied to sevveral resonatorrs in the array-com
mposite generattes maxima inn the individuaal and combined ooutput currentss measured offf three resonaators of the
array whhen 1) their phhases are matchhed; and 2) their phases are
close to that of the inpput drive signall. Tuning over a 7V range
induces a measured 166% change in ccombined arrayy-composite
output ccurrent, which corresponds too a 1.3dB changge in output
power thhat can impactt the linearity oof a channel-sellect filter or

The authors would like to thank DA
ARPA for supportting this work.
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Fiigure 2: Schematicc of a contour mod
de disk resonator, identifying imporrtant
deesign variables an
nd providing the expression for th
he effective motio
onal
resistance Rx of the device.
d

Figure 3: Simulated plot off kt2 for a polysiliccon contour mode disk resonator
operating at 159 MHz, plottted as a function oof the electrode-too-resonator gap
spacing fo
for three different bias voltages. Thhe shaded band inndicates the kt2
range for AlN contour-modde resonators in thee literature [12][133].

thhe phase noise of
o a high-Q ME
EMS-based osccillator.
II. HIG
GH FREQUENCY
Y, HIGH Q, LOW
W IMPEDANCE
CAPACITIVELY TRANSDUCED MECHANICA
AL RESONATORS
This work utilizes
u
capacittively transducced radial-conttour
m
mode micromecchanical disk reesonators [11], such as shown
n in
Fiigure 2. This device
d
consists of a conductiv
ve disk suspend
ded
byy a center steem 700 nm above
a
an electtrically contaccted
grround plane an
nd surrounded by
b electrodes sp
paced only 80 nm
frrom the disk edges.
e
A voltag
ge applied to the
t ground plaane,
i.ee., VP in the figure, is effectiively also appllied to the disk
k itseelf and creates voltage dropss across the dissk and each off its
ellectrodes that then
t
activates the
t capacitive transducer.
t
Un
nder
noormal operatio
on, a combinatiion of a dc-biaas voltage VP and
a
ann ac excitation voltage vi is applied
a
across one
o electrode (the
(
innput electrode), as shown in the figure. Wh
hen the frequen
ncy
off vi matches th
he resonance frequency
f
of the
t disk, the disk
d
beegins to vibraate, generating
g a dc-biased (with VP) tim
mevaarying capacitaance at the output electrode that then sourrces
ann output curren
nt io.
Although offten maligned for
f supposedly
y insufficient ellectrromechanical coupling com
mpared with other transdu
ucer
chhoices, e.g., pieezoelectric, cap
pacitive transd
ducers are actuaally
am
mong the stro
ongest of the bunch when dimensions sccale
doown to tens off nanometers. To
T see this, on
ne can employ the
exxpressions for electrode-to-reesonator overlaap capacitance Co,
m
motional capaciitance Cx, and
d resonance freequency fo, fo
or a
raadial-contour mode
m
disk reson
nator, given by [11],
,

,

(2
2)

w
where Ao is the electrode-to-reesonator overlap
p area, ωo is reesonaance frequency
y in radians, α is a mode shap
pe dependent conc
sttant that equalls 0.342 for the
t fundamenttal contour mo
ode
shhape in polysiilicon, E is the Young’s mo
odulus, and otther
vaariables are deefined in Figuree 2. Combining these yields the
eqquivalent kt2 fo
or a capacitively
y transduced diisk resonator:
(3
3)
From (3), th
he electrode-to
o-resonator gap
p spacing cleaarly
offfers a very strong knob by which
w
to tailor electromechani
e
ical
cooupling. Plottin
ng (3) for the case of the 159--MHz disk used
d in
thhis work versuss electrode-to-rresonator gap spacing alongsside
thhe range for kt2 of contour-mo
ode AlN piezoeelectric resonattors
[112][13] yields the curves of Figure 3. Thee right side of the
cuurve, where electrode-to-resonator gap sp
pacings are larrge,
reeveals why cap
pacitive transdu
ucers were so maligned:
m
the ellectrromechanical coupling is ordeers of magnitud
de lower than that
t

of AlN piezoelectric rresonators. How
wever, the left side, where
the gap spacing shrinnks to tens of nanometers, tells a completely ddifferent story.. In particular, for the case oof VP =10V,
when thhe gap spacingg falls below aabout 29 nm, a complete
reversall occurs, wheree the electrom
mechanical couppling of the
capacitivve transducer bbegins to exceeed the typical 1% of AlN
contour--mode resonattors. The increease in electroomechanical
couplingg with decreasing gap spacinng was recentlyy verified in
[7], wheere the electrode-to-resonatorr gap of a 61-MHz wineglass diisk was reducced to 37 nm from 92 nm to effect a
change in motional ressistance from 55,350 to 140
, all while
still retaaining a Q of 773,173—the onnly on-chip rooom temperature resoonator in existtence able to atttain simultaneeous high Q
>70,0000 and low impeedance < 150.
wever, the m
Unfo
fortunately, how
motional resistaance of the
resonatoor, as given byy the equation in Figure 2, llike its coupling cooefficient, is innversely propoortional to resonance frequency. In other wordds, the same 377 nm gap that allowed an
Rx = 1400 at 61 MHzz in [7] would yield a much hhigher Rx of
2.3k aat 1 GHz. To ccounteract this increase, moree aggressive
gap scalling is needed. For instance, to achieve Rx = 50Ω for a
polysiliccon disk resonaator operating aat 1 GHz with an assumed
Q of 30,,000 and a dc bbias voltage VP =10V, the reqquired gap is
9 nm. N
Needless to sayy, this is a verry small gap thhat not only
begs thee question of w
whether or nott such a small gap can be
achievedd with high yieeld, but that alsso raises nonlinnearity concerns, siince the 3rd-orrder intermoduulation interceppt point IIP3
starts too drop quickly w
when the gap ppasses a certainn threshold,
effectiveely imposing a “gap scaling llimit” [9].
Wheen the gap scalling limit is m
met, but the imppedance requiremeent still has nott been, the nextt best course off action is to
employ one of the otther available knobs: either the dc-bias
voltage VP or the disk thickness h. Iff the supply volltage is limmust be increassed, which is uunfortunate,
ited, theen thickness m
since thhis would requiire a higher asppect ratio, so bbecomes increasinggly difficult as lateral dimenssions shrink to attain higher frequuencies. Fortunaately, the thickkness knob is reeally a knob
to changge electrode-too-resonator overlap area Ao, w
which can be
increaseed without incrreasing thickneess by merely uusing many
resonatoors so that theiir total combinned overlap areea increases.
This, off course, is the main idea behhind the mechannically coupled diskk array-compoosites under stuudy, here.
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III .

MECHANIC
CALLY COUPLE
ED ARRAY-COM
MPOSITE

By ssumming the ooutput currentss of multiple reesonators to

Fiigure 4: ANSYS modal
m
analysis reesult for three iden
ntical disk resonaators
mechanically coupleed with half-wavellength coupling beeams.

atttain a larger overlap
o
area an
nd in turn prod
duce a larger to
otal
ouutput current, an
a N-resonatorr array lowers the effective mom
tioonal resistancee linearly with the
t array size N,
N as described by
(4
4)

,

w
where ix and Rx are the motio
onal current an
nd resistance of
o a
siingle resonator, respectively; and vi is input voltage. Note that
t
(44) is valid onlly when all th
he resonators generate
g
identiical
ouutput currents that
t are in phasse and at precisely the same fref
quuency. Given the very high Q’s >10,000 of the individ
dual
reesonators, minu
ute differences between the reesonators likely
y to
occcur during any
a
practical microfabricatio
m
on process creeate
sllight frequency
y differences th
hat prevent outtput currents frrom
addding in phasee. As a result, simply conn
necting the outtput
ellectrodes of diiscrete resonato
ors together iss not an effecttive
arrraying method
d.
A much bettter approach uses
u
mechanicaal coupling beaams
too physically lin
nk the arrayed resonators,
r
as shown
s
in Figuree 1.
A mechanically
y linked N-reso
onator array forrms an N degrreeoff-freedom system with N modal frequencies, each associaated
w
with a specific mode
m
shape [10]. This ensurees that all reso
onatoors resonate at the exact sam
me frequency fo
or a given exciited
m
mode, very con
nveniently elim
minating frequeency mismatch
hes,
alllowing same-ffrequency summing of resonaator outputs. Still,
m
most applications, e.g., oscillators, requiree a frequency respponse with on
nly one output frequency, no
ot N of them. So
allthough its high
her power outp
put is welcome,, the N peaks geng
errated by this mechanically
m
cou
upled array aree not.
One way to eliminate the undesired modes is to use mem
chhanical couplin
ng beams that act
a as springs with
w infinite efffectivve stiffness [3]. Specifically
y, since the cou
upling beams behaave like mechaanical transmisssion lines at this frequency, th
hey
caan be given in
nfinite effectiv
ve stiffnesses by
b merely dim
mensiioning them to
o correspond to
o a half-wavelength (λ/2) at the
deesired mode freequency. Moree specifically, the
t coupling beeam
leengths should be set equal to
t an odd mulltiple of the halfw
wavelength (λ/2
2) of the longiitudinal wavess travelling in the
reesonator mediu
um with an acou
ustic velocity of
o
/ :
,

1,3,5, …

5)
(5

w
where fo is the resonance frequ
uency . With efffectively infin
nitelyy rigid couplerss, the mechanically coupled resonators
r
behave
ass a single array
y-composite ressonator, selectiively resonating
g at
a single mode frrequency that takes
t
on a shap
pe in which all the
s
in Figu
ure 4. The remaainreesonators movee in phase, as shown
inng modes are (iideally) pushed
d to infinity.
In effect, an
n ideal half-waavelength coupled array of reesonaators, with its single mode frequency resp
ponse, effectiv
vely
reealizes an array
y-composite reesonator that behaves like a sins
glle of its constittuent resonators, except with lower impedan
nce,
beetter linearity, and
a better pow
wer handling cap
pability.

Figure 5: Schematic descripption of the effect of mismatches beetween resonators and ccoupling beams onn array performancce.

Figure 6: ANSYS simulatiion for a three-reesonator array withh 1% error in
disk radiii and coupling beam
m lengths in a worrst case mismatch scenario.

IV.

EFFECTT OF NON-IDEALITIES ON ARR
RAYS

Thee analysis in tthe previous ssection assumees an ideal
case, whhere all the dissks that form tthe array are iddentical and
all couppling beam lenngths exactly m
match the λ/2 ccondition of
(5) at thhe common reesonance frequuency of the diisks. In this
perfect sscenario, all diisks resonate inn phase and gennerate identical outtput currents thhat lead to the advertised N-times reduction in R x. However, iin practice, varrious process vvariations in
lithograpphy, etching, etc., lead to ddeviations from
m a perfect
match bbetween the arrray elements. A
As a result, thhe disk radii
and couupling beam leengths in the arrray structure have a random disstribution arounnd the ideal deesign values, aas illustrated
in Figurre 5. Hence, each coupled ddisk would havve a slightly
differennt resonance frrequency weree it to resonatte by itself.
Furtherm
more, variationns in the couppling beam lenngths create
deviatioons from the hhalf-wavelengthh condition, m
meaning the
beams aare no longer infinitely rigid couplers. Although the
mechaniical coupling bbeams still imppose a commonn resonance
frequenccy, they now ddo so with the ffollowing conseequences:
1. Diifferent disks rreach their resoonance displaceement maxim
ma at different ttimes. Thus, thhe output currennts generatedd by individual resonators are not precisely inn phase.
2. Miismatches betw
ween coupled resonators annd coupling
beam lengths disstort the mode shapes of constituent resonnators, causing them to deviaate from the iddeal circular
conntour mode shhape, as shownn in Figure 6, which presennts the mode sshape predictedd by ANSYS for a threeressonator array iin a worst casee mismatch sccenario with
1%
% error in the disk radii andd coupling beaam lengths.
Thhe result is siggnificant distoortion of the m
mode shape
com
mpared to the ideal case of F
Figure 4. This m
mode shape
disstortion diminiishes the resonaance amplitudee of the resonnators, which thhen leads to redduced output cuurrent.
3. Sppurious modes ensue that aree no longer supppressed by
inffinite stiffness coupling beam
ms.
As a result, even thhough all the reesonators in thee array generate ann output curreent precisely aat the same freequency—a
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Figure 8: Schematic descripption of the voltage controlled elecctrical stiffness
tuning meethod applied to selected tuning ellectrodes of an arrray-composite
resonator to electrically tunne out mechanical m
mismatches.
Fiigure 7: ANSYS harmonic analysiis showing couplling beam mode shape
displacements (norm
malized to the id
deal mode shape) for mechanically
y nonideal coupled disk reesonator arrays wiith varying array siizes (3, 5, and 7 reesonatorrs, as marked) forr a 1% worst-case dimensional mism
match between the array
eleements; compared
d to the ideal modee shape plotted as the
t dashed curve.

reequirement imp
posed by mech
hanical couplin
ng—the individ
dual
ouutput currents are
a smaller and
d out-of-phase, so sum to a vaalue
loower than the theoretical maaximum, as sh
hown in Figuree 5.
This underperfo
ormance will likely
l
get worrse as frequenccies
ns would likeely amplify mism
rise, since smaaller dimension
m
matches, and th
he larger array
y sizes needed
d to maintain low
l
im
mpedance and good linearity
y would further distort the in
ndiviidual element mode
m
shapes, as
a verified by th
he FEA-generaated
pllot of Figure 7. Indeed, any method
m
for tuniing out mismattchess becomes morre important at higher frequen
ncies.
V.

VOLTTAGE CONTROLLLED ELECTRIC
CAL STIFFNESS
TUNING
G OF RESONATO
OR ARRAY-COM
MPOSITES

,

Since frequeency and stiffn
ness deviationss comprise the ultim
mate consequeence of processs-induced non
n-ideality, contrrollinng stiffness is perhaps the beest way to cou
unteract such nonn
iddealities. The capacitive
c
transsducers used in
n this work offeer a
veery convenientt method for co
ontrolling stiffn
fness via mere adjuustment of the voltages appliied across theirr capacitive gaaps,
w
which changes the
t electrical stiffness across these gaps. Ellectrrical stiffness [1
14] arises from
m the electric field force between
thhe conductive resonator and its parallel-plate electrode that
t
rises and falls ass the resonatorr gets close and
d far, respectiveely,
ode. This forcee is in phase with
w resonator mom
frrom the electro
tioon, so comprises an effective electrical stiffn
fness ke, given by
b
∆

general mode shapes, ee.g., wine-glass [3][6].
Equaation (7) appliees very well too individual ressonators and
has beenn used successsfully to correct the passbannds of small
percent bandwidth filtters, such as iin [15], where constituent
wavelength beams. For the
resonatoors are coupledd by quarter-w
case of the half-waveelength coupledd array resonaators of this
must be modifieed to account for the fact
work, hhowever, (7) m
that a half-wavelenggth coupled aarray realizes an arraycomposiite resonator with an effective combineed stiffness
equal too the sum of thhe stiffnesses oof its constituennts. Thus, a
change in electrical stiiffness appliedd to one resonaator, such as
ffects them all, i.e., affects thhe whole arshown iin Figure 8, aff
ray-com
mposite. For ann N-resonator aarray-compositte, where M
resonatoors are used foor input/output and (N-M) foor frequency
tuning, the expressionn for the arrayy-composite freequency becomes

(6
6)

w
where Ao is the electrode
e
area, and VΔ is the DC
D voltage diff
fferennce between th
he electrode an
nd the resonattor. Note that this
t
ellectrical stiffneess acts to inccrease the reso
onator’s displaacem
ment, so acts to oppose the meechanical stiffn
ness of the reso
onatoor. Its effect on
n the resonancee frequency of a single resonaator
caan thus be mod
deled by
(7
7)
w
where kre is the total effectivee resonator stifffness at the lo
ocatioon of the tunin
ng electrode (i.e., usually at its midpoint), obtaained by subtraacting the elecctrical stiffnesss ke from the mem
chhanical stiffness at that loccation km; and
d mre denotes the
eqquivalent dynaamic mass at th
hat location. Note
N
that for conc
toour mode disks, location is no
ot an issue, but it can be for more
m

,

,
,

,

,

,

(8)
(9)

where km,s and mre,s aare the dynam
mic stiffness (w
with no bias
voltage)) and mass forr a single resoonator, respectiively; while
annd , are the electrical stifffness for a sinngle resona,
tor withh and without the tuning vooltage VTune appplied to its
electroddes, respectivelyy.
Equaations (8)-(9) iindicate that thhe amount of tuuning available cann be tailored iin numerous w
ways, from siziing of electrode-too-disk gap spaccing, to specifyying the number of devices
with tuning, too simple variattion of voltin the arrray involved w
ages acrross selected eelectrode-to-ressonator gaps. T
The voltagecontrol kknob provides an especially cconvenient metthod to tune
individuual frequenciess so as to miinimize mode shape mismatchess between the eelements of a m
mechanically ccoupled resonator aarray. Note thaat a designer hhas a choice off whether to
use a coonstituent resonnator in an arrray composite as an input
device, an output devvice, a frequenncy tuning devvice, or any
combinaation of these, including all thhree.
It shhould also be nnoted that the aarrays of Figuree 1 and Figure 9 ddo not offer thhe ability to ddirectly tune thhe coupling
beams. Such tuning is possible with the right desiggn, but most
mbersome, so are not imsuch deesigns become somewhat cum
plementted here. If cooupler tuners aare not availabble, then at
least thee frequency off the array-com
mposite can be adjusted to
minimizze the average coupler deviattion from half--wavelength
at whateever their dimeensions. In efffect, pulling thee resonance
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Figure 100: Measured plot of array-compositte frequency vs. tuuning voltage.

Fiigure 9: SEM of the fabricated an
nd measured reson
nator array-compo
osite
tunning test structure and schematic of the experimental setup.
s

frrequency closer to the optimu
um value that provides an av
veragge best fit matcch to the λ/2 coupling
c
condittion for the acttual
faabricated devicces with non-id
dealities minim
mizes mode shape
diistortions and the resulting phase
p
mismatch
hes between in
ndiviidual disk outp
put currents, hen
nce maximizess array output.
VI.

EXPERIM
MENTAL RESUL
LTS

To observe the
t extent of mismatches
m
stem
mming from fab
bricaation-induced non-idealities
n
between
b
resonaators and the mem
chhanical couplin
ng beams that are
a otherwise matched
m
in layo
out,
diisk array-comp
posites were faabricated in po
olysilicon usin
ng a
five-mask fabriccation process similar to thatt of [16]. Figurre 9
prresents the scaanning electron
n micrograph of
o a fabricated arraay structure thaat differs from
m previous oness [3] in that (1
1) it
inncludes electrodes that can in
ndividually add
dress each consstitueent resonator, so provides a mechanism
m
forr studying the degrree to which an
a actual fabriccated array-com
mposite resonaator
deeviates from th
he ideal, i.e., the
t degree to which the phaases
annd resonance amplitudes off its constituen
nt resonators are
m
matched; and (2
2) it features ellectrode-resonaator combinations
sppecifically equ
uipped to tune the effective electrical
e
stiffn
ness
off the entire arraay structure viaa adjustment of
o tuning voltag
ges.
The structure co
onsists of nine 17μm-radius contour
c
mode disk
d
gned to operatee at 159.8 MH
Hz, with each disk
d
reesonators desig
m
mechanically co
oupled to its neighbors viaa half-wavelen
ngth
beeams of length
h Lbeam = 26m to form a 3×3
3 array-composite
reesonator.
Figure 9 also
o includes the test
t set-up used
d to gauge the impaact of process non-idealities on
o the disk arrray-composite and
a
evvaluate the effi
ficacy of the prroposed correcctive tuning meethodd. Here, an Agilent
A
E5071
1C four-port network
n
analy
yzer
drrives the array
y-composite dev
vice into reson
nance from an inpuut resonator, denoted
d
as Portt 1; and simultaneously reco
ords
thhe phase and magnitude
m
info
ormation of th
he output curreents
geenerated by three output reso
onators, denoteed as Ports 2-3
3-4.
A DC polarizatiion voltage of VP = 5V is ap
pplied common
n to
alll disk resonattors, and threee of the resonaators in the arrray
seerve as dedicatted electrical stiffness
s
tunerss, to which a DC
tuuning voltage separate
s
from VP is applied to
o effect selectaable
am
mounts of stifffness control. By
B sweeping the
t tuning voltage
w
while recording with the netw
work analyzer, the change in the

Figure 1 1: Frequency charracteristics for thee combined port 22-3-4 output of
the arrayy-composite measuured at two differennt tuning voltages.

phase annd magnitude of the individuual resonators ccan be plotted as a function of thee applied tuningg voltage.
To ffirst gauge the amount of tunning provided bby the three
tuning eelectrodes, Figuure 10 presentss a plot of arrayy-composite
frequenccy versus appllied tuning volltage. Here, a ttuning voltage excuursion of 7V prrovides a 25.4 ppm change inn frequency.
Althouggh small, this ttuning range w
was still enouggh to affect
noticeabble changes inn total array ouutput current, aas indicated
by Figuure 11, which pplots measuredd frequency chaaracteristics
for the ccombined outpput currents froom Ports 2-3-44 as a function of tthe tuning volttage. Here, a 11.3dB change in output is
seen oveer a 7V excursiion in tuning vvoltage.
To bbetter elucidatee some of the mechanisms bbehind tuning-baseed output imprrovement, Figuure 12 presentts measured
curves oof magnitude aand phase of thhe individual cuurrents generated bby each output resonator (porrts 2, 3, and 4) plotted as a
functionn of the applieed tuning voltaage. There are two groups
of curvees presented inn this plot: thee solid curves indicate the
phase m
mismatch of eacch output resonnator current reelative to the
input ressonator drive ssignal, with refference to the yy-axis on the
left; andd the dashed ccurves present the output currrent amplitudes m
measured in dB
Bm, with referrence to the y--axis on the
right. T
The results cleaarly demonstraate reduction oof the phase
mismatcch between ouutput resonatorrs and input reesonator, by
more thhan 20° for thee output resonnator denoted P
Port2 as its
phase m
mismatch reducces to almost zeero, and by moore than 10°
for the oother two outpuut resonators.
For each output reesonator, two m
maxima are obbserved: one
where tthe phase of thhe resonator inn question hass its lowest
phase m
mismatch with the input resoonator; and onne where all
output rresonators are m
matched in phaase. Clearly, phhase match-
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correct phase and ressonance amplittude mismatchhes between
the connstituent resonnators in mecchanically couppled arraycomposiites allows suuch mechanicall circuits to acchieve their
true pottential, even inn the midst of ffinite fabricatioon tolerances. Cleaarly, some morre refinement inn the tuning m
method, e.g.,
to allow
w more precisee tuning of inddividual resonaators, would
be beneeficial, and invvestigation intoo just how largge an array
can be ttuned via the described methhods is neededd. Work towards thhese continuess with the goall of someday m
making possible as sembly of on--chip array-com
mposites emplooying thousands o f capacitively transduced miicromechanicall resonators
wn to 1, IIP
P3’s greater
to achieeve motional rresistances dow
than 50 dBm, and pow
wer outputs in tthe several Waatt range, all
while reetaining the higgh Q >30,000 tyypical of such devices.
Fiigure 12: Measureed individual outtput current phasee mismatch relatiive to
[1]
inpput (solid line curv
ves – left y-axis) and
a amplitudes (daashed line curves – right
y-axis) for each outp
put resonator (portts 2, 3, and 4) vs. tuning voltage.
[2]

[3]

[4]

[5]

[6]

[7]
Fiigure 13: Measured curves of combined total output current
c
phase mism
match
relative to input ( data markers– lefft y-axis) and amp
plitude ( data maarkers
[8]
– rright y-axis), plotted against the applied tuning voltagee.

inng is an imporrtant consideration for optim
mized performan
nce
off even individu
ual resonators making
m
up an array
a
compositee.
Figure 13 pllots the phase and amplitude of the total co
ombiined output cu
urrent from the three output resonators
r
agaiinst
thhe applied tuniing voltage an
nd against a liine indicating the
m
maximum outpu
ut current mag
gnitude expectted from an id
deal
arrray-compositee with no missmatches. Interrestingly, for the
caase of this ninee-resonator arraay-composite, three
t
of which are
ussed for output, the output currrent is within 2 dB of the id
deal
ovver a 7V rangee of tuning volltage. This mig
ght raise questions
onn the need forr tuning at all, but a quick glance
g
at Figurre 7
reeminds one th
hat a larger arrray would lik
kely experience a
m
much larger cu
urrent drop fo
or which corrrection by tun
ning
w
would be imporrtant. In additio
on, where transsmit power is conc
ceerned, every 0.1dB of loss iss generally of great
g
concern, espeecially in spacce applications. At any rate, Figure 13 atteests
thhat voltage-con
ntrolled electriccal stiffness tu
uning is clearly
y an
efffective meanss for controllin
ng and minim
mizing phase mism
m
matches, and more
m
importantlly for maximizzing the total outo
puut current ampllitude.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

O
VII. CONCLUSIONS

By restoring
g output power to levels closeer to ideal, the desccribed voltage-controlled elecctrical stiffness tuning method
d to
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Acoustic Bragg Reflectors for Q-Enhancement of
Unreleased MEMS Resonators
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Abstract—This work presents the design of acoustic Bragg
reflectors (ABRs) for unreleased MEMS resonators through
analysis and simulation. Two of the greatest challenges to the
successful implementation of MEMS are those of packaging and
integration with integrated circuits. Development of unreleased
RF MEMS resonators at the transistor level of the CMOS stack
will enable direct integration into front-end-of-line (FEOL)
processing, making these devices an attractive choice for on-chip
signal generation and signal processing. The use of ABRs in
unreleased resonators reduces spurious modes while
maintaining high quality factors. Analysis on unreleased
resonators using ABRs covers design principles, effects of
fabrication variation, and comparison to released devices.
Additionally, ABR-based unreleased resonators are compared
with unreleased resonators enhanced using phononic crystals,
showing order of magnitude higher quality factor (Q) for the
ABR-based devices.

I.

INTRODUCTION

The need for monolithic integration of Micro
Electromechanical (MEM) devices with CMOS is critical for
successful implementation of high frequency active MEMS
resonators. Monolithic integration of these devices can
provide basic RF and mm-wave building blocks with high Q,
small footprint, and low power for use in wireless
communication, microprocessor clocking, navigation and
sensing applications. Nevertheless, the majority of MEMS
resonators require a release step to freely suspend the moving
structures. This necessitates complex encapsulation and
packaging, restricting fabrication to MEMS-last or Back-Endof-Line (BEOL) processing of large-scale devices [1].
Toward the goal of Front-End-of-Line (FEOL) CMOS
integration, the authors have previously demonstrated the first
fully unreleased MEMS resonator operating at 39 GHz with Q
of 129 [2]. The Si bulk acoustic resonator, surrounded on all
sides by SiO2, demonstrates the feasibility of direct integration
of resonator into the FEOL CMOS processing, offering onchip low power clock generation and high-Q tank filters.
Whether unreleased RF MEMS resonators are realized in a
CMOS or custom process, their implementation provides high
yield, low cost, robustness in harsh environments, and
minimal or no-packaging solutions.

Figure 1. Sideview of unreleased resonator and ABRs lithographically
defined in the same mask process. The resonant mode is longitudinal in
the horizontal direction, exciting plane waves which are confined by the
ABRs. Oxide cladding the resonator and ABRs illustrates the structures
achievable in standard SOI CMOS processing.

As a result of the leakage of acoustic energy by wave paths
into the surrounding medium, the performance of an
unreleased resonator is degraded relative to its released
counterpart [3]. This energy loss can be mitigated by adding
acoustic isolation structures. In this work, two types of
structures are proposed and investigated for the localization of
acoustic vibrations in place of λ/4 suspension beams found in
most released structures: the acoustic Bragg reflector (ABR)
and the phononic crystal (PnC), with a focus on the former.
The acoustic Bragg reflector is named after its optical
analogue, which is used as thin film optical mirrors to
improve reflectivity at a designed wavelength. The ABR is
composed of periodic layers of two materials of low and high
acoustic impedance. At each layer interface of the ABR, a
fraction of the acoustic wave energy is reflected. To form a
coherent superposition of these reflected waves, these layers
can be optimized at odd multiples of quarter wavelength,
resulting in the overall reflectivity identical to that of free or
rigid boundary conditions.
In 1965, W. E. Newell introduced the idea of employing
ABRs to thickness mode piezoelectric resonators for wireless
applications in high frequency integrated circuits [4]. This
work was further developed in fully integrated surface
micromachining technology for solidly mounted resonators
(SMRs) [5]. These ABRs are composed of multiple
depositions of alternating materials, resulting in acoustic
isolation in one dimension at a single frequency per wafer. Inplane isolation can be achieved using lithographically defined

This work is funded by the MARCO Center for Materials, Structures and
Devices (MSD) and the DARPA Young Faculty Award.
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ABRs, as demonstrated in a suspended plate [6]. This
configuration enables resonators of multiple frequencies to be
fabricated side by side on the same chip.
PnCs provide an alternative solution to lithographically
defined acoustic isolation. They have been recently explored
by several groups for microscale applications, including
acoustic mirrors for resonators in suspended plates [7],
acoustic waveguides, and filters [8].
This paper presents the study of fully unreleased resonator
surrounded by lithographically defined ABRs, embedded in a
homogeneous cladding layer (Fig. 1). This one-mask design
enables resonator banks of various frequencies on the same
chip, providing multiple degrees of freedom in ABR design.
With the goal of direct integration into FEOL CMOS
processing, resonator performance is investigated for materials
commonly found in the CMOS stack. The characteristics of
these unreleased structures are compared with freely
suspended resonators, released resonators isolated with
lithographically defined ABRs, and PnC based unreleased
resonators.
II.

BANDGAP OF ACOUSTIC BRAGG REFLECTORS

Existing ABR analysis is based on a transmission line
analogy, borrowing results from impedance transforming
properties of cascaded transmission lines [4]. However, a
more fundamental analysis can be performed conveniently
from the wave propagation point of view through
superposition, as shown in Fig. 2.

Figure 2. Derivation of recursion formula of reflectivity for ABRs
through wave superposition.
A summation of all the reflected
components in the dashed line box generates relationship of lumped
reflectivity R(n) and r(n) of the nth ABR bi-layer.

r (n) = r +

The acoustic impedance Z of an elastic medium for
longitudinal wave is defined by material properties as

Z=

E
(1 + ν )(1 − 2ν ) ρ E
=
c
(1 −ν )

(1)

In Fig. 2, an acoustic wave travelling to the right in
material I is incident on an interface with material II, separated
into reflected and transmitted components of R and T. At the
next interface, the transmitted component T is reflected at an
assumed lumped reflectivity of R’ from the following stack of
materials. The reflected wave now travelling to the left with
amplitude TR’ is then reflected (r) and transmitted (t) at the
first interface. As a result, infinite reflections occur inside
material II with amplitude decreasing in geometric
progression. By summation of all the reflections, we acquire
the recursion formula

Ttr (n)e− i 2δ 2
1 − rr (n)e − i 2δ 2

(3)

With these two relations, the properties of the ABR can be
extracted through numerical calculation. Fig. 3 shows the
result of ABR reflectivity of various bi-layer numbers, in
which the ABR bi-layer consists of Si and SiO2.

where E, ρ, ν are the Young's modulus, density, and Poisson's
ratio respectively.

R ( n) = R +

tTR (n − 1)e− i 2δ1
1 − RR( n − 1)e − i 2δ1

(2)

in which δ2 is the phase change over the propagation length in
material II, r(n) and R(n) are the lumped reflectivities of the
nth ABR bi-layer as shown in Fig. 2. Similarly, the other
recursion formula can be acquired:

An ideal ABR composed of an infinite number of bi-layers
is approximated numerically using 100 ABR pairs. As shown
in Fig. 3, this ideal ABR provides total reflection over several
frequency ranges called the bandgaps. The reflectivity in the
bandgap is strongly dependent on the number of ABR pairs.
However, numerical results show that only 7 bi-layers are
enough to approximate the bandgap shape, providing 98.7%
reflectivity at the center of bandgap.
The convergence rate toward total reflection differs based
on the materials composing the ABR structure. Material pairs
with higher acoustic impedance contrast ratio (Z1/Z2) form a
wider bandgap, and require fewer ABR pairs for same level of
reflectance. The performance of several quarter-wavelength
material pairs available in CMOS are exhibited in Fig. 4. The
sign of reflectivity is determined by the order of materials in
the ABR bi-layer. If the first material in the bi-layer has a
higher acoustic impedance, the overall ABR will approach a
free boundary condition (positive reflectivity). On the other
hand, if the first material has a lower acoustic impedance, it
will approach fixed boundary condition (negative reflectivity).
Materials of large acoustic impedance contrast such as
W/SiO2 [9], AlN/SiO2 [5], Mo/Al [10] have previously been
used to form ABR pairs in SMRs. This large contrast
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domain, taking maximum or average strain as signal output.
This mechanical-only analysis in turn allows the result to be
applied for various sensing mechanisms that rely on the
electrical signal modulated by strain, such as dielectric,
piezoelectric, piezoresistive, or Field Effect Transistor sensing
[11].
A. 1D Analysis of Unreleased Resonator with ABRs
Using the superposition method outlined in section II, a
one dimensional unreleased resonator embedded in an Si/SiO2
ABR stack can be analyzed numerically using the maximum
strain as the output (Fig. 5). This is a best-case ideal resonator
output; in practical design the mode cannot be perfectly onedimensional. Finite width may introduce non-idealities such as
plate modes and extra wave leakage, as discussed in the
following sections.

Figure 3. Frequency response of ABR amplitude (top) and phase
(bottom). The bandgap approaches ideal shape with increasing number
of ABRs. When the ABR pair number is small, the bandgap is attenuated
and bandwidth increases.

minimizes the number of pairs required to achieve good
acoustic isolation, reducing the number of deposition steps
during fabrication. This will not complicate fabrication for
unreleased resonator ABR design, since the entire ABR
structure can be defined lithographically in one step. Si/SiO2
ABRs are selected for the design and analysis in the paper,
due to their FEOL CMOS compatibility, low internal loss, and
small achievable footprint.
III.

ACOUSTIC BRAGG REFLECTORS FOR UNRELEASED
RESONATORS

The acoustic energy loss analyzed here in the unreleased
resonators is analogous to anchor loss in freely suspended
devices. In most released and unreleased resonators, this
energy localization can be the limiting mechanism for Q.
Accordingly, this analysis is focused on the mechanical

In this analysis, the resonator is excited by a pair of equal
and opposite forces on both edges, and after superposing wave
components in both directions, strain is calculated at the center
of the resonator. Resonant peaks appear periodically at odd
harmonics, which agrees well with the shape of the ABR
bandgap. The Q of the peak increases rapidly with the increase
of ABR pairs as the reflectivity approaches 1. These properties
confirm the ABR analysis results in Fig. 3.
Because both the lengths of the ABR layers and resonant
cavity are lithographically defined, the dimensions are subject
to fabrication variations. Over-etching may change the relative
thickness of the Si layer to the SiO2 layer in one ABR
periodicity, which subsequently shifts performance of the
entire system including frequency, Q, and amplitude of
vibrations. However, the finite bandgap generated by the ABR
provides some level of tolerance to such variations. Analysis
indicates that fabrication tolerances of 10-15% results in up to
10% degradation in targeted performance. The fabrication
variation affects performance more as the ABR pair number
increases, which is reasonable due to the narrowing of
equivalent bandgap as shown in Fig. 3.

Figure 4. For finite number of ABR pairs, the reflectivity increases with
the pair number and converges to 1 or -1 rapidly for materials
commonly found in CMOS.

Figure 5. Numerical calculation results of maximum strain output of
unreleased resonator embedded in ABR. The strain is normalized to the
maximum strain at 7 ABR pairs.
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B. Comparison of Released and Unreleased Resonator with
ABRs
Two dimensional finite element simulations were
performed in COMSOL Multiphysics 4.1 to demonstrate the
contribution of ABRs to unreleased resonator performance.
The frequency response of ABR-enhanced unreleased
structures is compared with freely suspended resonators,
simple unreleased resonators (no ABRs), and released
resonators isolated with lithographically defined ABRs (Fig.
6). All resonators, driven by a pair of equal and opposite
forces on both edges, are designed for 1st harmonic
longitudinal vibrations at 1 GHz. The output signal is taken as
the average strain across the entire resonant cavity. Perfectly
matched layers (PMLs) are imposed at boundaries
corresponding to energy sinks for waves propagating to
infinity.
When defining PML parameters in COMSOL, it is
recommended to match the PML to the desired acoustic
wavelength. Although energy absorption is only optimized
around the targeted wavelength, comparison of simulations
with varying PML settings has shown robustness of PML
performance over a broad range of frequencies for a single
matched wavelength. For example, simulations of the
resonator shown in Fig. 6(b, c) were performed with PMLs

targeted at 1 GHz and 3 GHz wavelength, demonstrating
maximum variation of less than 2% between the two
simulations across a 3 GHz frequency sweep.
The released bar (Fig. 6(a)) provides the sharpest peak,
which diverges for infinitesimal frequency steps due to the
absence of internal damping in simulation. It is evident that
due to the excitation of various plate modes, there are
numerous spurious modes around the targeted frequency. At
the other extreme, the unreleased resonator in oxide provides
almost no peak at all, due to homogeneous energy dissipation
into the surrounding medium. Comparison is made focusing
on the released resonator-ABR plate (Fig. 6(b)) and the
unreleased resonator-ABR structure (Fig. 6(c)). The output
signal of the unreleased structure approaches that of the
released one with increasing thickness-length aspect ratio. At
an aspect ratio of 6.5, the unreleased resonator-ABR structure
provides an output signal only 20% less than its released
counterpart. The unreleased device also exhibits clear spurious
mode suppression, providing a single peak at the desired
frequency of 1 GHz.
Of all configurations, the unreleased resonator-ABR
structure provides the purest mode due to damping of
undesired plate modes in the non-resonant direction.
Depending on the aspect ratio of the device, this out-of-plane
damping may contribute to a reduced Q of the targeted mode,
with a high aspect ratio being favorable for low loss.
Nevertheless, it only requires an aspect ratio of approximately
7 for the output of unreleased resonator-ABR structure to
match that of the released resonator-ABR plate. This effect
results from the higher thickness uniformity of the mode
present in the unreleased resonator (Fig. 6(c)), providing a
larger effective area for sensing.
C. In-Plane ABR Design
To this point, analysis and optimization has been
addressed for the sideview structure of both released and
unreleased resonators. The lithographic definition of the
ABRs under consideration affords a third degree of freedom in
design to optimize for the quality factor and suppression of
spurious modes. In the sideview case in the previous section,
the resonator and ABRs are assumed to extend infinitely in the
third dimension. In practice, the finite length of the structure
introduces non-idealities and damping, which can be mitigated
by in-plane ABR design.

Figure 6. Frequency sweep in COMSOL for sideviews of free bar (a),
released resonator-ABR plate (b), unreleased resonator-ABR structure
embedded in oxide (c), and simple unreleased resonator embedded in
oxide. Frequency response is for resonators of thickness-length ratio of
6.5 and ABR number of 7. Characteristic x-strain contour plots are given
at an aspect ratio of 3.5 and ABR number of 3.

Fig. 7 presents several in-plane ABR configurations for a
1D 2nd harmonic longitudinal-mode unreleased resonator.
One half of the resonator is used for driving and the other half
for sensing, providing maximum transduction area and
selective excitation of the 2nd harmonic. As in the case of
released resonator-ABR plate, the extra reflectors result in
standing waves in the direction perpendicular to the
longitudinal wave, causing signal cancellation and reduction
in Q relative to the case of the infinite structure. Inclusion of
corner ABRs also introduces spurious plate modes as
exhibited in the inset in Fig. 7.
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a more uniform mode along the width of the resonator. In this
case, the vibrations near the sides of the resonator are
increased such that the contribution from the side ABRs is
larger. As can be seen in Fig. 8, the 6th harmonic at 3 GHz
exhibits a significantly larger amplitude and higher Q than the
2nd harmonic at 1 GHz due to the increased width to
wavelength ratio. In this case, the shear ABRs also serve to
enhance the Q by a factor of 2 relative to the 1D ABRs and by
a factor of 4 relative to the cross configuration. This quality
factor can be further enhanced by increasing the thickness-toheight aspect ratio of the resonator and surrounding ABRs.
IV.

ACOUSTIC BRAGG REFLECTORS VS. PHONONIC
CRYSTALS

The ABR can be understood as one dimensional case of
the phononic crystal (PnC). The PnC is an acoustic wave
analogue of photonic crystals, where a periodic array of
scattering elements in a homogeneous matrix material causes
complete rejection of acoustic waves at a band of frequencies.
Much attention has been drawn to the implementation of PnCs
for MEMS resonators. One widely used structure is an inplane wave transmission line resonator analogous to the
Fabry–Pérot interferometer [7]. Typically, air holes are etched
as scattering elements in a silicon slab (or slab made of other
materials) to form a PnC structure. There are also solid
scattering approaches to fill these holes with materials with
distinct acoustic impedance from the slab [12].

Figure 7. Frequency sweep around the 2nd harmonic in COMSOL on
layout designs of cross, square, circular and 1D ABR structures
(topview). Adding ABRs for longitudinal waves on the sides of the
resonator does not enhance Q. Instead, it tends to introduce spurious
modes. The inset presents the spurious mode for the square layout.

This result suggests that the 2D ABR design should serve
to minimize any extra 2D in-plane vibrations and target a
single mode. In the case of the longitudinal-mode resonator
with 1D ABRs, in order to localize energy without mode
distortion, side reflectors should coherently reflect only shear
waves rather than longitudinal waves (Fig. 8). The shear
reflectors do not act as standing wave boundary conditions to
distort the 1D longitudinal mode, thereby providing higher Q
and larger output signal.

Solid scattering design can be utilized to localize
vibrations in unreleased resonators. To compare the
performance of a 1D ABR structure to that of a PnC, a silicon
square lattice PnC with oxide scattering elements is
considered. The fabrication process would be identical to that
of the ABR, except for a change in layout, with holes in place

This enhancement is more evident for higher harmonics.
The reduced wavelength of the 6th harmonic in Fig. 8 results in

Figure 9. Acoustic bandgap comparison between phononic crystal and
acoustic Bragg reflectors. The ABR provides a wider bandgap with no
eigenmodes beyond the bandgap, and it requires a smaller footprint. The
inset shows a 2x2 unit cell for the PnC used in this analysis. The contour
plots show the topview of the transmission line structure, with amplitude
of displacement decreasing with penetration depth.

Figure 8. Frequency sweep in COMSOL including the 2nd and the 6th
harmonic on unreleased resonator with side reflectors (topview). The
width-length aspect ratio of the unreleased resonator is 1.5. Designing
side reflectors at quarter shear wavelengths provides more uniform
mode and larger signal output.
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of trenches defined by lithography. Similarly to the ABR, the
central frequency of the bandgap for the PnC is dominantly
dependent on periodicity, or lattice constant 'a', which
approximately equals a half wavelength, while the width of
bandgap is related to the filling ratio r/a (Fig. 9, inset). A
COMSOL parameter sweep of the bandgap with respect to
filling ratio shows the widest bandgap at filling ratio of ~0.3
for Si/SiO2.
To compare the bandgap formed by the ABR and PnC, a
transmission line configuration is investigated in COMSOL,
with acoustic excitations generated on the left-hand side and
sensing on the right, enclosed in PMLs on both ends (Fig. 9).
Periodic boundary conditions are added on top and bottom so
that the bandgap property is not distorted by the width
dimension. The comparison result shows that the ABR has
several advantages over the PnC for unreleased resonators:
• ABRs provide a much wider bandgap than that of PnCs for
given impedance contrast of materials and for the same
footprint.
• To achieve a near-perfect bandgap, it requires much fewer
layers for the ABR compared to the PnC, requiring a
smaller footprint.
• At frequencies beyond the bandgap, there exist spurious
eigenmodes for the PnC, which results in undesired strong
resonance. On the other hand, the ABR provides a perfect
bandgap without introducing spurious modes.
As an outcome of these advantages, for the same footprint
and material set, if we compare the PnC or ABR applied to an
unreleased resonator driven on both ends, the ABR offers
clear benefits, with a 9x higher Q, 20x larger signal output,
and suppression of spurious modes at both low and high
frequency (Fig. 10).

V.

The design of the unreleased resonator with ABRs was
optimized to suppress spurious modes and enhance the quality
factor. With sufficient thickness-to-length aspect ratio, the
unreleased design is able to provide signal level and Q that are
comparable to its released counterparts. At high frequencies
(>1 GHz) where resonator damping is dominated by anchor
loss [13], the unreleased resonator with ABRs can outperform
released devices.
Since the ABRs are lithographically defined in the same
step as the resonator itself, their fabrication does not require
any additional depositions or masks. In addition, it enables
flexibility in ABR layout configuration, which can be
implemented to optimize the ABR geometry for a single mode,
resulting in high Q design with a finite footprint. Compared
with the PnC, the ABR is more efficient in acoustic energy
localization both in performance and footprint, and does not
introduce any spurious modes.
The design of unreleased resonators enhanced with
acoustic Bragg reflectors can provide basic building blocks for
RF circuit designers with high-Q on-chip signal generation
and processing that can be directly integrated into the FEOL in
CMOS processing. Unreleased design also provides high yield,
low cost, robustness in harsh environments, and minimal or no
packaging for MEMS resonators.
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Abstract—This paper reports on the design, simulation and
characterization of small form factor, tunable piezoelectric
MEMS resonators for real time clock applications (32.768 kHz).
The structures were fabricated on a thin-film AlN-on-SOI
substrate to enable piezoelectric actuation of an out-of-plane
flexural mode, as well as electrostatic frequency tuning by
utilizing the handle layer as a DC voltage electrode. Resonators
of only a few hundred of µm in size exhibit greater than 3100
ppm of tuning using voltages no larger than 4 V; this tuning
sufficiently compensates for frequency variations across
temperature from -25 to 100 ºC. The devices exhibit low
motional impedance that is completely independent of the tuning
potential.

I.

INTRODUCTION

Advances in wireless communications and computer
processing applications have led to the steady growth of the
electronics timing market, which is currently at the $5 billion
mark. This niche is mainly composed of resonators, oscillators
and clock generators, whose implementation is dominated by
quartz crystal technology. This has been partly due to
historical reasons [1], but mainly because quartz exhibits
excellent temperature-stable characteristics and reasonable
quality factor values, which are desired for high-accuracy
applications [2]. In recent years, silicon-based MEMS
resonators are becoming strong contenders in the timing
applications market as a result of their small form factors, high
fQ products and the possibility of direct integration with
interface circuits [3]. However, most research efforts in this
field are presently being invested in high-frequency devices in
the MHz to GHz range, leaving conventional tuning fork
quartz resonators as the prevailing devices for real-time clock
(RTC) applications. The low-frequency operation (32.768
kHz) and precise fabrication steps required for the
implementation of quartz tuning forks make these structures
large in size with surface areas in the millimeter range [4].
Additionally, to achieve vacuum levels necessary for high-Q
performance, quartz resonators require metallic encapsulation,
which further complicates their manufacturing and increases
cost.
At such low frequencies, silicon microresonators operating
in flexural modes can be utilized to overcome these
complications; however, these devices exhibit large
temperature coefficients of frequency (TCF) of about -30

978-1-61284-110-6/11/$26.00 ©2011 IEEE

ppm/ºC, so passive compensation techniques [5, 6] and
frequency-tuning methods are required to counteract this
effect [7].
Several techniques for passive temperature compensation
of frequency in flexural silicon MEMS resonators have been
reported. For example, thermally-dependent axial loads can be
applied to a device to counteract the effects of the temperature
coefficient of Young’s modulus (TCE) [8]. However, this type
of approach requires a significant amount of additional area to
accommodate for the compensation structure. Another
common technique is the use of composite resonators, where
different materials with opposite values of TCE are stacked to
cancel out or minimize the overall TCF [9]. Nevertheless,
interfacial material losses tend to degrade the quality factor
which compromises the device performance. Hence, in
applications where minimal size and maximum performance
are a necessity, electrical frequency tuning tends be a better
option, as long as the device offers enough tuning range to
enable compensation for both temperature and process
variations.
As of today, very few 32 kHz MEMS resonators have been
reported [10, 11]. These devices rely on electrostatic actuation
and sensing; thus, they require a polarization voltage VP to
operate. To achieve low motional impedances, high aspect
ratio capacitive gaps and/or large VP values are necessary,
both of which severely compromise power handling.
Furthermore, electrostatic tuning is needed to compensate for
TCF; hence, the polarization voltage of the device must be
used to adjust the frequency utilizing a temperature
compensation scheme. This in turn changes the motional
impedance of the device, complicating the implementation of
frequency-stable oscillators with a wide operating temperature
range. In order to overcome these limitations, thin-film
piezoelectric-on-SOI flexural resonators can be utilized to
enable piezoelectric actuation as well as electrostatic
frequency tuning [12]. Small form factor, highly-tunable lowfrequency devices can be realized by carefully designing their
geometry as well as the size and shape of their drive and sense
electrodes. This paper reports on the optimization,
implementation, and characterization of such structures
utilizing a CMOS-compatible process flow that is also
compatible with high frequency piezoelectric bulk acoustic
resonators.
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II.

TUNABLE PIEZOELECTRIC MEMS RESONATOR

A. Design and Operating Principle
Figure 1 shows a schematic diagram of the proposed 32
kHz piezoelectrically-actuated, capacitively-tunable resonator.
This novel structure is composed of an external frame of four
clamped-clamped beams anchored at the corners to the
surrounding substrate. The beams are mechanically coupled to
each other through a suspended rigid plate that provides
sufficient structural support without compromising device
compliance. More importantly, the plate contributes additional
mass to achieve low-frequency operation and a large
capacitive electrode area for increased electrostatic tuning.

Figure 1. Small form factor piezoelectrically-transduced
electrostatically tunable 32 kHz resonator.

and

The resonator was implemented on an AlN-on-SOI
substrate to allow piezoelectric transduction. A pair of drive
and sense signal electrodes were carefully defined on top of
each tether by etching the AlN and top molybdenum layers of
the piezoelectric stack. The bottom molybdenum, which is in
electrical contact with the single crystal silicon (SCS) device
layer, serves as the ground electrode.
By applying an AC voltage between each pair of drive and
ground electrodes, shear stress is generated over the beams by
transverse piezoelectric coupling, which is determined by the
d31 coefficient of AlN. This stress produces a bending moment
that excites the structure into its first out-of-plane flexural
mode (Fig. 2). The displacement, amplified by the quality
factor of the structure, can be sensed by collecting the charge
generated at the opposite pair of signal electrodes. Exciting a
vertical mode rather than a lateral vibration is advantageous
because the frequency value of a flexural structure is highly
dependent on the dimensions along the displacement axis. The
displacement magnitude of in-plane modes is determined by

lithography, making the resonance frequency highly prone to
process variations. In the case of out-of-plane modes,
displacement occurs along the device thickness, which can be
more precisely controlled through deposition steps.
Although the structure does not require a polarization
voltage to resonate, electrical access to the handle layer
enables it to be used as a DC tuning electrode. Because the
device layer is directly connected to ground, any potential
applied to the handle layer will cause an electrostatic spring
softening effect that can be utilized to tune the central
operating frequency to compensate for temperature and
process variations.
B. Device Optimization
Different design techniques were utilized to optimize the
device motional impedance, frequency-tuning range, size and
manufacturability. Single clamped-clamped beams can be
used to implement a simpler version of the resonators
proposed in this work; however, their length has to be greatly
increased in order to achieve low-frequency operation, which
significantly reduces the structural stiffness. This results in
devices with large surface-area-to-volume ratios that are
highly prone to stiction. To overcome this issue, the presented
design takes advantage of mass loading, provided by a rigid
plate rather than a decrease in stiffness, to achieve the target
resonance frequency. This makes the structure more robust
without compromising the overall area.
In piezoelectrically-transduced resonators, the motional
impedance is inversely proportional to the square of the
electromechanical coupling. To maximize this value and
achieve low impedance, the signal electrodes should be
carefully sized and shaped to guarantee that, at no point of the
covered area, the induced stress experiences a change in sign;
this avoids charge cancellation and maximizes coupling. It can
be shown that for clamped-clamped beams operating in their
fundamental mode, the electrodes should cover up to 1/4th of
the beam length in order to achieve maximum
electromechanical transduction [13]. For the presented design,
FEM simulations were used to sweep the electrode length and
verify these results. As shown in Figure 3, the optimal point
occurs when the electrode is 22.5% of the beam length rather
than 25%. This is due to the undercut of the device layer,
which changes the effective beam anchor location and hence
its maximum and minimum stress points.

Figure 3. Simulation results for electrode size optimization. Ideal size is
slightly smaller than theoretical value due to undercut of device layer.

Figure 2. ANSYS® modal simulation results of fundamental out-of-plane
flexural mode of piezoelectric 32 kHz resonator.
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III.

FABRICATION PROCESSS

For compatibility purposes, these low-freequency structures
were implemented with a similar process flow utilized for
high-frequency thin-film piezo-on-substratte (TPoS) bulkacoustic wave resonators [14]. SIMOX S
SOI wafers with
device layer of 1.5 µm and buried oxide (BO
OX) of 1 µm, were
used as the starting substrate. A stack of Mo/AlN/Mo was
deposited on the silicon substrate withh thicknesses of
0.1/0.5/0.1 µm, respectively. The top Mo layyer was patterned
to define the top signal electrodes (Fig. 4a)), followed by the
etching of the AlN layer to provide access to the bottom
ground electrode. AlN is also removed from the center portion
of the beams and the rigid plate to reduce Q damping (Fig.
4b). Lateral trenches and release holes were then patterned on
the Si device layer to delimit the structure geeometry (Fig. 4c).
Access to the handle layer to define tuning ellectrodes was also
attained in this step. Finally, the device was released in
hydrofluoric acid (HF), leaving a capacitivee gap between the
structure and the handle layer (Fig. 4d).

Figure 5 shows an SEM view of a fabricated 32 kHz
resonators with a center plate areaa of only 250x250 µm2.
Structures with different plate areaas where implemented to
analyze the trade-offs between performance and area;
however, the results presented in this work are only related to
the aforementioned structure.

Figure 5. SEM view of 32 kHz tunable piezzoelectric MEMS resonator.

IV.
(a) Deposit Mo/AlN/Mo stack and pattern toop electrode

MEASUREMEN
NT RESULTS

The devices were characterrized in an open-loop
configuration. Figure 6 shows the frequency response of a
resonator after three different tuning potentials were applied. It
can be seen that both the motionaal impedance and the Q
remain constant even when the DC voltage
v
changes. This is a
clear advantage over most capacitiv
vely-transduced resonators
since it simplifies the design of the in
nterface circuit required to
build up a temperature stable oscillattor.

(b) Etch AlN to grant access to ground ellectrode

Frequency Response – 32
3 kHz Resonator

(c) Pattern Si trenches and release holes to defi
fine geometry

Figure 6. Resonator frequency response. Insertion loss and quality factor
are independent of the applied tuning voltag
ge.
(d) Device release by etching BOX layerr in HF
Single Crystal Silicon

Silicon
n Dioxide

Aluminum Nitride

Molybd
denum

Figure 4. Fabrication process flow diagram of AlN-onn-SOI resonator.

To compensate for frequency changes with temperature,
the device requires a wide frequenccy tuning range. Figure 7
shows that by applying voltages no
n larger than 4 V, this
particular design can achieve more than
t
3100 ppm of tuning.
The pull-in voltage of this structure is close to 6 V, meaning
that up to 6500 ppm is theoretically achievable
a
if needed. This
extra margin can be use to counterract frequency deviations
due to process variations.
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A linear TCF of -27.8 ppm/ºC was measuured for the same
device at a constant DC potential. The tuningg voltage was then
adjusted at each measured temperature pooint to bring the
frequency back to its original value. Full T
TCF compensation
was achieved for temperatures ranging from
m -25 to 100 ºC.
Figure 8 shows the temperature characterisstic of the device
before and after calibration.
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Abstract— In this work, we present a techn
nique that utilizes
arrays of coupled-ring linear acoustic bandgap (LAB)
structures, which exhibit characteristic frequeency stop bands, to
reduce spurious modes in the wide-band resp
ponse of AlN-on-Si
lateral mode resonators. Aggressive LAB tetheering (one support
per finger) of high-order modes yields an increase in
atmospheric quality factor (Q) from 1860 to 2890 for the
designed peak at 209 MHz, compared too resonators with
traditional tethers. Spurious modes from 0 to 360 MHz are
suppressed by at least 30 dB relative to the maain peak. The LAB
structures presented achieve this goal through
h a combination of
complete acoustic bandgaps and deaf bands.

I.

(a)

INTRODUCTION

Today’s mobile devices are becom
ming increasingly
powerful as a result of the incorporation of multiple wireless
frequency standards into a single handheld uunit. Applications
such as wireless internet, GSM/CDMA voicce networks, GPS
navigation, and BlueTooth/ZigBee interdevicce networking are
already included in many mobile phones. Fuuture applications
will be enabled by emerging frequency stanndards (e.g., IEEE
802.15 wireless personal area networks [1]). Mobile phones
may soon feature personal health monitoriing through body
area networks (BANs) [2].
To support integration of these standardds into consumer
products,
microelectromechanical
systtems
(MEMS)
resonators, which offer several advantages foor RF applications
including small size, high mechanical qualitty factor (Q), and
low loss, can be configured in the locall oscillators of a
wireless transceiver. Furthermore, lithogrraphically-defined
frequencies of certain MEMS resonators enable multiple
frequency standards to be implemented on thhe same substrate.
A typical MEMS oscillator consists of a MEMS resonator
connected in the feedback path of a transimppedance amplifier
(TIA) (Fig. 1a).
While piezoelectric MEMS resonatorss can be easily
interfaced with low-power electronics, thhe appearance of
sufficiently strong low-Q spurious modes nnear the designed
operation frequency can cause degrraded oscillator
performance. Oscillator phase and gain condditions may cause
the spurious mode to become preferred over the desired mode
during start-up, causing the oscillator to lockk into the spurious
mode. Additionally, feedthrough and couppling between the
desired and the spurious modes can degrrade phase noise
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(b)

Figure 1. (a) Schematic of MEMS oscillato
or with resonator in feedback
with CMOS TIA; (b) Transmission plot rep
presentation showing negative
feedthrough and coupling effects of a spuriou
us mode occurring close to the
desired resonance peak.

performance and increase frequency
y instability, depending on
the proximity of the spur (Fig. 1b) [3].
Therefore, it is essential to elim
minate wide-band spurious
modes in piezoelectric micromechan
nical resonators for use in
oscillators [4]. The linear acoustic bandgap
b
(LAB) structures
presented in this work may be used
d to achieve this goal by
creating support structures that utilize
u
a combination of
complete acoustic bandgaps [5] and deaf bands [6] to suppress
the spurious modes without loweriing the Q of the desired
mode.
II.

NDGAP STRUCTURES
LINEAR ACOUSTIC BAN

LAB structures are one-dimen
nsional phononic crystals
(PCs) with small cross-sectional dim
mensions perpendicular to
the axis of the 1D lattice. The cou
upled-ring LAB structure
presented in this work is a linear ch
hain of rings connected by
narrow beams, repeated at a characteeristic distance a known as
the lattice constant (Fig. 2). This perriodically-repeated section
is termed the basis of the 1D PC. The ring inner and outer
radii (ri , ro), coupling beam width w,
w and layer thicknesses di
parameterize the basis dimensions.
The periodic nature of the 1D PC combined with large
acoustic mismatch at the solid/air interface creates acoustic
bandgaps, or frequencies of no allowed acoustic propagation
(shaded blue in Fig. 3). In additiion to complete acoustic
bandgaps, “deaf bands” [6] can also
o be found in the coupledring LAB structure dispersion chaaracteristic. These bands
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QSupport = 1484
(a)

Figure 2. Schematic and 3D view of coupled-ring LAB structure with AlNon-Si stack (a = 20 µm, ri = 4 µm, ro = 8 µm, w = 2 µm, dSi = 10 µm, dAlN =
1 µm, dMo = 100 nm).

PML

PML

Frequency [MHz]
R

0

100

200

300

400

(a)

QSupport = 331,805
(b)

X

Figure 4. COMSOL PML simulation for a device with three support pairs;
(a) simple tethers; (b) LAB tethers.
PML

PML

QSupport = 21,723

(b)

(c)
PML

Figure 3. (a) Acoustic dispersion curve for AlN-on-Si coupled-ring linear
acoustic bandgap (LAB) structure (bandgaps shaded blue); (b, c) mode
shapes of indicated bands showing displacement polarization orthogonal to
the axis of the LAB structure.

PML

QSupport = 2,489,724

demonstrate minimal coupling to the LAB structure when
waves from the acoustic source exhibit orthogonal
polarization to the mode of the LAB structure at the boundary
between the two components. The mode shapes of two such
deaf bands are depicted in Fig. 3, where the acoustic source is
a longitudinal acoustic wave propagating orthogonally to the
axis of the coupled-ring LAB structure. For these modes,
displacement corresponding to the polarization of the
longitudinal wave is effectively zero on the exposed faces of
the coupling beam, meaning these bands of the LAB structure
are deaf to the longitudinal waves propagating in this
direction. Thus, LAB structures and integrated devices must
be carefully designed to maximize the attenuation effects
provided by complete acoustic bandgaps as well as deaf
bands.
III.

(a)

DEVICE DESIGN AND FABRICATION

LAB structures can serve as Q-enhancing support elements
for MEMS resonators by tailoring bandgaps and deaf bands to
confine acoustic energy within the device at the desired
operation frequency. This confinement of energy enables an
aggressive tethering approach using LAB structures, where
one pair of tethers is used for each finger of the interdigitated
transducer, to simultaneously improve the support loss
component of Q (Qsupport) and provide significant attenuation
of spurious modes which lie outside of the designed bandgaps.
A. Qsupport Enhancement via Aggressive LAB Tethering
The perfectly matched layer (PML) method was employed
in COMSOL finite element software to study the effect of
aggressive tethering on resonator support loss [7]. PMLs are

(b)

Figure 5. COMSOL PML simulation for an infinite order device; periodic
boundary conditions are applied to the appropriate faces of the device to
emulate infinite extent; (a) simple tethers; (b) LAB tethers.

additional artificial domains attached to the device which
absorb incoming acoustic waves and emulate loss of acoustic
energy into the substrate surrounding the device. In this way,
PMLs give an estimation of the theoretical lower bound on
Qsupport.
Figure 4 shows the results of applying PMLs to an 11th
order, 20 μm pitch, 220 μm wide AlN-on-Si resonator,
comparing both traditional simple beam support tethers and
six periods of coupled-ring LAB supports. For both designs,
three pairs of support tethers are used to minimize the number
of parallel acoustic leakage paths while maintaining sufficient
structural support.
To avoid acoustic mismatch, the PML domains were
created by extending the cross-section of the support tethers
by a certain distance known as the PML length. In addition to
this length, there are several parameters in the PML
implementation of COMSOL which must be swept to obtain
accurate values for the support loss. Additionally, a
sufficiently fine mesh is needed to ensure convergence of the
support loss value. Sweeping these parameters enables
exploration of the PML design space to determine the lower
bound of Qsupport. Because reflections and confinement of
acoustic energy due to material mismatch are neglected in
simulation, the PML result underestimates the value of Qsupport
(i.e., the values obtained from the PML method are lower than
those obtained in reality).
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Figure 7. SEM images of 11th-order, 20 μm
μ pitch AlN-on-Si resonators
fabricated on 10 μm SOI wafers: (left) 3 paiirs of traditional beam supports
(20 μm x 2 μm); (right) 11 pairs of 6 period coupled-ring
c
LAB supports.

Figure 6. SEM image of fabricated LAB ring tether array.

With these considerations in mind, the Qsupport for the 11thorder resonator with three pairs of simple teethers is estimated
to be 1484 (Fig. 4a), while a Qsupport of 331,8805 is obtained for
the same device with LAB tethers, showinng over 200-fold
improvement of support loss (Fig. 4b). Noote that the mode
shape in Fig. 4a shows deterioration, and a wave-like pattern
develops along the supported edge off the resonator.
Comparison of these results with other sets of PML
parameters shows that as Qsupport is increasedd, the mode shape
of the design in Fig. 4a approaches that of F
Fig. 4b, where the
rippling along the supported edge is less appparent, suggesting
that the support loss can have localizedd impact on the
resonator mode shape.
Figure 5 studies a device that uses onee pair of support
tethers per finger of the interdigitated transdducer structure. In
addition to the PML method, periodic bounddary conditions are
employed to reduce the number of fingeers to two. This
effectively models an infinite order resonnator and greatly
reduces required computation time to calcuulate Qsupport (each
support contributes a large number of elem
ments). The high
number of support tethers confines the modde more closely to
the resonator body and nearly eliminates thee waves along the
supported edge. The confinement also reducces the number of
possible resonance modes in the vicinity of tthe desired mode,
which translates into higher Qsupport, even in the traditional
tether case. Over 100-fold improvementt is obtained in
simulation by employing aggressive LAB tetthers, boosting the
estimated Qsupport from 21,723 to 2,489,724 (F
Fig. 5).
B. Fabrication Process Flow
Devices were fabricated on a silicon-oon-insulator (SOI)
substrate with 10-µm device layer thickkness (dSi). The
piezoelectric stack, which consists of 100-nnm Mo electrodes
and 1-µm thick AlN, was deposited directtly on the silicon
device layer and subsequently patterned to ddefine the top Mo
and provide access to the bottom Mo forr grounding. The
resonator shape, including LAB ring tetherss, was defined by
RIE etching the piezoelectric stack and B
Bosch etching the
device layer to maintain straight sidewalls. The devices were
released by etching the handle silicon layer and removing the
buried oxide (BOX) layer. A close-up SE
EM image of an
aggressive LAB tether array is shown in Figg. 6. SEM images
of fabricated devices with simple tethers and LAB tether

arrays are shown in Fig. 7. The LAB-supported
L
resonators
have six periods per support tether. Because the LAB support
array provides Q enhancement of inssertion loss (IL), the width
of the resonator body was decreased..
IV.

EXPERIMENTA
AL RESULTS

To quantify the impact of the LAB support array, the
devices of Fig. 7 were measured on a Cascade Microtech
Summit 12000 M probe station at atmospheric pressure and
room temperature. The data weree taken with an Agilent
N5241a PNA-X network analyzer in two-port configuration.
bserve the wide-spectrum
A 1 GHz span was measured to ob
response of both devices (Fig. 8). All
A spurious modes below
360 MHz are suppressed by at leaast 30 dB relative to the
desired mode, which lies near 209.5 MHz. A few spurs are
amplified in the range 150-250 MH
Hz as a result of acoustic
confinement introduced by the LAB
B support array; however,
they are not large enough to impact oscillator operation at the
desired peak.
In addition to spurious mode supp
pression in the vicinity of
the desired peak, at least 25 dB of suppression
s
is obtained at
higher frequencies between 360 MHz
M
and 680 MHz. The
cluster of spurious modes near 370 MHz
M is well-suppressed in
IL compared to the reference deevice. There is also an
acoustically quiet section of the freq
quency spectrum from 380
MHz to 480 MHz in the LAB-su
upported resonator, when
compared to several spurious modes in the reference response.
A spurious mode is found at 680 MHz
M in the LAB-supported
case. It is not clear if a relationship exists between this mode
and the reference spurious modes in
n that vicinity; however, it
may indicate a bandgap or deaf band
b
introduced by LAB
structures at that frequency.
c
about the desired
Figure 9 shows a 50 MHz span centered
mode. The LAB array has completeely removed a spur on the
high-frequency side of the referencee device peak. Underlying
modes are boosted by the LAB tetthers but remain near the
noise floor and will have minim
mal effect on oscillator
performance. Finally, Figure 10 givees a narrow-span (2 MHz)
measurement of the main peaks forr both reference and LAB
array devices. The LAB array is fou
und to improve the device
Q by almost 60% from 1860 to 2890.
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Desired mo
ode
> 25 dB suppression

> 30 dB suppression

S
Simple
tethers

LAB ring tethers

Figure 8. Measured S21 response showing wide-bandd spurious suppression. Below 360 MHz, spurious modes are suppressed
d at least 30 dB relative to the
desired mode. Betweenn 360 MHz and 680 MHz, spurious modes are suppressed at least 25 dB..

S
Simple
tethers

LAB ring tethers

Figure 9. Medium-span (50 MHz) response for booth devices at 210 MHz.

V.

DISCUSSION

Comparison of the measured Q value withh the QSupport value
predicted by COMSOL finite element PML
L simulations for
the simple tether case (Fig. 10 vs. Figg. 4a) yields the
conclusion that support loss simulations are accurate to about
20%. However, this particular case ignoress reflections back
into the resonator body from materiall and geometry
mismatches in the support structure. In that context, COMSOL
PML simulations predict the lower boundd of the Q value,
which is accurate for support loss limited resoonators.

Figure 10. Narrow-span (2 MHz) responsee for both devices at 210 MHz.

However, the predicted QSupportt for the LAB-enhanced
resonator was in the millions, whereaas the measured value was
still limited to a few thousand (Fig. 10 vs. Fig. 5b). In highorder piezoelectric MEMS resonato
ors, a large component of
the dissipation can be attributeed to the piezoelectric
transduction stack [8]. LAB array supports nearly eliminate
support loss, which causes other facctors to become dominant
in the expression of the overall Q:
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Finally, the enhanced Q of the LAB supported device also
improves the device IL, enabling a reduced transduction area
for similar levels of IL. Thus, LAB structures can be
incorporated into MEMS resonators without significantly
increasing device area.
VI.

CONCLUSION

In this work, we have presented aggressive tethering of
MEMS resonators with LAB arrays to control and suppress
spurious modes which negatively impact MEMS oscillator
performance. We have also used the PML method to predict
the lower bound of support loss contribution to overall
resonator Q, and demonstrated that this approach agrees well
with measured experimental values when the resonator is
support-loss limited.
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Reduced Kalman Filters for Clock Ensembles
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Pasadena, CA 91109 USA
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Abstract— This paper summarizes the author’s work on
timescales based on Kalman filters that act upon the clock
comparisons. The natural Kalman timescale algorithm tends
to optimize long-term timescale stability at the expense of
short-term stability. By subjecting each post-measurement error
covariance matrix to a non-transparent reduction operation, one
obtains corrected clocks with improved short-term stability and
little sacrifice of long-term stability.

I. F REE -RUNNING T IMESCALES
This paper is a summary of work on the formation of
timescales, or composite clocks, that the author has carried
out over the last ten years, with the goal of surpassing the
performance of a previous timescale algorithm [1] that uses a
Kalman filter to estimate what the clocks are actually doing.
Let us describe briefly the notion of a timescale derived
from an “ensemble” of clocks. One has a set of  free-running
clocks with “phase” (i.e, time) residuals 11 ()      1 () at
the nominal time . One cannot read the values 1 () directly
(to the desired precision) but can only measure the phase


differences 
1 () := 1 () − 1 () at a set of measurement
times . A timescale algorithm, which uses these data and
a mathematical model for the clocks, calculates numerical
phase estimates ̂1 () to be subtracted from the clock phases,
whether logically or physically, to give corrected clock phases
̃1 () = 1 () − ̂1 () .

result on the reduced Kalman covariance matrices of a clock
ensemble.
II. A C LOCK M ODEL
Much work in this area has been based on a clock
model [2][3] with three independent process-noise components, called white FM (WFM), random-walk FM (RWFM),
and random-run FM (RRFM), with phase spectra  ( ) proportional to  −2 ,  −4 , and  −6 , and Hadamard deviations
 ( ) proportional to  −12 ,  12 , and  32 , respectively.
Missing are the odd-powered models, in particular flicker FM
(FFM), for which  () ∝  −3 ,  ( ) = const.
The state of one
as a column
¤T
£ clock at time  is represented
vector,  () = 1 () 2 () 3 () , whose components
are called phase, frequency state, and drift state. The state
evolves according to the stochastic differential equations
1
2
3
= 2 + 1 
= 3 + 2 
= 3




where  () are independent mean-zero white noises with
known two-sided spectral densities  . One may set 3 = 0,
for example, to simulate a constant drift 3 () = , in which
case 1 () contains a quadratic component 12 2 .

(1)

One hopes to produce corrected clocks with better stability1
than the physical clocks over a range of averaging times. Since
a motion common to all the clock phases is transparent to their
differences, one cannot expect the corrected clocks to stay
close to a physical clock. Improved timekeeping accuracy is
not to be expected from combining clock readings in this way.
Section II describes the most common clock model. Section
III sets up an ensemble of these clocks and describes the
natural Kalman filter algorithm for calculating the phase
estimates. The existing results motivate the author’s work to
reduce the short-term noise of the corrected clocks. Sections
IV and V describe the author’s improved Kalman filter algorithms for the case of noiseless measurements, as for a
local ensemble. Section VI describes Davis’s improvements.
Section VII extends the method to remote sets of clocks with
significant time-transfer noise. Section VIII gives a recent

III. NATURAL K ALMAN T IMESCALE
The state of an ensemble of  clocks is a 3-vector
 () , a stack of  clock vectors  (). The measurements
performed on the state consist of noisy phase comparisons,

1 () +  (), at a sequence of times  =  , where the
2
() =  , are known. Even
measurement noise variances, E 
in the absence of noise, the measurements do not determine
the clock states, since all clock phases could conceivably move
in the same way together.
To set up a Kalman filter to estimate the state from the
measurements, the differential equations (2) for each clock are
integrated between two measurement times, call them − and
, to give a stochastic difference equation. For one clock this
takes the form

where

1 Stability

of a phase 1 () for an averaging time  is defined by the
2 ( ) =
Allan deviation  ( ) or Hadamard deviation  ( ), where 
 2 −1  2
2 2

2
−1  3
2
E ∆ 1 () , 
( ) = 6 2
E ∆ 1 () .
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 () =  ()  ( − ) +  ( )

(3)

⎡
⎤
1   2 2
 () = ⎣0 1
 ⎦
0 0
1

(4)

and the process noise  ( ) is a mean-zero 3-vector with
covariance matrix
⎡
⎤
3
5
1  + 2 3 + 3 20
∗
∗
2
4
3
⎢
⎥
E T =  () = ⎣ 2 2 + 3 8
2  + 3 3
∗ ⎦
3
2
3 6
3 2
3 
(5)
where the ∗ entries are determined by symmetry. The difference equation for the whole ensemble is written
 () = Φ ()  ( − ) +  ( )
where Φ has  copies of  down the diagonal and  is a stack
of  uncorrelated noises  ; consequently E   T =  (),
which has  3 × 3 matrices  () down the diagonal.
The phase comparison measurements at time  take the
form  () =  ()  () +  (), where  is a matrix of
±1’s and 0’s such that each row takes the difference of two
phase components of . The mean-zero measurement noise
 satisfies E T =  (), a known matrix, usually diagonal.
For a local ensemble one sets  = 0.
Let ̂ () be an unbiased estimate of  (); its quality is
specified by an error covariance matrix
h
ih
iT
 () = E  () − ̂ ()  () − ̂ () 
Given ̂ ( − ),  ( − ), and  (), the Kalman filter equations propagate ̂ () and  () as follows. For clarity, some
dependencies on  and  are suppressed.
̂ − () = Φ̂ ( − )

(prediction of  () )

Weiss and Weissert [5] suggested that the Kalman filter is
optimizing accuracy at the expense of stability. This author
confirmed their observations with his own simulations and set
out to find an improved method of using a Kalman filter to
make a timescale that is more stable than any clock in its
ensemble over a wide range of averaging times. Stein [6][7]
had already accomplished this goal with the KAS-2 algorithm
and had described some of its principles, but a full description
remains proprietary.
In searching for improved Kalman timescales, the author
has held to one fixed principle: the natural Kalman filter does
a good job of estimating the underlying frequency and drift
states, which, in the author’s opinion, reflect the physics of
the frequency standards driving the clocks. The author’s filter
modifications preserve the frequency and drift state estimates
but modify the phase estimates to improve the stability of the
corrected phases.
IV. K ALMAN P LUS W EIGHTS
The author’s first successful timescale algorithm [8][9]
applies to a local ensemble with negligible measurement noise.
The natural Kalman phase estimates are not used at all, but the
Kalman frequency and drift estimates, ̂2 and ̂3 , are used in
a version of the “basic timescale” iteration. The propagation
of the timescale, call it 1 , from  −  to  can be expressed
by

X
1 () − 1 ( − ) =
 ()
·

 − = Φ ( − ) ΦT +  (error cov. of ̂ − () )
¢−1
¡
 =  −  T  −  T + 
(Kalman gain)
h
i
̂ () = ̂ − () +   () −  ̂ − ()
 () = ( − )  −

Evidently ̂ () is a linear function of ̂ ( − ) and  (). In
fact, ̂ () is unbiased for  () and has the minimal error
covariance matrix  () of any unbiased linear function in the
sense that 1 −  () is non-negative definite if 1 is the
error covariance matrix of any other unbiased linear function.
Initialization of this scheme is not treated here.
The natural Kalman corrected clock states are defined by
̃ () =  () − ̂ (). The corrected phase ̃1 () represents
the timescale at clock . The corrected phases need not
coincide for remote clocks with noisy phase comparisons, but
they do coincide for a set of local clocks being compared with
one another with negligible measurement noises ( = 0). In
this case the common corrected phase constitutes the unique
timescale, which may be called ̃1 ().
A natural Kalman timescale was implemented at NIST
during the 1980’s as the local timescale TA(NIST). The GPS
Kalman filter [4] also incorporates a natural Kalman timescale.
When applied to a simulated ensemble of dissimilar clocks,
the NIST timescale was observed to be quiet in long term but
noisier in short term than some of the clocks in the ensemble.

=1

£

1 ()

− 1 ( − ) −  ̂2 (

¤
− ) − 12  2 ̂3 ( − ) 

(6)

which says that the increment of
is a weighted average
values. The
of the true phases 1 () minus their predicted
P
weights  are to be chosen subject to
 = 1. The true
phases are unknown, of course. To turn this into something that
depends only on known quantities, subtract 1 () − 1 ( − )
from both sides to give

X


 ()
1 () − 1 ( − ) =
1

=1
i
h


()
−

(
−
)
−

̂
(
−
)
− 12  2 ̂3 ( − )  (7)
· 
2
1
1


which is now a computable iteration for 
1 () := 1 () −

1 (), the offset of the timescale from physical clock .
To set the weights  one tries to minimize the variance
of 1 () − 1 ( − ) in (7). From (3) one can argue for
the approximation that 1 should be made proportional

() of clock  (see (5)). As a
to the matrix element 11
further approximation, one can make the weights inversely
proportional to the white FM noise levels 1 of the clocks.
Figure 1 [9] shows the performance of the natural Kalman
and KPW timescales on a simulated ensemble of 8 clocks. The
odd-numbered clocks have a combination of the three noise
types WFM, RWFM, and RRFM. The KPW scale is much
quieter than the natural Kalman scale at short averaging times;
the natural Kalman scale is slightly quieter around  = 106 s.
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First, an approximation of FFM noise can be added to
the 3-state clock model by including a sum of independent
Markov frequency processes (white noise through a singlepole lowpass filter). One such process is described by

Hadamard deviation of 8 simulated clocks and two timescales.

V. R EDUCED K ALMAN T IMESCALE
For the KPW scale the Kalman phase estimates are irrelevant, but those state components are still carried along by
the Kalman filter. Because only the phase differences are
measured, the phase rows and columns of the covariance
matrix  () grow fast. After a processing a set of noiseless
measurements,  is singular, however; in fact, the phase
rows and columns are all the same vector. The author proved
that setting all these matrix elements to zero after each
measurement leaves unchanged the future Kalman frequency
and drift estimates and their covariances, thus giving a more
stable calculation. The author was fortunate to discover, just
before giving the paper [9] at BIPM, that this crude operation
of covariance reduction, called the “guillotine”, also causes
the ignored phase estimates ̂1 (), when used as in (1), to
yield automatically a different “reduced” timescale ̃1 () that
equals a KPW timescale 1 () with the exact weights  that
minimize the mean squared value of the timescale increment
1 ()−1 ( − ) [10]. These implicit optimal weights, which
can easily be obtained from the Kalman gain matrix, are
usually not far from the explicit weights chosen previously
for KPW, and the two timescales differ little in practice. The
natural Kalman timescale is also a KPW scale with implicit
weights [11], but these can differ greatly from the optimal
weights.
A Kalman filter that modifies its future estimates by using
a reduced covariance matrix is called a reduced Kalman filter.
The covariance matrix becomes an operational tool instead of
a measure of the actual uncertainty of the phase estimates.
VI. W ORK WITH J. DAVIS
During 2003–5 John Davis of NPL and the author worked
together on the reduced Kalman timescale of a local ensemble.
Two of his improvements of the art [12] are summarized here.

2
1
= 2 
+ 2 = 


where 1 is phase, 2 is frequency, and  is a white noise
with spectral density  . Integrating this from  −  to  gives
the stochastic difference equation
¡
¢¸ ∙
∙
¸ ∙
¸ ∙
¸
1 ()
1 ( − )
1 1 1 − −
1 ( )
=
+
2 ()
2 ( − )
2 ( )
0
−

where the covariance matrix of the  depends on  , , and
. One can include several such components in each clock with
values of  and  chosen so that their sum approximates
FFM noise over a range of time scales, as shown in figure 2,
which plots the Allan deviation of the components and their
sum. One can vary the parameters of the Markov components
to produce a more complex frequency stability profile between
regions of short and long averaging times.
Second, Davis devised a numerical calculation of the theoretical stability of the reduced Kalman timescale. This is done
by calculating the true covariance matrix in a separate iteration
that runs alongside the iteration for the operational reduced
covariance matrix. One can also calculate the theoretical
stability of each clock phase minus the timescale, and the
results can be compared with the measured stability of the
estimated phases ̂1 () calculated by the operational filter.
VII. T IME -T RANSFER N OISE AND IEM

When noise is admitted to the clock phase comparisons, the
corrected clocks need not coincide, but the th corrected phase
̃1 can be said to represent the timescale at clock . In his
implementation of the natural Kalman timescale, Brown [4]
devised£ a so-called implicit
ensemble mean (IEM), a 3-vector
¤

 T
̄
̄
.
This
is a weighted average  ̃
̄ = ̄
1
2
3
of the  corrected clock states ̃ , using a 3×3 weight matrix
 that is calculated by solving a least-squares problem
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and 1 is a column vector of  1’s. (The state vector has been
rearranged so that all  phases come first.) It can be shown
that  is the true covariance matrix of the corrected states
with each ̃1 replaced by its representation error ̃1 − ̄
1.
The new covariance reduction is not transparent to the
future phase estimates. When it is carried out after each set
of measurements, the mean squared values of the following
increments are minimized:


• ̃1 ()−̄1 ( − ),  = 1 to , the corrected phases minus
the previous IEM;


• ̄1 () − ̄1 ( − ), the IEM increment.
In the absence of measurement noise, the covariance reduction reduces to the simple guillotine reduction of section

V, the IEM ̄
1 and all ̃1 reduce to ̃1 , and the optimized
increments reduce to ̃1 () − ̃1 ( − ).
Figure 3 shows how this works for a simulated two-clock
ensemble with measurement noise. For the natural Kalman
scale, the corrected phases and Brown’s IEM phase component
all have the stability of the green clock, which is noisy in short
term and quiet in long term. For the reduced Kalman scale,
the IEM and corrected blue clock have essentially the same
stabilities, while the corrected green clock overcomes the noise
and joins the IEM for  ≥ 8.
VIII. A R ECENT R ESULT ON C OVARIANCE R EDUCTION
In a further comparison of the natural and reduced Kalman
timescales [16], the author’s colleagues M. Süß and D. Matsakis discovered that the covariance reductions of Brown ()
and the author () can be concatenated in either order to give a
further reduced covariance matrix. Afterwards the author was

Natural Kalman timescale

1

Allan deviation

10

O: corrected phases
+: Brown's IEM phase

0

10

0

10

1

2

10

10

Reduced Kalman timescale

1

10
Allan deviation

whose noise covariance matrix is just the Kalman filter matrix
. The corrected states tend to cluster about the IEM, and
the covariance matrix  of the  “representation errors”
̃ − ̄ is Brown’s reduced form of . The representation
errors tend to be smaller than the corrected clock states, and
 grows more slowly than  does. The use of  in the
Kalman filter is transparent to the future state estimates, and
the ̃ still represent the natural Kalman timescale. For the
case of noiseless measurements, when all the corrected phases
coincide, Galleani and Tavella [13] showed that the IEM phase
component ̄
1 does not reduce to the common timescale
phase ̃1 . This happens because ̄
1 depends on the corrected
frequency and drift states [15].
By modifying Brown’s ideas, the author was able to devise
an extension of the reduced Kalman timescale that works well
in the presence of measurement noise [14]. The IEM is now a
one-dimensional phase ̄
1 , a weighted average  ̃1 of the
 corrected clock phases ̃1 , where  is a row of weights
calculated from a 1-parameter least-squares problem with
noise covariance matrix 11 , the phase-phase submatrix of
. After processing the measurements, one replaces the error
covariance matrix  by the reduced version  :=  T ,
where
∙
¸
0
 − 1 
=
0
2

O: corrected phases
+: author's IEM

0

10

0

10

1

2

10

10

τ
Fig. 3. A two-clock ensemble with measurement noise, showing the stability
of the clocks, corrected clocks, Brown’s IEM (phase component) and the
author’s IEM.

able to prove this result mathematically. The reductions are
illustrated in fig. 4, in which the matrices are rearranged so that
all the phase components come first. For a starting covariance
matrix , the final matrix,  ( ()) =  ( ()) has the
phase border of  () and the frequency-drift submatrix of
 (). The final matrix can be used in place of  () for
operating the reduced Kalman timescale.
IX. C ONCLUDING R EMARKS
By running simulated clock models, the author has found
that that the natural method of constructing a timescale from
a Kalman filter can be improved by a suitable reduction
of the Kalman error covariance matrix, different from the
transparent reduction of Brown. The natural Kalman timescale,
when applied to dissimilar clocks, tends to minimize the longterm stability of the corrected clocks without regard to their
short-term stability. The reduced Kalman timescale, which is
designed to minimize the mean squared increments of the
corrected clocks instead of their values at one time, seems to
produce good results for stability over all available averaging
times. So far, though, this is only an empirical observation
from experiments in simulation playpens. One needs to gain
experience with these algorithms on real clock ensembles
while solving practical problems such as noise parameter
estimation, clock dropouts, and changes of clock behavior.
The author thanks P. Tavella for inviting him to give this
paper. This work was carried out by the Jet Propulsion Laboratory, California Institute of Technology, under a contract
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B = Brown reduction
G = Greenhall reduction

G

B
phase freq, drift

C

A

BG = GB

B

G

Fig. 4.
Two commuting reduction operations,  and , applied to a
covariance matrix .

with the National Aeronautics and Space Administration.
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A Kalman filter UTC(k) prediction and steering
algorithm
noise types, including Flicker Frequency Modulation (FFM),
and also in the presence of linear frequency drift. An
algorithm has been developed to weight the individual clock
predictions to provide regular (UTC – UTC(k)) estimates.
Finally, a steering component is required in order to maintain
the UTC(k) timescale close to UTC using the (UTC –
UTC(k)) estimates.

J. A. Davis, S. L. Shemar and P. B Whibberley
National Physical Laboratory,
Hampton Road,
Teddington, Middlesex, TW11 0LW
john.davis@npl.co.uk
Abstract— A clock prediction and steering algorithm has been
developed to produce a UTC(k) timescale that may be
maintained close to UTC. The algorithm is based on predicting
individual (UTC – CI) clock offsets which are then combined to
form a physical UTC(k) timescale. The algorithm is designed to
use data from all the available laboratory clocks without the use
of a clock ensemble algorithm. The performance of the
underlying Kalman filter predictor is examined in depth, along
with initial results using three years of historical NPL clock and
UTC data combined with a simulated steering process.

I.

INTRODUCTION

The uncertainty in synchronising a UTC(k) timescale to
UTC, and the resulting stability of the UTC(k) timescale, are
limited by the latency in computation and publication of
Circular T by BIPM. This latency is normally 40 days but may
be as large as 45 days. To maintain a highly stable UTC(k)
timescale, several laboratories have used clock ensemble
algorithms to generate a highly predictable free running
ensemble timescale. The prediction properties of this
ensemble timescale are used to steer a physical timescale
UTC(k) which is then maintained close to UTC.
In this paper an alternative and potentially simpler
approach is used to generate a simulated UTC(k) timescale
that may be maintained close to UTC, without the requirement
to compute an ensemble timescale. An algorithm has been
designed that is based on the use of individual (UTC – CI)
clock predictions. A Kalman filter-based clock predictor forms
the core of this algorithm. The design and performance of the
predictor is presented, using both simulated and real NPL
clock and UTC data. Initial results from the generation of a
simulated UTC(k) timescale are presented using three years of
historical NPL clock and Circular T data and simulating the
physical clock steering process.
II.

EVALUATING THE (UTC – CI) KALMAN FILTER CLOCK
PREDICTOR PERFORMANCE

The Kalman filter clock predictor is an extension of the
clock predictor described in [1]. The main components of the
algorithm are given below.
The state vector at iteration n is given by:

xn =(ξn, ηn, ζn, m1n L mjn, p1n L pkn)

T

(1)

where ξ n , η n and ζ n represent the (UTC – CI) time,
normalized frequency and linear frequency drift offsets,
respectively; p1n L p kn are a group of integrated Markov
noise parameters, typically five, used to model FFM noise
processes; m1n L m jn are a second group of Markov noise
parameters, typically five, used to model non-white
measurement noise. The measurement noise is modeled as
elements within the state vector, and the measurement
covariance matrix R is not used. The components of the
parameter covariance matrix P, process covariance matrix Q,
and state propagation matrix Φ are described in depth in [1]
and [2], as is the initialization of the Kalman filter.
To test the correct operation of the Kalman filter under
close to ideal conditions, a data set was simulated using the
same constructions of state vector, process covariance matrix
and parameter covariance matrix as are used in the filter. The
simulated state estimates x Sn evolve from iteration n−1 to n
as:

x Sn = Φ (τ ) x S ( n −1) + LQ (τ )en
where Q (τ ) = LQ (τ ) LQ (τ ) ,
T

τ

(2)

is the data spacing, and

en is a vector of uncorrelated Gaussian noise values of unit

OVERVIEW OF THE ALGORITHM

The UTC(k) predicting and steering algorithm consists of
several components. The core of the algorithm is a (UTC(k) –
CI) Kalman filter clock predictor, which is designed to provide
close to optimal predictions in the presence of standard clock

978-1-61284-110-6/11/$26.00 ©2011 Crown

III.

variance. The covariance matrix of the simulated data sets at
iteration n is given by PSn where:
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PSn = Φ (τ ) PS ( n −1) Φ T (τ ) + Q(τ ) .

(3)

Figure 1 shows the characterization of a simulated data set
in terms of Allan deviation (ADEV), modified Allan deviation
(MDEV) and Hadamard deviation (HDEV). The simulation
plots are obtained by applying ADEV, MDEV and TDEV
statistics to the simulated data sets. The theory plots are
obtained by computing the ADEV, MDEV and TDEV
expectation values directly from the elements of PSn using a
method similar to that described in section 5 of [2]. The two
sets of plots agree well.
-12

10

ADEV Simulation
HDEV Simulation
MDEV Simulation
ADEV Theory
HDEV Theory
MDEV Theory

-13

ADEV, MDEV,HDEV

10

where τ represents the Allan deviation averaging time and is
equal to the prediction length δ. This formula is a reasonable
first approximation for other power law noise processes. In
figure 2 the Root Mean Square (RMS) prediction error has
been determined from operating the Kalman filter predictor on
the simulated data set used to produce figure 1. The prediction
errors are computed from the output data sets, and RMS
statistics are then applied. The prediction error deviation is
obtained from the post prediction Kalman filter parameter
covariance matrix. The plots of Log10(PED/δ) against Log10(δ)
in figure 2 agree well with the plots of ADEV against τ in
figure 1.
The optimal Prediction Error Deviation (PED) obtained in the
presence of a FFM noise process is given by [3, 4]:
ADEVτ
(5)
PED =
(ln(2)) 0.5
where τ again represents the Allan deviation averaging
time and is equal to the prediction length δ.
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Figure 1. Plots of ADEV, MDEV and HDEV against τ obtained from
simulated clock data

The noise process shown in figure 1 is part way between
White Phase Modulation (WPM) and Flicker Phase
Modulation (FPM), and has characteristics similar to typical
time transfer noise.
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Figure 3. (PED/ δ) estimates obtained from using both the Kalman filter
predictor and simple linear predictor on a FFM noise data set

-14.5

In figure 3 the performance of the Kalman filter predictor
is compared against that of a simple linear predictor [1], using
a new simulated data set that was dominated by FFM noise.
The red line shows the optimal (PED/δ) values obtained from
equation 5. Equation 5 assumes a data length and data density
prior to prediction that are both tending towards infinity. The
pink curves give the theoretical values of (PED/δ) obtained
from the Kalman filter covariance matrix. The pink curve
deviates from the red line at short prediction lengths when the
density of data points relative to prediction length is low, and
at large prediction lengths where the total length of the data set
is at its smallest multiple of the prediction length. In these two
conditions equation 5 is likely to be too optimistic. The black
line shows the theoretical performance limit of the simple
linear predictor. The blue and green curves are the RMS
prediction errors obtained from operating the Kalman filter
and simple linear predictor respectively using the same
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Log10(δ)

5.5

6

6.5

Figure 2. Plots of Log10(PED/δ) against Log10(δ) obtained from the
Kalman filter predictor operated using the simulated clock data and δ
represents the prediction length

In the presence of White Frequency Modulation (WFM)
and Random Walk Frequency Modulation (RWFM) the
Prediction Error Deviation (PED) is related to ADEV by [3,
4]:

PED = ADEVτ

(4)
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simulated data set, and then computing the prediction errors
from the output data sets. It is concluded that the Kalman filter
predictor performs very close to optimal in the presence of
FFM noise. There is a significant improvement over using a
simple linear predictor.

-12

10

ADEV, MDEV, TDEV

Figure 4 shows the results of using the Kalman filter clock
predictor to predict the time offsets between a pair of NPL’s
active hydrogen masers. To facilitate direct comparison with
the use of a simple linear predictor, the linear frequency drift
between the pair of masers was removed before undertaking
the analysis.

had only a very slight impact on the RMS prediction errors at
averaging times of around one day, the minimum averaging
time at which the linear frequency drift dominates the
statistics. The ability of the Kalman filter to give close to
optimal performance in the presence of linear frequency drift
is its main advantage over using a simple linear predictor.

-14.1
-14.2

Log10(PED/δ)

-14.3
-14.4

ADEV Measurements
HDEV Measurements
MDEV Measurements
ADEV Theory
HDEV Theory
MDEV Theory

-13

10

-14

10

-14.5
-14.6
-15

10

-14.7

-14.9
2.50

3

4

10

-14.8

3.00

3.50

4.00

4.50

5.00

5.50

6.00

PED linear predictor

RMS Kalman filter

RMS linear predictor

-12.5

Active hydrogen masers display significant linear
frequency drift. A key advantage of the Kalman filter
predictor is that it should be almost insensitive to the presence
of linear frequency drift. To demonstrate this characteristic a
relatively large linear frequency drift was added to the
simulated data sets. The resulting plots of ADEV, MDEV and
HDEV against τ are shown in figure 5. The linear frequency
drift is clearly identified in the ADEV and MDEV but not
HDEV curves obtained from the simulated data sets. The
theory values only compute the stochastic component of
ADEV, MDEV and HDEV and so are insensitive to linear
frequency drift
The resulting plots of Log10(PED/δ) against Log10(δ) are
shown in figure 6. Comparing figure 6 with figure 2 shows
that the theoretical PED values obtained from the Kalman
filter remain unchanged and that the linear frequency drift has

Log10(PED/ δ)

The RMS curves obtained from error statistics agree well
with the PED curved obtained from theory, suggesting that the
noise models used in the Kalman filter match reality
reasonably well. The results obtained from the Kalman filter
predictor are better than those from the simple linear predictor,
particularly in the long-term where FFM noise dominates.

7
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10

Prediction Error Deviation
RMS Prediction Error

-13

Figure 4. Plots of Log10(PED/δ) against Log10(δ) obtained from two of
NPLs active hydrogen masers, HM1 and HM2, using both the Kalman filter
predictor and a simple linear predictor.
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Figure 5. Plots of ADEV, MDEV and HDEV against τ obtained from a
simulated data set in the presence of significant linear frequency drift
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Figure 6. Plots of Log10(PED/δ) against Log10(δ) obtained from the
Kalman filter predictor operated using the simulated clock data in the
presence of strong linear frequency drift

IV.

ESTIMATING THE (UTC

– UTC(K)) OFFSET

A physical realization of a UTC(k) timescale may be
obtained by taking the output signal from an active hydrogen
maser and steering the frequency of the output signal using a
phase micro-stepper. A counter timer or phase comparator
logging system may then be used to make measurements of
(UTC(k) – CI) for each individual free-running laboratory
clock CI.
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Circular T data from BIPM contains historical estimates of
(UTC – CI) for each free-running laboratory clock CI with
five-day data spacing. The (UTC – UTC(k)) timescale offsets
may then be estimated on an hourly basis using :
UTC − UTC ( k ) =

r

∑ w [(UTC
I =1

I

− C I ) P + ( C I − UTC ( k ))]

(6)

where wI is the weight of individual clock C I , and r is the
number of local free-running laboratory clocks.
Using the Kalman filter clock predictor we are able to
predict (UTC – CI)P up to 45 or more days ahead and with a
much smaller data spacing, e.g. hourly. On receiving the
monthly update of (UTC – CI) the next set of (UTC – CI)P
predictions will be computed using a whole months additional
(UTC – CI) data. This may result in a discrete change in the
estimate of (UTC – UTC(k)). To prevent the algorithm from
applying large steers to the UTC(k) timescale to correct these
steps, a paper timescale UTC(k)S is constructed. This
timescale has the properties that there is no “step” in UTC(k)S
following the monthly update of BIPM data and that the
(UTC-UTC(k)S) offset decays exponentially between
successive monthly updates. This is achieved by computing
the (UTC-UTC(k)S) offset up to 50 days ahead at the time the
monthly (UTC – CI) data is being incorporated into the
algorithm, and including the latest published value (UTC –
UTC(k)) by BIPM. Equation 6 becomes:
r

Figures 7 and 8 show very sharp changes in the magnitude
of the prediction errors on the inclusion of the next month’s
Circular T data. The prediction errors of active hydrogen
masers HM1 and HM2 are generally higher during the first
half of the graph. This was a period when NPL was not
operating its Two-Way Satellite Time and Frequency Transfer
(TWSTFT) earth station. The degraded time transfer using
single-frequency GPS measurements resulted in an increased
prediction error. The RMS prediction error of the second half
of the graph is around 5 ns (1 σ). At a mean prediction length
of 30 days this would result in a corresponding approximate
ADEV of 2 × 10−15 at an averaging time of 30 days, based on
the use of equation 1. This indicates that the Kalman filter
predictor is working well and that the two masers are
intrinsically predictable in the long term. The results from
NPL's high performance (CsHp) and standard tube (CsStd)
caesium clocks were as expected. However the prediction
errors observed using active hydrogen maser HM4 were far
greater than expected and heavily biased, with the sign of the
prediction errors changing part way through the run. These
effects were caused by a relatively rapid change, followed by a
discrete change, in the underlying linear frequency drift of the
maser. Such behavior was not accounted for in the clock
model.
-7

2.5

The (UTC(k)S –CI)P individual clock predictions are
computed from the (UTC –CI)P output of the Kalman filter
predictor using:

1.5

UTC ( k ) S − UTC ( k ) =

∑ w [(UTC (k )
I =1

I

s

Prediction Error (s)

− C I ) P + (C I − UTC ( k ))] (7).

2

(UTC (k ) S − C I ) P = (UTC − C I ) P − (UTC − UTC (k ) S ) (8)

In the short term e.g. hourly, the physical timescale
UTC(k) may be regularly steered to minimize the (UTC(k)S –
UTC(k)) offset. Making the assumption that UTC(k)S may be
maintained close to UTC using regular steering it is possible
to use historical UTC(k) clock data to determine how well
UTC(k) would have been maintained close to UTC assuming
that the above weighting algorithm had been applied.

V.

RESULTS USING HISTORICAL NPL UTC(K) DATA AND
SIMULATED RAPID STEERING
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Figure 7. (UTC -CI)P prediction errors of each of NPL’s clocks
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Prediction Error (s)

The weights wI are determined by using the historical
prediction RMS prediction errors obtained at the prediction
length currently under use. Because the prediction length of
the (UTC – CI)P predictions will change during each monthly
cycle of the algorithm, so do the corresponding clock weights.
This is because the optimal clock weight is a function of the
prediction length.

x 10

1
0.5
0
-0.5
-1

Assuming that the physical realization of the UTC(k)
timescale may be maintained close to UTC(k)S then we may
use historical UTC(k) data to determine the effectiveness of
this UTC(k) prediction and steering algorithm. The errors in
the (UTC – CI)P individual clock predictions for individual
clocks are shown in figures 7 and 8.
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Figure 8. (UTC -CI) P prediction errors of NPL’s active hydrogen masers
HM1 and HM2

Figures 9 and 10 show the resulting (UTC − UTC(k))
timescale offsets obtained using three years of historical UTC
clock data. Each offset is computed using a single clock.
Again the results obtained from HM1 and HM2 are
encouraging, with the offsets being significantly lower during
the second half of the period when NPL’s TWSTFT system
was operational. The (UTC- UTC(k)) offsets obtained using
each of the clocks mirrored the prediction errors closely.

GPS and TWSTFT time transfer noise that will be common to
all the individual clock measurements. The results are
significantly better than is currently achieved using relatively
infrequent manual steering of a single active hydrogen maser.
Much work is still required in constructing a physical
implementation for this algorithm, which has so far only been
demonstrated through the post processing of historical NPL
clock data and Circular T results.
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Figure 9. (UTC – UTC(k)) time scale offsets calculated using only one of
NPL’s clocks
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Figure 11. (UTC – UTC(k)) time scale offsets calculated using a weighted
mean of all of NPL’s clocks
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Figure 10. (UTC – UTC(k)) time scale offsets calculated using only NPL’s
active hydrogen masers HM1 and HM2

Figure 12. (UTC –CI) Kalman filter residuals obtained from NPL’s active
hydrogen maser HM2

Figure 11 shows the (UTC- UTC(k)) timescale offsets
again obtained using three years of historical data but
computed from a weighted mean of all the (UTC – CI) clock
offset predictions computed as discussed in section IV. The
RMS of the (UTC- UTC(k)) offset is significantly lower than
was obtained by using any single clock, although the
improvement is not dramatic. This is explained by the
weighting that attributes well over half of the clock weights to
HM2 and the vast majority of the remainder to HM1. This
however is a reasonable reflection of the current performance
of NPL’s commercial atomic clocks. There is also significant

Examination of the Kalman filter residuals often provides
useful information on the quality of the clock and time transfer
noise models used in the Kalman filter. Figures 12 and 13
show the residuals obtained from HM2 and HM4 respectively.
In both plots the magnitude of the residuals is lower in the
second half of the plots when TWSTFT time transfer was
operational. During this period the magnitude of the residuals
is very similar despite the resulting prediction errors being
very different. In both plots the residuals are close to being
white; however, some residual structure may be observed. The
key difference is that in the case of HM2 the residuals are
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unbiased but in the case of HM4 there is a significant bias that
reverses part way through the plot. This is due to a mismodeling of the linear frequency drift changes occurring with
HM4. Either an improved model needs to be developed or a
mechanism for detecting significant linear frequency drift
changes needs to be incorporated within the Kalman filter.
-8

4

x 10

HM4
44 k 1

3

Significant work is still required to set up a real-time rapid
steering mechanism based on the use of a phase micro-stepper
and a suitable algorithm. The prediction algorithm also needs
to be improved, to either model better changes in linear
frequency drift or detect rapidly the resulting anomalies.

2
Residuals (s)

performance of the algorithm has been demonstrated through
the post-processing of three years of historical NPL clock and
Circular T data, where the implementation of a rapid steering
process has been assumed. Initial results are encouraging. The
use of multiple clocks in the algorithm is demonstrated to
improve the quality of the resulting UTC(k) timescale and is
consistent with the relative weightings given to individual
clocks.

1
0
-1
-2

VII. ACKNOWLEDEMENTS

-3

This work is supported by the UK Department for
Business, Innovation and Skills as part of the NMS Physical
Metrology Programme.

-4
-5
54,200

54,400

54,600

54,800
MJD

55,000

55,200

55,400

[1]

Figure 13. (UTC –CI) Kalman Filter residuals obtained from NPL’s active
hydrogen maser HM4

VI.

[2]

CONCLUSIONS

NPL has developed a prediction and steering algorithm
that may be used to maintain a UTC(k) timescale close to
UTC. The algorithm operates by weighting individual (UTC –
CI) clock predictions and avoids the requirement to use a clock
ensemble algorithm. The core of the algorithm consists of a
Kalman filter clock predictor that is shown to produce close to
optimal predictions in the presence of FFM clock noise and to
be almost insensitive to linear frequency drift.
The

[3]

[4]
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microseconds even when the client is handling many requests
for time from the network.) The round-trip delay is measured
by the server as the time that has elapsed from when it
transmitted the on-time marker to when it receives the echo
from the remote system. The one-way delay is estimated as
one-half of this value, and the next on-time marker is advanced
using this one-way delay estimate so that it will arrive at the
client on-time. The server inserts this one-way delay estimate
into each message, so that the client can see the advance that
was used. When the client receives the on-time marker, it uses
the time stamp of that message to compute the difference
between its clock and the clock on the server. This process is
repeated every second until the telephone connection is broken.
The client can break the connection at any time, and the server
will automatically break the connection after 40 s if the client
has not done so before this.

Abstract -- I have used the Kalman Filter algorithm to improve
the link between the Internet Time Servers operated by the
National Institute of Standards and Technology (NIST) and the
primary atomic clock ensemble in Boulder, which realizes
UTC(NIST) and which is used as the reference for the time
servers. The Kalman algorithm is better able to separate the
contributions of multiple noise sources such as the fluctuations in
the asymmetry of the channel delay and the statistical
fluctuations in the clock used as the internal reference for the
time server. This improved separation has made it possible to
compensate to some extent for the lower-quality telephone
circuits that are often used as the links for synchronizing the time
servers to the atomic clock ensemble.

INTRODUCTION

There are two important aspects to the design of the
ACTS system. The first is that the advance that is applied to
any on-time marker is derived from the previous round-trip
measurement, so that fluctuations in the delay with a period
close to the one-second interval between messages will not be
handled correctly. The second aspect, which has more subtle
consequences, is that the delay is measured by the server and
not by the client. Neither of these was important when ACTS
was first designed in 1988, but changes in the telephone system
since that time have made both of them significant.

The National Institute of Standards and Technology
(NIST) currently operates 35 public network time servers that
are located at 21 different sites in the United States. The
servers provide time over the public Internet in a number of
different formats. All of the servers are synchronized to
UTC(NIST). The time servers are linked to the atomic clock
ensemble in Boulder, Colorado by the use of a hard-wired
connection for the systems that are located at the NIST Boulder
laboratories and by dial-up telephone lines, which implement
the ACTS protocol [1] which will be described below, for the
other systems that are located at remote locations.

The advance used by the ACTS servers will be
accurate and unbiased on the average if the asymmetry in the
delay is close to 0 (so that the one-way delay is accurately
estimated as one-half of the round-trip value) and if both the
delay itself and its asymmetry are well characterized as white
noise processes, so that the advance that is used by the server is
an accurate estimate of the one-way delay on the average.
When these conditions are satisfied, an average of the time
differences between the client and the server measured using
consecutive ACTS transmissions converges to the true time
difference between the two systems. The standard-deviation of
the mean is improved by the square root of the number of
measurements that are used to compute it, and it was relatively
easy to realize sub-millisecond timing accuracy using
telephone calls that lasted 15 or 20 seconds.

THE ORIGINAL ACTS SYSTEM
The ACTS system transmits time using standard dialup telephone lines and modems. It is a two-way protocol, in
which the one-way transmission delay between the server and
the user is modeled as one-half of the round-trip value. The
message from the server to the client contains a time stamp and
an on-time marker character, which the client echoes back to
the server with as little delay as possible. The internal system
latency is on the order of microseconds, whereas the channel
delay is typically tens of milliseconds, so that the system
latency is small enough to be ignored. (Both the server and the
client have operating system software that has been modified
to guarantee that the system latency will be not larger than 15

U.S. Government work not protected by U.S. copyright

THE EFFECT OF NEWER TELEPHONE CIRCUITS

785

The original ACTS servers had no way of evaluating
the accuracy of the one-way delay estimate, since they could
not estimate the asymmetry of the delay. If we define a
symmetry parameter, k, where k= 0.5 indicates that the
inbound and outbound delays are exactly equal, then the error
in the time-difference measurement, Δt, resulting from an
asymmetry in the measured round-trip delay, D, is given by,

Δt = (k − 0.5) D .

parameters ξ and η are the stochastic noise contributions to
the measurement process and the frequency of the local clock,
respectively. We assume that the measurement noise, ξ, is
approximately stationary white phase noise, so that it does not
depend on t or τ. The frequency noise, η, is typically
estimated using the Allan deviation for an averaging time of τ.
We assume that the Allan deviation is stationary as so does
not depend on t.
(2)
x ( t ) = x (t − τ ) + y (t − τ )τ + ξ

(1)

y (t ) = y (t − τ ) + η (τ )

The limiting values k= 0 and k= 1 indicate that the inbound
or outbound delays (with respect to the server), respectively,
are negligibly small compared to the delay in the opposite
direction. That is, when k= 0 the transit time from the server to
the client dominates the round trip value, so that the clock on
the client appears slow.

(3)

Although clock models often include a frequency aging
parameter, d, whose units are s-1, this parameter is not very
useful in this application for several reasons. The frequency
aging parameter would add terms 0.5dτ2 to eq. 2 and dτ to eq.
3. In both cases, the contribution of the aging parameter is
masked by the stochastic contributions to the corresponding
estimates, so that it is difficult to compute a robust estimate of
the aging parameter unless relatively large values of τ are used.
Unfortunately, the aging parameter is usually not a constant
over these longer averaging times, since the frequency of the
oscillator is usually affected in a quasi-random manner by
temperature fluctuations and other local environmental
perturbations.

The measured round-trip delay on analog voice circuits was
typically about 0.08 s and the delay asymmetry was typically
less than 1%, so that the timing accuracy was of order 0.001 s.
These values were realized using the same brand of modem on
both ends of the connection and by using a signaling speed of
9600 baud, which has the minimum asymmetry for the
modems that we used.[2]
Both the asymmetry and the delay are larger on newer
telephone circuits, which are often implemented as a
combination of conventional analog and digital packetswitched technologies. This combination is increasingly
common even on local subscriber loops – the circuit that links
the end user to the local telephone exchange. These circuits
often have round-trip delays as larger as 0.25 s, with a varying
delay asymmetry that can reach 5% or even more. From eq. 1,
the timing error in this case exceeds 0.01 s – about a factor of
10 poorer than the original design. As a practical matter, many
users of the Internet Time Services do not need even this level
of accuracy and the degraded service may still be adequate for
their needs. Nevertheless, I have designed software to try and
ameliorate this degradation as much as possible, and I describe
the initial tests of these improvements in this paper.

The quartz-crystal oscillators used in computer
systems typically have y= 2×10-5, η(1)= 10-7, and η(30)=
1.8×10-8. (These parameters characterize the oscillator as seen
through the operating system software, and therefore include
system latency and jitter. It is almost always impossible to
measure the characteristics of the actual “bare” oscillator itself,
which is probably considerably more stable than these values
of η for almost all averaging times.) If we take 30 s as the
maximum duration of a typical connection between a client
system and the ACTS server, the stochastic frequency
variations contribute about 0.1 μs to the estimates of
consecutive time differences spaced 1 s apart, and about 0.5 μs
to the dispersion of the time differences over the entire
connection. In contrast, the measurement noise, ξ, is typically
at least 80 μs even on a very good telephone connection, so
that the contribution of the stochastic frequency fluctuations
plays no role over the duration of a telephone call. The
measurement noise is larger than the system latency because of
the quasi-synchronous operation of the message interchange
over the telephone line between the two modems. Therefore,
the measured time dispersion of the clock in the client system
over the duration of the telephone connection can be modeled
as white noise superimposed on a simple linear variation. The
linear variation can be ignored relative to the measurement
noise for short telephone connections lasting less than about 4
s, but must be considered for the 30 s connections that we use
for the synchronization of the time servers.

A NEW ACTS CLIENT
In the original ACTS design, the client only had to
echo the on-time marker back to the server with negligible
delay – all the real work of the protocol was done by the
server. However, the client can measure the apparent time
difference between the time of the local clock and the time
stamp in the ACTS message every second – information that is
not available to the server. In order to make use of this
information, we must construct a model of the clock in the
client system. We use the typical iterative model, in which the
time difference at the current epoch, t, is estimated based on a
clock model computed at a previous time t-τ. The parameters
of the model are the time difference as a function of epoch, x,
measured in s and the dimensionless frequency offset, y. The
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The client system connects to the ACTS server and
receives N time messages. Each message contains a time stamp
and the advance applied to the on-time marker of that
transmission. As described above, the advance parameter was
actually computed by the server using the previous
measurement that it made of the round-trip delay. The client
measures the time difference between its clock and the time
stamp of each of the messages, and also records the associated
advance parameter. These values are Ti and Ai, respectively.

I can illustrate the basis of the method with a simple
example. The client system connects to the ACTS server and
receives N messages, each of which has a time tag, an advance
parameter and an on-time marker. When the on-time marker is
received, the client measures the time difference between the
time tag and the time of its clock. It also records the advance
value that was used.
The first step of the analysis is to fit the time differences to
a least-squares line and examine the residuals. In the simplest
case, the RMS magnitude of the residuals is of order 1 ms, and
the maximum deviation is not greater than 3 ms. The time
difference is taken as the intercept of the fitted line (with the
appropriate time tag), the frequency is the slope of the line, and
the algorithm continues with the next step as described below.

The algorithm models each of the advance values as
the sum of a constant value that is a characteristic of that
telephone connection and an additional stochastic value that
has some unknown statistical distribution. We explicitly do not
assume that the distribution of the advance values about the
constant value has any particular form. However, we do
assume that the variations in the advance have a mean of 0.
That is, the mean of the advance values over the entire
telephone connection is an unbiased estimate of the true
transmission delay. (This assumption is basic to all two-way
methods. There is no way of detecting a static bias in the
asymmetry.) Thus, the algorithm assumes that the true advance
for this telephone connection is given by

If any residual exceeds the threshold of 3× the RMS value,
the algorithm examines the advance values to see if the
residual could be due to an error in the advance calculation.
The algorithm calculates the mean advance and the deviation
of each individual advance from that mean as in eq. 4 and 5.
The time difference associated with each message is corrected
by the difference between the advance used for that message
and the average of all of the advances. This operation models
statistically large time differences as due to errors in the
advance calculation by the server – most often a result of a
change in the asymmetry of the connection, which the server
cannot detect. The sign of the correction depends on the
direction of the asymmetry – whether the inbound or outbound
paths were affected, as shown in eq. 1. Therefore, the
algorithm must investigate both possibilities and choose the
one that reduces the magnitude of the residuals. In most cases,
this calculation reduces the scatter in the time differences,
confirming the assumption that fluctuations in the advance are
really the cause of the apparent fluctuations in the time
differences. Any time difference that still exceeds 3× the
standard deviation of the residuals of a least squares straightline fit to the modified time differences is taken to be an error
due to some other unknown reason. It is dropped from the
estimate and the least-squares line is re-calculated. When no
further outliers are detected, the time difference and frequency
offset are estimated as the intercept and slope, respectively, of
the fitted line, and the algorithm continues with the next step.
If more than 5 points are discarded in this process, the estimate
does not proceed. Either the RMS deviation of the model is too
optimistic for the real data or the system has failed. The
algorithm waits a short time and tries again; the time server is
declared unhealthy as a precaution, since the time difference
calculation did not complete successfully. The time server will
continue to be set to an unhealthy state as long as the problem
continues. This condition will trigger an operator alarm.

N

∑A

i

A=

i =1

N

(4)

and that the additional stochastic contribution to the advance in
each message is given by

ai = Ai − A .

(5)

We model the measured time differences (by the use of eq.
2) with a constant time offset, a linear time variation due to a
deterministic, constant frequency offset and a measurement
noise parameter, which we assume to be stationary. We assume
that the measurement noise has a random distribution with a
mean of 0 that can be characterized as white phase noise.
Therefore, the measured time differences should be accurately
modeled using a least-squares straight line, and the
measurements should scatter about that line with a random
distribution that is characterized by the measurement noise of
the process. We ascribe statistically significant deviations from
the straight line assumption (relative to the estimate of the
measurement noise) as due to an error in the advance
parameter for that measurement. The error can be due either to
a change in the asymmetry of the telephone connection or to a
rapid change in the actual round-trip delay between one-second
measurements. Our experience is that rapid changes in the
round-trip delay are much less likely after the first few seconds
of the connection, and changes in the asymmetry are much
more common. See fig. 2 of [2], which shows that the advance
varies by less than 1 ms P-P after the first few seconds of the
connection.

In the more general case, we use the standard Kalman
formalism to estimate average values of each of the parameters
over the duration of the telephone connection. In other words,
the Kalman algorithm partitions the variance of the time
differences measured during a single telephone connection as
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due to fluctuations in the advance parameter, which have some
unknown statistical distribution with a mean of 0 and a linear
time variation with a slope and intercept that are constant
during the connection. This calculation is considerably more
complicated than the simpler algorithm described above, but it
is more general and able to handle more complex noise types.
For example, we have experimented with adding a diurnal term
to the Kalman model, which could be helpful in estimating the
effect of the nearly-diurnal fluctuations in ambient temperature
on the frequency of the oscillator in the client. This term must
be incorporated into the covariance matrix, since we do not
know the amplitude or phase of the admittance to the
temperature. This process is often described as “state vector
augmentation.” [3]

The value of τ, the time interval between measurement
cycles is determined as a compromise among several
competing considerations. If the interval between
measurements is too short, it is difficult to estimate the
deterministic frequency, y, in the presence of the measurement
noise, ξ and the stochastic fluctuations in the estimate of the
delay. Using a conservative value of 1 ms for the noise term,
the interval between measurements should be at least

τ≥

We cannot determine the stochastic frequency variation, η,
in this way, since its contribution to the time differences is too
small over the duration of the telephone call. For averaging
times less than a few hours, the frequency fluctuations are well
modeled as white frequency modulation. Therefore, we
estimate the frequency of the oscillator by

y (t ) =

x (t ) − x (t − τ )

1 + Ty

τ

.

(6)

The value of τ was initially about 3 000 s – 4 000 s,
but this value is generally too large for some of the poorer
telephone connections, and a value of 2 000 s is often needed
to realize an acceptable level of timing accuracy at the server
of no worse than 5 ms P-P.

The first term in the numerator on the right side is the
estimate of the frequency on the previous measurement cycle,
and the second term is the current average frequency estimated
as the evolution of the time difference over the interval since
the last measurement cycle. When the time server is operating
in steady state, the control software drives the time difference
to zero on every measurement cycle, so that x(t-τ)= 0 in this
mode. The estimate of the current frequency is then simply the
time difference that has accumulated divided by the interval
between measurments. The weighting factor Ty implements an
exponential filter with a time constant derived from the
assumption that the frequency variations can be characterized
as white frequency modulation. For most of the computers that
we have tested, this assumption is valid for averaging times up
to about 12 000 s, so that

Ty =

τ
12000

.

(7)

In the limit of a very short measurement interval, the
measurement noise dominates the calculation, and the
performance is dominated by the characteristics of the noisy
channel. The local clock is more stable than the remote clock
seen through the noisy channel, and the inherent frequency
stability of the local clock oscillator is not being exploited in an
optimum way. On the other hand, the interval cannot be made
too long without violating the assumption that the evolution of
the time difference over the measurement interval satisfies the
model equations. The algorithm must also consider the
possibility of non-statistical glitches in the clock oscillator, and
decreasing the interval between measurements would decrease
the impact of these glitches because they would be detected
(and removed) more rapidly. Finally, the cost of the telephone
connections varies as 1/τ. Using the interval between
calibrations based on the minimum value in eq. 7 would be too
expensive and therefore impractical for this reason.

When the computation is completed, we have an estimate
of the time offset of the system clock, the average frequency
over the time of the connection, and the measurement noise
parameter, ξ, which is essentially the RMS value of the
residuals of the computation.

y (t − τ ) + T y

0.001
= 50 s .
2 × 10 −5

DISCUSSION AND CONCLUSIONS
The algorithm I have developed has made it possible
to continue to operate the NIST Internet time servers with the
telephone circuits that are becoming increasingly common both
for the local connection to the telephone central office and for
long-distance links. Maintaining a network of time servers
synchronized in this way is important for two reasons. In the
first place, the time service provided by these systems is
independent of satellite signals in general and the global
positioning satellites in particular, so that the systems are not
compromised by a denial of service attack on satellite signals.
In addition, the servers do not need external antennas and can
be installed at any location that has telephone connections.
This is a significant advantage, since many of our systems are
installed in underground or windowless, secure locations with
no access to the outside. On the hand, the servers depend on
periodic long-distance connections to the ACTS serves in the
NIST Boulder laboratories, and this is an expense that would

(7)

For averaging times shorter than τ, the value of η, the
stochastic variation in the frequency of the local clock
oscillator is measured using special-purpose hardware that
connects directly to the computer bus.
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One way to address this asymmetry problem would be
to improve the frequency stability of the oscillator in the time
server so that much longer averaging times could be supported.
The easiest way to do this would be to add an external atomic
frequency standard or even a high-quality quartz oscillator and
then lock the computer oscillator to the external device. Some
of our time servers have external rubidium oscillators
interfaced to the system through an interrupt line on the serial
port for this purpose. Both the frequency offset and the
frequency stability of the clock oscillator are improved by
several orders of magnitude using this technique.

not be needed for a system that was synchronized using a
satellite timing receiver.
As with all two-way methods, the algorithm cannot
detect a static asymmetry in the measurement of the round-trip
delay of the telephone circuit. We can estimate the magnitude
of this effect by comparing the times of different servers to
each other, but these comparisons introduce possible
asymmetries in the delay of the Internet path between them. As
a practical matter, the asymmetries of the Internet paths are
typically at least as large or even larger than the values for the
telephone system, so that the results of these comparisons are
not definitive.

When an external oscillator is present, the time-varying
asymmetry (and similar slowly-varying perturbations) can be
averaged for much longer periods – at least 1 day and probably
longer than this, since the frequency stability of the enhanced
local oscillator will now support these longer intervals between
measurements. Since the variations in the asymmetry are
bounded, it can always be divided into two components: a
static value and a bounded variation about that value that has a
mean of 0 for sufficiently long averaging times. A long
averaging time would attenuate the time variations in the
asymmetry and convert a static asymmetry into a time offset.
This time offset would have a slow variation in time if the
static value of the asymmetry was not stationary. (This would
be true if the asymmetry had a random-walk spectrum, for
example, since such a spectrum has no robust mean value.)
The time offset could be estimated through comparisons with
the NIST time servers that are located at NIST facilities and
are synchronized by direct connection to the NIST clock
ensemble. These directly-connected time servers would serve
as the constraints on the ensemble of network servers, so that
the ensemble would provide a stable source of time messages
that would be less affected by the asymmetry of any single
network path. To the extent that the network paths are disjoint,
an ensemble of network paths might also have an overall
asymmetry smaller than the asymmetry of any one of them.

The method I have described here cannot cope with
every type of asymmetry. At one of our sites, the asymmetry
had a bimodal character. That is, the asymmetry was constant
for some period and then abruptly changed to a different value.
The change in the asymmetry resulted in time steps of order 20
ms with an irregular period of a few hours. I had no basis for
eliminating these steps, since I didn’t know the actual time
offset of the client system. Both of the time offsets satisfied the
usual statistical tests within a single telephone connection, and
the asymmetry was constant over several telephone
connections, suggesting that the routing of the telephone calls
changed periodically in an unpredictable manner.
The problem of a bi-model asymmetry is not very common
on telephone connections – we have only one example on 35
connections. However, a slowly varying asymmetry is
common, and it also arises quite often in time synchronization
applications that use the Internet as the communications
medium. A nearly bimodal asymmetry on the Internet can arise
for a system, such as a web server, that often has very different
inbound and outbound network activity. The “Huff-‘n-Puff”
[4] filter is an attempt to deal with both of these cases. The
procedure assumes that the minimum delay will also have the
minimum asymmetry, which is often true for web servers and
similar systems because the asymmetry is a strong function of
the load on the client or on the server and not a fundamental
characteristic of the intervening path itself, which is assumed
to have better symmetry. We do not have a good idea of the
source of the varying asymmetry in our configuration, and it is
less clear that assuming that the minimum delay also has the
minimum asymmetry is appropriate. Nevertheless, there could
be an advantage to using only the time differences with the
minimum delay in the computation of the estimate of the time
of the client. From eq. 1, the time error due to any asymmetry
is bounded by one-half of the round-trip delay, so that a
smaller delay will have a smaller time error, even if the
asymmetry fraction is the same. However, even the shortest
delay is many tens of milliseconds, so that this limit is not very
useful, since the goal of the time service is to synchronize the
servers with an uncertainty of 1 ms RMS. Unfortunately, we
also do not have an independent estimate of the true time
difference between the two systems, so that we have no basis
for choosing one time difference over the other one.
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Abstract— We propose an algorithm for the detection of
frequency jumps in atomic frequency standards. The algorithm
is based on the innovation generated by the Kalman filter. When
the magnitude of the innovation is larger than a given threshold,
an anomaly is detected. We characterize the performance of
our method for the case of a Rubidium clock by estimating,
through numerical simulations, the probability of false alarm,
the probability of detection, and the latency time on a large
number of numerical simulations.

II. K ALMAN F ILTER D ETECTOR
We first define the model of the clock noise and then we
describe the Kalman filter detector.

I. I NTRODUCTION
The fast detection of anomalous behaviors of atomic frequency standards is becoming a very urgent issue in the
most demanding technological applications, such as navigation
systems. The capability to identify an anomalous behavior
of a frequency standard is a need in timekeeping and in
several other metrological applications, but the peculiarity of
navigation systems is that any anomaly which can impact
the user positioning has to be detected and signaled in short
times and with very low probability of false alarm. These
requirements ask for an extremely fast and efficient algorithm,
whose design is challenging. Several algorithms have been
proposed in the last years [1]-[6], and the research is still
very active. In [3] anomalies are detected by analyzing the
variations of the clock stability with time, represented by the
dynamic Allan variance [7], [8].
In this article we propose a detection algorithm based on the
Kalman filter. The Kalman filter [9] estimates the state by a
two-step procedure: first, the current state is predicted, based
on the previous estimate; then, when the new measurement
is available, the prediction and the measurement are properly
averaged by taking into account their variance. Therefore,
the Kalman filter can be seen as a weighted average of the
prediction (based on the knowledge of the dynamical evolution
of the system) and of the new measurement. We now note
that the prediction should be close, on the average, to the new
measurement. A large deviation of the difference between the
new measurement and the prediction, known as innovation,
can hence be used as an anomaly detector. This idea is the
key point of our method and, even though this use of the
innovation is already known [10], to the best of our knowledge
it has never been applied to atomic clocks.
First, the paper describes the clock model and the proposed
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implementation of the Kalman filter. Then, the evaluation of
the innovation as a test on possible anomalies is introduced.
Finally, the detector is characterized for the case of a space
Rubidium Atomic Frequency Standard, and the probability of
false alarm, the probability of detection, as well as the latency
time are estimated by numerical simulations.
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A. The clock noise model
We assume that the frequency deviation y(t) is made by the
sum of a white frequency noise (WFN) ξW F N (t), of a random
walk frequency noise (RWFN) WRW F N (t), and of a slowly
varying deterministic drift d(t)
y(t) = ξW F N (t) + WRW F N (t) + d(t)

(1)

The autocorrelation function of ξW F N (t) is given by
RW F N (t1 , t2 ) = E [y(t1 )y(t2 )] = σ12 δ(t1 − t2 )

(2)

where E is the expected value and δ(t) is the Dirac delta
function. The RWFN noise component is a Wiener process
defined as
Z t
WRW F N (t) =
ξRW F N (t0 )dt0
(3)
0

where
RRW F N (t1 , t2 ) = σ22 δ(t1 − t2 )

(4)

In discrete-time, we model RWFN and the drift as [11], [12]
x[n] = Φx[n − 1] + η[n − 1]+d[n]

(5)

where n = t/Ts is the (dimensionless) discrete time, Ts is the
sampling time, x[n] is the two-component vector
·
¸
x1 [n]
x[n] =
,
(6)
x2 [n]
Φ is the transition matrix given by
·
¸
1 Ts
Φ=
,
0 1

(7)

η[n − 1] is a two-component vector of Gaussian random
variables with zero mean and covariance
· 2
¸
σ2 0
Q=
,
(8)
0 0
and d[n] = d(nTs ) is the deterministic drift. We take the initial
conditions
·
¸
0
x[n] =
(9)
0
We now add WFN by making believe that it is an additive
measurement noise v[n], obtaining
z[n] = Hx[n]+v[n]
where
H=

£

1

0

¤

The system model equation of the Kalman filter detector is
given by
x[n] = Φx[n − 1] + η̄[n − 1]
(13)
where η̄[n−1] is a two-component vector of Gaussian random
variables with zero mean and covariance matrix
¸
· 2
σ̄2 0
(14)
Q̄ =
0 0
We take σ̄2 to be larger than σ2 to accelerate the transient
phase that arises when a frequency jump occurs. The measurement equation of the Kalman filter is identical to Eq. (10).
At time n, we first obtain the extrapolated version of the
previous estimate as
(15)

Then, we build the innovation
(16)

whose variance is given by
σν [n] = HP [n|n − 1]H T + R

(17)

where P [n|n − 1] is the extrapolated error covariance matrix.
Finally, we detect an anomaly when
|ν[n]| > kσν [n]

σ1
σ2
d
Ts

(11)

B. Kalman filter detector

ν[n] = z[n] − Hx̂[n|n − 1]

In Fig. 1 we show the simulated average frequency deviation
(blue line) of a Rubidium clock experiencing a frequency
jump, and the estimate x̂1 [n] generated by the Kalman filter
(black line). The red vertical bars are located at the time
instants corresponding to a detection. We see that the detector quickly reveals the frequency jump. After the frequency
jump, the estimate x̂1 [n] experiences a transient phase and
then adapts to the time-varying drift. The Rubidium clock is
simulated by using the following values of the parameters

(10)

is the measurement matrix, v[n] is a Gaussian random variable with zero mean and variance R = σ12 . Therefore,
z[n] represents the discrete-time average frequency deviation
corresponding to the frequency deviation y(t) of Eq. (1), and
it is given by
Z nTs
1
y(t0 )dt0
(12)
z[n] =
Ts (n−1)Ts

x̂[n|n − 1] = Φx̂[n − 1|n − 1]

III. E XAMPLE

(18)

where k is a parameter which influences the performance of
the detector.
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= 5 × 10−12
= 5.2 × 10−16
= 1 × 10−12 /day
= 1s

(19)
(20)
(21)
(22)

The detection threshold is obtained by using k = 5.
Performance analysis. We describe a preliminary statistical
characterization of the detector obtained by Monte Carlo
simulations. When k = 5, the probability of false alarm (PFA)
estimated on 108 realizations is given by
P F A = 5 × 10−7

(23)

The probability of detection (PD) estimated on 104 realizations
of the frequency jump with size
∆f = 2.5 × 10−11

(24)

P D = 0.967,

(25)

is given by

and the corresponding latency time is
∆n = 1.31 s

(26)

Smaller jumps can be detected by increasing the latency time.
This problem is currently under study.
IV. C ONCLUSIONS
An anomaly detector based on the evaluation of the innovation, which is a quantity embedded in the Kalman filter,
is presented and applied to atomic clocks. The developed
detector seems to have several advantages. First, it is fast,
in that it can detect anomalies with a very short latency time.
Second, due to the recursive nature of the Kalman filter, the
algorithm has low computational cost and requires the storage
of a small and fixed amount of data. Therefore, being fast
and light, the detector can be used in real time applications
and onboard satellites, where low computational power is
available.
We are currently working on several improvements to our
method, such as the detection of slow frequency jumps.

Fig. 1. Simulated average frequency deviation of a Rubidium clock (blue
line) and estimated component x̂1 [n] (black line). The vertical bars are located
at the detection time instants.
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Abstract— We report the characterization of Coherent Population Trapping (CPT) resonances in Cs vapor microcells filled
with Neon (Ne) buffer gas. The impact on the atomic hyperfine
resonance of some external parameters such as laser intensity
and cell temperature is studied. We show the suppression of
the first-order light shift by proper choice of the microwave
power. The temperature dependence of the Cs ground state
hyperfine resonance frequency is shown to be canceled in the 7780◦ C range for various Ne buffer gas pressures. We preliminary
demonstrate a 852 nm VCSEL-modulated based CPT atomic
clock exhibiting a short term fractional frequency instability
σy (τ) = 1.5 × 10−10 τ−1/2 until 200 s.

I. I NTRODUCTION
Coherent Population Trapping physics [1] combined with
the progress of micro-fabrication techniques and semiconductor laser technologies allows the realization of
highly miniaturized battery-powered chip scale atomic clocks
(CSAC). These references can be used in a wide-range of
electronics-based systems such as global positioning, synchronization of telecommunication networks or military applications. The first microfabricated CPT clock was demonstrated
at NIST in 2004 [2] while such sources now become commercially available [3]. Nevertheless, leading research remain to be
done in this field to further improve the performances of these
clocks in terms of frequency stability, power consumption or
size or to propose simpler and original architectures.
A CSAC is based on the combination of a high-frequency
modulated Vertical-Cavity Surface Emitted Light (VCSEL)
laser, micro-optics to shape and circularly polarize the laser
beam, a mm-scale alkali (Cs or Rb) vapor cell in which CPT
interaction takes place, a photodiode to detect transmitted light
through the cell and packaged electronics including a local oscillator (LO) and various low-frequency servo loop electronics
to stabilize experimental parameters. The microcell is currently
filled with a buffer gas or mixture of buffer gases in order
to operate in the Dicke regime [4]. A buffer gas mixture is
often prefered to cancel the temperature-dependent collisional
shift [5], [6] at a pre-determined inversion temperature [7].
However, the partial and total buffer gas pressure is very
difficult to control in microfabricated cells because of high
temperatures required to operate the anodic bonding process.
In the frame of the challenging european MAC-TFC project,
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this paper reports a detailed characterization of CPT resonances measured in Cs-Ne microcells. These novel-technology
cells are fabricated by following the technology process described in [8], [9], [10]. We recently reported the observation
of a quadratic temperature dependence of the Cs 0-0 ground
state hyperfine resonance frequency in such cells [11], [12].
The inversion temperature, expected to be independent of the
buffer gas pressure, has been measured to be in the 77-80◦ C
range. This paper aims to further prove the potential of our
cells for microclocks applications.
Section II describes the experimental set-up. Section III is
devoted to present the characterization of CPT resonances
obtained in our Cs-Ne microcells. Section IV presents the
dependence on laser intensity and cell temperature of the CPT
resonance frequency. The last section V shows preliminary
frequency stability measurements of a Cs-Ne microcell-based
CPT clock.
II. EXPERIMENTAL SET-UP
Figure 1(a) describes the experimental set-up of the Cs CPT
clock.
The Cs-Ne vapor cell is 2-mm in diameter and 1.4 mmlong. The microcell is filled with a Ne buffer gas pressure
using an original two-step anodic bonding procedure recently
described in [10]. The microcell temperature is stabilized to
within 1 mK. A static magnetic field is applied around the
cell in order to split the Zeeman components and isolate the
|F = 3, mF = 0i → |F = 4, mF = 0i hyperfine clock transition.
The ensemble is inserted into a cylindrical mu-metal magnetic
shield in order to reduce spurious environmental magnetic
fields.
The laser source is a VCSEL resonant with the Cs D2 line at
852 nm. The VCSEL injection current is directly modulated
at 4.596 GHz (half of the Cs clock frequency) to produce two
phase-coherent sidebands with a frequency splitting of 9.192
GHz. The 4.596 GHz signal is generated using a commercial
microwave synthesizer driven by a 10 MHz quartz crystal local
oscillator.
The linearly polarized output beam from the laser is collimated using a cylindrical lens in a 1-mm diameter beam and
converted into circular polarization using a quarter-wave plate
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inserted in front of the cell. A neutral-density filter is used
to adjust the laser intensity. The optical power transmitted
through the Cs-Ne microcell is detected by a low noise Si
photodiode (P1).
With the microwave modulation applied, the VCSEL frequency is locked on the position of maximum optical absorption by modulating the laser DC current at 65 kHz and
demodulating the absorption signal on the photodiode with the
lockin amplifier LA1. An error signal is then fed back to the
VCSEL current driver to correct the laser injection current.
The CPT resonance is detected by scanning the 4.596 GHz
microwave signal frequency. The signal-to-noise (SNR) ratio
of the resonance is increased by utilizing a similar frequency
modulation-demodulation spectroscopy technique at 1-3 kHz
with the lockin amplifier LA2. A voltage error signal can
then be sent to the electric tuning port of the local quartz
oscillator to lock the microwave synthesized signal on the
atomic transition frequency.
III. CHARACTERIZATION OF CPT RESONANCES
IN C S -N E MICROCELLS
In this section, we report the characterization of CPT
resonances obtained in Cs-Ne microcells with various buffer
gas pressures as a function of several experimental parameters
such as the laser intensity I, the cell temperature T and the
microwave power Pµ injected in the VCSEL.
Figure 2 shows a typical experimental Zeeman spectrum
obtained in a Cs-Ne microcell as well as the corresponding
error signal obtained at the direct output of the lockin amplifier
LA2.
The 0-0 CPT resonance linewidth and height are extracted
by fitting the CPT resonance error signal with the FM lineshape of a Lorentzian function [13]. The resonance contrast
C is considered here as the ratio between the height of the
resonance error signal and the background DC voltage at the
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Fig. 2. Zeeman spectrum obtained in a Cs-Ne microcell (dark line) and
the corresponding error signal (red line) at the output of the lockin amplifier
LA2. A longitudinal magnetic field of 2.9 µT flux density is applied.

direct output of the photodiode. The clock frequency stability
can be measured by comparing the 10 MHz quartz local oscillator with a signal coming from a reference hydrogen maser.
Frequency shifts measurements are performed by calculating
the offset between the measured 0-0 resonance frequency and
the unperturbed Cs atom frequency (9.192 631 770 GHz).
Cs-Ne microcells with different buffer gas pressures are tested.
Cells 1, 2, 3 and 4 are filled with a Ne buffer pressure of 8.1,
6.7, 6.7 and 4.4 kPa respectively. All of them have the same
dimensions. The static magnetic field B is 16 µT for all the
following experiments.
A. Laser Intensity
Figure 3 shows the linewidth of the CPT resonance versus
the total laser intensity for two different Cs-Ne microcells (cell
1 and cell 2).

9000
8000
Cell 2

7000
FWHM (Hz)

Fig. 1. Experimental SetUp. Cs atoms with Ne buffer gas in the mm-scale
cell interact with the microwave-modulated light from a VCSEL. The optical
power transmitted through the cell is detected by the photodiode P1. The
lockin amplifier LA1 is used to lock the VCSEL to the Cs optical resonance.
The lockin amplifier LA2 is used to lock a quartz local oscillator (LO) driving
a microwave synthesizer (MS) that generates the 4.596 GHz signal.
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Fig. 3. Linewidth of the dark resonance signal as a function of the total
laser intensity for two Cs-Ne microcells with different Ne pressure (squares:
cell 1, circles: cell 2). Solid lines are linear fit. Experimental parameters are:
T =62.1◦ C, Pµ = 2.5 dBm.

The CPT linewidth linearly increases with laser intensity

We report in Fig. 4 the evolution of the ratio between the
CPT resonance linewidth and contrast as a function of the total
laser intensity for both cells 1 and 2.
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Fig. 5. Height of the dark resonance error signal as a function of the vapor
microcell temperature for three Cs-Ne microcells with different Ne pressure
(squares: cell 1, circles: cell 2, triangles: cell 4). Experimental parameters
are: I= 500 µW/cm2 , Pµ =2.5 dBm.
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due to power broadening. The slope of the increase is lower
for the cell with higher buffer gas pressure because of
the increase of the optical linewidth Γ? . The zero-intensity
linewidth is measured to be lower for the cell with higher
buffer gas pressure. In this experimental set-up, the linewidth
is limited by time-of-flight broadening because the laser beam
is only 1-mm diameter [12]. The zero-intensity linewidth is
expected to decrease with higher buffer gas pressures until
the contribution of Cs-Ne collisions dominates. This only
happens around 100 kPa in millimeter-scale cells.
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Fig. 4. Ratio FWHM/contrast of the dark resonance as a function of the total
laser intensity for two Cs-Ne microcells with different Ne pressure (squares:
cell 1, circles: cell 2). Experimental parameters are: T =62.1◦ C, Pµ = 2.5 dBm.

The ratio FWHM/contrast is minimized for both cells for intensities around 300-350 µW/cm2 . We observed that the noise
on the detector increases strongly with increasing laser power
Wi . This is due to the increase of the shot noise associated
to the background signal, the increase of the laser AM noise
that presents a 1/ f slope at the modulation frequency but also
due to the increase of the laser FM noise through a FM-AM
conversion process in the vapor cell. In [14], it is claimed that
the FM laser noise is the main limit to the short term frequency
stability of a CSAC.
B. Cell Temperature
Fig. 5 shows the height of the dark resonance error signal
versus the cell temperature for cells 1, 2 and 4.
For the three cells, we obtain a bell-shaped curve where the
CPT resonance height is maximized in the 55-60◦ C range.
A similar behavior has already been observed in cm-scale
cells [15], [17], [16]. We see that the use of a higher buffer
gas pressure gets the bell-shaped curve broader, reduces the
CPT line height and shifts the temperature where the dark
resonance height is maximum to higher temperatures. The
signal is degraded by a factor 4-5 at 80◦ C compared to 60◦ C.
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It means that the clock short term frequency stability should
be optimized at 60◦ C and degraded at 80◦ C.
The CPT linewidth is measured to decrease with higher buffer
gas pressure and to slightly decrease with the cell temperature
until about 80◦ C where the linewidth seems to rise poorly
again.
We measured that the ratio FWHM/contrast is reduced when
the buffer gas pressure is increased and is optimized in a
temperature range between 58 and 66 ◦ C for the three cells.
The optimum temperature point increases when the buffer gas
pressure is increased. Due to the reduction of the CPT signal
height, this ratio is degraded around 78◦ C by a factor decreasing with higher buffer gas pressure. Note that no significant
variation of the detected noise on the CPT resonance at the
modulation frequency has been measured by changing the cell
temperature.
IV. FREQUENCY SHIFTS
A. Light Shift
Light shift is known as a major limitation in the frequency
stability of vapor cell frequency standards. We realized measurements of light shift in our Cs-Ne microcells. Figure 6 plots
the frequency shift of the 0-0 resonance from the unperturbed
Cs frequency as a function of the total laser intensity for three
different microwave powers Pµ with the cell 2.
We show the possibility to cancel the first-order light shift
by proper choice of the microwave power. For Pµ = 3.5 dBm,
the light shift slope is measured to be only − 0.08 Hz/
(µW/cm2 ). In both other cases (2.5 dBm and 4 dBm), the
slope is increased by a factor 6.1 but with opposite signs. Also,
note that a slight frequency difference of 4.2 Hz between fitted
curves extrapolated at zero-intensity is obtained validating our
experimental measurements.

the cell temperature Tc at Tinv ± 100 mK with rms temperatures fluctuations dT =10mK around Tc , the clock frequency
stability limit due to temperature variations is expected to be
about 1.7 × 10−13 . These results are of great importance in
view of the development of high long-term frequency stability
miniature Cs atomic clocks with a unique Ne buffer gas cell.
In this case, no suitable and well-controlled buffer gas mixture
is required.
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V. FREQUENCY STABILITY MEASUREMENTS
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Fig. 6. Light shift of the CPT resonance in the cell 2 for three different
microwave power Pµ : 2.5 dBm (squares), 3.5 dBm (circles) and 4 dBm
(triangles). Experimental parameters are: T =62◦ C. The solid lines are linear
data fits.

Fig. 8 shows preliminary measurements of the clock short
term fractional frequency stability. For this purpose, the frequency stability of the 10 MHz output signal of the quartz local
oscillator is measured using a digital 5120A Allan deviation
test set [18] referenced by a hydrogen maser and plotted in
Fig. 8.

MAC-TFC spec.

B. Collisional Frequency Shift
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Fig. 8. Allan standard deviation of the D2 line VCSEL-based CPT clock using
a Cs-Ne microcell. Experimental parameters are: T =60◦ C, Pµ =2.5 dBm. A
measurement with or without light shift correction is shown.
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The 0-0 resonance frequency is measured for different
temperatures for two Cs-Ne buffer gas microcells (cells 1
and 3) on Fig. 7. The measured frequencies are corrected for
the Zeeman quadratic shift and for the light shift. The points
are the experimental data. Data are fitted by a second order
polynomial function.
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Fig. 7. Frequency shift of the CPT resonance in cell 1 (squares) and cell 3
(circles) as a function of the cell temperature. The solid lines are data fits.

The temperature dependence of the clock frequency is found
to be cancelled for both cells around an inversion temperature
of 78◦ C. These results agree well with those presented in [11]
and confirm that the inversion temperature does not depend
on the Ne buffer gas pressure. The fit of experimental points,
with the gas pressure as fitting parameter and using coefficients
given in [6], gives a Ne pressure of 8.1 kPa and 6.7 kPa for
the cell 1 and cell 3 respectively at a temperature of 0◦ C. For
the cell 1, the curvature is measured to be 1.7 × 10−10 K−2 .
Assuming that the temperature control system allows to set
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In a first measurement, the short-term frequency stability is
given to be 1.5 × 10−10 τ−1/2 for averaging times between
1 and 30 s [12]. For short integration times, this result is
comparable to those previously published [2] for miniature
clocks using a VCSEL resonant with the Cs D2 line and a
mm-scale cell. The short-term frequency stability is expected
to be significantly improved by the use of a laser resonant
with the Cs D1 line [19] and was measured to be degraded
by a factor 4 at 80◦ C. For integration times longer than 30
s, we observe a frequency random walk mainly attributed to
huge temperature variations in the laboratory as well as laser
intensity fluctuations.
Later, we started to investigate the possibility to implement
a light shift correction (LSC) to improve the long-term frequency stability performances. Several advanced techniques,
described in [20], [21], [22], were tested and allowed us to
detect a zero-light shift point. In a first solution inspired from
[20], the microwave power amplitude is modulated. This AM
modulation is detected on the LA2 lockin amplifier output and
can be minimized by adjusting the 4.596 GHz signal power.

The RF power for which the AM modulation vanishes is the
zero-light shift point. This AM modulation can then be demodulated with a third lockin amplifier to generate a dispersive
error signal crossing zero when the light shift is minimized and
actively stabilize this point with an additional PI controller.
We observed that this optimum point coincides well with the
microwave power for which the CPT signal is maximized, i.e
the point where the optical power contained in both first-order
optical sidebands is maximum. In a second solution inspired
from [22], the same lockin amplifier (LA2) is simultaneously
used to lock the LO frequency to the clock transition and
reduce the light shift. Indeed, it was observed that in presence
of light shift, there are different zero-crossing frequencies for
the in-phase and out-of-phase quadrature channels of the lockin amplifier. When the in-phase channel is used to lock the
local oscillator, the quadrature channel is proportional to the
light shift near a zero-shift frequency. Note that both methods
gave about the same optimum zero-light shift point. Figure 8
shows the improved frequency stability with LSC technique
inspired from [20]. Despite the lack of optimization of the
PI servo loop, the clock frequency stability is found to be
3 × 10−11 at 1000s and better than 5 × 10−11 at 20.000s.
Further optimization remains to be done. Note also that the
clock frequency should be better stabilized around 78◦ C where
the temperature dependence of the clock frequency is greatly
reduced.
VI. C ONCLUSION
Cs-Ne microcells can be used for high performance miniature atomic clocks. For optimized clock frequency stability
performances on the short term term, the clock should operate
preferably with a VCSEL resonant on the Cs D1 line. For long
term operation, the cell should operate at a temperature around
78◦ C to reduce greatly the Cs clock frequency temperature
dependence. Moreover, advanced noise reduction techniques
should be implemented to reduce frequency variations due to
light shift effects. We preliminary investigated in this article
a solution consisting in stabilizing the microwave power at a
point where the light shift is cancelled.
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Abstract— We report on progress in the development of an AllOptical Integrated Micro-Primary Atomic Clock (AO-IMPAC).
The operattion of the clock is based on an inhomogeneously
broadened rubidium optical transition used for stabilization of a
Kerr optical frequency comb generated in a high-Q whispering
gallery mode (WGM) microresonator. We have demonstrated
the initial operation of this clock built in a physics package
with dimensions 5 × 6 × 1.2 cm. The clock’s long term stability
approaches 3 × 10−13 at about 2 × 104 s integration time. The
measured value is limited by the noise floor of the measurement
setup.

I. I NTRODUCTION
We introduced the concept and a preliminary design of
an All-Optical Integrated Micro-Primary Atomic Clock (AOIMPAC) at IFCS’2010 [1]. In this paper we report on progress
towards implementing the design and evaluating the first
demonstration of the clock operation. We have realized a
bread-board model of this clock that is based on an optical frequency comb generated in a high-Q whispering gallery mode
(WGM) microresonator, stabilized to an inhomogeneously
broadened rubidium optical transition. The clock utilizes a low
power single-mode DFB diode laser, self-injection locked to
a mode of the microresonator. The optical frequency comb
is generated in the resonator as a result of Kerr effect and
four wave mixing process. The comb mode spacing effectively
determines the RF output signal. Since the center frequency of
a comb line and the comb’s mode spacing both are determined
by the refractive index and geometry of the microresonator,
stabilizing the center frequency of a comb line stabilizes the
clock frequency. In other words, locking a single frequency
point of the comb is enough to stabilize the frequency spacing
of the comb.
We have demonstrated the initial operation of this clock
built in a 5×6×1.2 cm physics package. The clock’s long term
stability approaches 3 × 10−13 at about 2 × 104 s integration
time. The measured value is limited by the noise floor of the
measurement setup locked to a commercial Rb clock. The
maximum spectral width of the observed frequency comb was
4 nm, and the 24 GHz repetition frequency was generated
with the vertical (not the basic) mode family of the WGM
microresonator.
The comb was stabilized by locking it to the inhomogeneously broadened D1 line of Rb87 by means of a semiconductor laser. The lock quality and the frequency drift of the
rubidium transition ultimately determine the performance of
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the system. The stability goal for this clock is to keep the
time loss at the level of 32 ns over a period of one month.
To achieve this timekeeping performance, the clock’s randomwalk frequency noise coefficient must be below 10−17 s−1/2 ,
and it must have a frequency aging rate below 10−15 /day. We
found that a Doppler-broadening-induced shift mechanism is
the most important parameter for stability, since it can lead to
a temperature sensitivity of 4×10−11/o C, if the laser is locked
to the peak of the absorption line. To reduce the temperature
sensitivity by two orders of magnitude, we locked the laser to
the so called isoclinic point of the D1 line.
II. O PERATION PRINCIPLE AND SCHEME OF THE CLOCKS
Schematic of the clock setup is shown in Fig. (1). The goal
of the set up is to stabilize the temperature of the resonator.
Since the frequency drift of the hyper-parametric oscillation is
primarily caused by temperature drift in the system, removing
the temperature drift results in long term stabilization of the
hyper-parametric oscillator.
Stabilization of the resonator temperature is realized via
locking the frequency of a selected WGM to a Rb87 optical
transition. We use the fact that the ratio of frequency of a
high order optical mode and the free spectral range (FSR) of
a monolithic WGM resonator does not depend on the resonator
temperature or any resonator strain, to first approximation. The
long term drift of the optical frequency is correlated with the
drift of the FSR. Therefore, by stabilizing the optical frequency
the FSR is also fixed.
The linewidth of the free running semiconductor distributed
feedback (DFB) laser used in the experiment is on the order
of a few megahertz. The bandwidth of the WGM is less than
a hundred kHz. To pump the optical mode efficiently, we use
the self-injection locking mechanism to lock the laser to the
WGM, resulting is more than a thousand fold reduction of
the laser linewidth. As a result, more than 30% of the power
emitted by the laser is coupled to the mode.
It was shown that the frequency of hyper-parametric oscillation is determined by the FSR only, and does not depend
on the parameters of the pumping laser light, if the optical
absorption and corresponding heating of the resonator annulus is neglected. Thus drift of the laser frequency and the
laser intensity noise do not influence the performance of the
oscillator based on an ideal resonator. In a real system the
light absorbed in the mode shifts the optical frequency and
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of the point of the maximal absorption is on the order of
4 × 10−11 o K−1 . Therefore, the measured isoclinic point‘s
temperature coefficient was an order of magnitude lower than
the resonant transition. The thermal shift of the isoclinic point
is probably even smaller since we could not find a difference
between the isoclinic points temperature shift and zero at the
95% confidence level. Therefore, by keeping the averaged
temperature of the cell stable with 10 mK accuracy the relative
frequency drift of the system will be less than 2 × 10−14 .
III. VALIDATION OF SELF - INJECTION LOCKING OF A
LASER WITH WGM RESONATOR
Fig. 1. Schematic of the demonstrated clock. A 794 nm semiconductor DFB
laser is self injection-locked to a WGM. A slow PDH lock is used to keep
the laser frequency at resonance with the WGM . The locked laser operates
as an external cavity semiconductor laser, and can be tuned by tuning the
frequency of the resonator. The laser/resonator combination is PDH locked to
the 87 Rb D1 line. The locking scheme uses modulation of the frequency of the
laser via temperature modulation of the WGM resonator, and the error signal
is fed back to correct the temperature of the resonator. Since changing the
laser current also changes the temperature of the resonator and the oscillation
frequency, an additional lock loop is used for the laser.

the FSR frequency. Self-injection locking technique used to
reduce the laser linewidth does not fix the value of detuning of
the laser and the WGM. Thermal drift and drift of the current
feeding the DFB laser result in drift of the detuning, and a
corresponding drift of the WGM temperature due to change
of the absorption of light in the resonator. Thus, we use a
slow PDH-like locking circuit (locking circuit #2 in Fig. 1) to
keep the laser frequency tuned to the specific position of the
selected WGM.
Once the frequency of the laser follows the specific point
of the WGM resonance, we lock the resonator to the atomic
transition via the laser (locking circuit #1 in Fig. 1). This
is accomplished by modulating the frequency of the optical
mode thermally. The temperature modulation results in pure
frequency modulation of the light emitted by the laser. The
error signal is obtained by sending the modulated light through
the atomic cell. The signal is subsequently processed and
fed back to the resonator temperature. The modulation of the
temperature is not the optimal solution since it also results
in the modulation of the clock signal. Insertion of a power
efficient phase modulator in front of the atomic cell, instead
of modulation of the resonator temperature, would improve
performance of the clocks.
The long term stability of the clock is determined by the
thermal stability of the atomic transition. Any drift in the
rubidium vapor temperature influences the stability of the D1
line in the Doppler-broadened optical absorption spectra, and
compromises its frequency stability. We found that there exists
a specific thermally insensitive point of the atomic resonance
located in the vicinity of the local absorption minimum
midway between the 52 S1/2 (Fg = 2) → 52 P1/2 (Fe =
1, 2) absorption lines of 87 Rb vapor [2]. We verified experimentally that the relative frequency stability of the isoclinic
point is better than −2 × 10−12 o K−1 while the stability

We performed an experiment in which we pumped a crystalline CaF2 WGM resonator with 794 nm light emitted by
a semiconductor laser that was self-injection locked [3] to a
selected WGM. The light was sent in and retrieved out of the
resonator using a glass coupling prism. The exiting light was
collimated and injected into a single mode optical fiber to be
further analyzed. The resonator was fabricated out of a z-cut
CaF2 wafer by mechanical polishing. The loaded quality (Q-)
factor of the resonator exceeded 3 × 109 .
We locked the semiconductor DFB laser to a WGM mode
having a frequency in the vicinity of the isoclinic point of the
D1 line of 87 Rb (Fig. 2). The self-injection locked range is a
constant absorption level in the middle of the Rb absorption
doublet. The absorption does not change since the frequency
of the laser is constant and equal to the WGM frequency,
while the current driving the laser changes (locking area). At
the same time, the power of the light emitted by the laser
decreases within the locking area since some amount of the
light scatters back to the laser.

Fig. 2. Spectrum of the D1 transition of the rubidium (top) and the LI curve
(optical output power (L) as a function of current that drives the laser (I))
of the DFB laser self-injection locked to the WGM resonator (bottom). The
curves are shown on the oscilloscope screen.

IV. D EMONSTRATION OF STABILIZATION OF THE LASER
Initially we demonstrated that the laser itself can be stabilized using the resonator. We then reduced the power of the
laser such that the resonator operated in the linear regime,
activated all the locking loops, and measured the frequency of
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the laser during several hours. To lock the laser to the atomic
transition, the laser frequency was modulated at the frequency
of 0.23 Hz and a magnitude of about 100 MHz. Then the
PDH-type lock scheme was implemented by feeding the signal
from a lock-in amplifier back to the resonator temperature. To
measure the stability of the laser we used another Rb cell as
a frequency discriminator.

The observed optical comb spectra had several common
features: i) they were asymmetric with respect to the pump
frequency, i) the repetition frequency did not correspond to
a multiple of the FSR of the resonator, contrary to earlier
observations [8], [12]; ii) the envelope of the comb spectrum
had unusually sharp edges. These features are novel, yet the
comb lines are clearly self-phase locked since they produce a
spectrally pure RF signal on a fast photodiode (Figs. 5 and 6),
as in previously observed Kerr optical frequency combs [8].
A. Kerr comb on vertical modes

Fig. 3. Allan deviation of the frequency of the DFB laser locked to a
WGM resonator and the rubidium cell. Several realizations are shown. All the
realizations show averaging proportional to the integration time. Even though
further averaging was expected we were unable to continue the measurements
since the sensitivity floor of the measurement technique was reached.

There are two nonlinear processes that result in the generation of a phase locked frequency comb in a WGM resonator possessing χ(3) nonlinearity: hyper-parametric oscillation (modulational instability [16], [17], [18]) and FWM.
The oscillation process involves two pump photons and two
sideband photons and starts when the power of a continuous
wave laser exciting the mode exceeds some threshold value
[19], so that sidebands symmetrical in frequency are generated.
Increasing the pump power results in the generation of multiple sidebands, phase locked due to the FWM process. The
initial generation of sidebands widely separated by multiple
FSR’s could have a lower threshold compared with that
of closely separated sidebands [8], [14], depending on the
dispersion of the WGM spectrum.

V. H YPER - PARAMETRIC OSCILLATIONS AT 794 NM
A nonlinear frequency conversion within the WGM resonator was used to make the system fully operate as a
clock. Four-wave mixing (FWM) [4] and hyperparametric
oscillation [5], [6] have been studied with WGM resonators
with the generation of recently observed optical frequency
(Kerr) combs [7]. Kerr combs have rapidly become the subject
of extensive research as simpler alternatives to conventional
combs produced with femtosecond mode-lock lasers. [7]-[14].
They have excellent uniformity as well as high repetition rate,
which makes them ideal for many practical applications. We
used such a comb for the implementation of the clock.
To generate the clock signal the power of the light pumping
the resonator was increased so the optical frequency Kerr
comb could be generated. The onset of hyperparametric oscillation was observed at 0.1 mW of optical power. Increasing
the power to 0.3 mW resulted in the formation of a well
pronounced optical frequency comb shown in Fig. (4). The
optical spectrum of the comb demonstrates a clear asymmetry
[15]. Depending on the position of the collimator collecting
the light exiting the resonator, either higher or lower frequency
components of the comb are nearly hidden in the noise. By
changing the wavelength of the laser and locking it to different
transverse modes of the resonator, we obtained the spectra
shown in Fig. (4a and 4b). In some cases, the first optical
sideband on the comb had higher power than the pump light
exiting the resonator.

Fig. 4. Kerr optical frequency combs generated in the WGM resonator: (a)
the power of the first generated sideband of the comb exceeds the power of
the pump signal leaving the resonator; (b) the power of the same sideband
is suppressed. To generate spectra (a) and (b) we pumped different WGMs
of the same resonator. The spectra also are influenced by the position of the
collimator collecting the light. No stimulated Raman scattering is observed.
The resonator has 8 GHz free spectral range, while the optical frequency comb
has 23.78 GHz repetition rate. The comb harmonics are self-phase locked, so
they generate a coherent RF signals on a fast photodiode.

We found that i) the geometrical shape of the WGM
resonator determines the frequency envelope as well as the
repetition rate of the Kerr comb; ii) the observed components
of the comb belong to different WGM families, i.e. have different spatial distribution; iii) the asymmetry of the spectrum
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results from the significant spatial spread of the light emitted
from the resonator and selectively coupled into the fiber. This
novel type of Kerr comb could have, a higher repetition rate
as compared with the FSR of the basic WGM sequence, as
observed, and also a significantly lower repetition rate. The
reason for such a flexibility is in the ability to modify the
dispersion of the resonator with respect to the optical modes
involved in the comb generation.
While it is generally believed that a Kerr comb is generated
in the basic WGM family and has a relatively symmetric
envelope, this is not the only option. A spheroidal resonator
which has two nearly equidistant mode sequences characterized with F SRl and F SRp = F SRl (a − b)/b, where
b is the other semiaxis of the spheroid [20], may produce
different results. Here, F SRp can significantly differ from
F SRl depending on the ratio a/b. In our case a/b ≈ 4,
so that F SRp ≈ 3F SRl , which is close to experimentally
measured value F SRp /F SRl = 23.78 GHz/8 GHz =
2.96, where 23.78 GHz is the repetition frequency of the
comb we observed. Therefore we conclude that the frequency
components of the Kerr comb reported here are not generated
in the same family of fundamental modes with different orbital
momentum. Rather, the components belong to the family of
modes with different vertical quantum number p and the same
orbital momentum l.

Fig. 5. The RF signal generated by demodulation of the optical frequency
comb on a fast photodiode. Only one RF frequency component is generated.

B. The RF spectrum
We verified the spectral purity of the optical frequency comb
and measured the repetition frequency using the RF signal
produced by demodulation of the comb on a fast photodiode.
The resolution of our optical spectrum analyzer did not exceed
8 GHz at 794 nm, so the optical spectrum was not suitable for
measuremen. We increased the optical pump power, collected
2.5 mW of light leaving the resonator into a single mode
fiber connected to a fast InGaAs photodiode. The photodiode
generated several microWatt of 24 GHz RF signal that was
analyzed using an RF spectrum analyzer. The recorded RF
signal is shown in (Figs. 5 and 6).
The narrow linewidth RF spectrum generated by multiple
comb lines suggests that the harmonics of the comb are selfphase locked in the sense of modulation-based combs [21].
VI. L OCKING THE COMB TO THE ATOMIC TRANSITION
Activating the feedback loops shown in Fig. 1 locked
the comb to the atomic transition, and the Allan deviation
of the frequency of the locked signal could be measured
with a frequency counter locked to a reference rubidium
standard. The result of the measurement is shown in Fig. 7.
The Allan deviation of the AO-IMPAC clock was averaging
inversely proportional to the averaging time until it reached
the sensitivity level of the measurement system determined by
the Allan deviation of the reference Rb clock.
The observed behavior of the Allan deviation needs an
explanation since it averages very fast as τ −1 , where τ is
the integration time. When the Kerr comb runs freely the

Fig. 6. The RF signal generated by demodulation of the optical frequency
comb on a fast photodiode with lower resolution bandwidth than is shown in
Fig. 5. Thermal drifts of the RF frequency limit the the resolution bandwidth
of the measurement to 10 kHz. The instantaneous linewidth of the RF signal
is 10 Hz, since the skirts of the RF signal can fitted with a Lorentzian curve
of 10 Hz full width at half maximum.

frequency drift behaves as τ 1/2 (green line in Fig. 7). Such
a drift results from the frequency random walk, so the phase
noise spectrum is proportional to f −4 for f → 0 (f is the
spectral frequency). When the feedback is switched on, the
phase noise should be divided by the product of the feedback
gain and the PDH error function resulting from the lock to the
atomic transition. If we assume that the error function goes
as f −2 (the error-function for a Lorentzian) and the gain is
constant at low frequencies (we found that the spectrum of the
feedback gain is constant till 0.3 Hz), the phase noise in the
closed loop will be proportional to f −2 for f < 0.3 Hz. This
is the white frequency noise resulting in a τ −1/2 averaging of
the Alan deviation signal. The expected behavior of the Allan
deviation is illustrated by the black line in (Fig. 7). This is not
what was observed with both the laser and the comb locked
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Fig. 7.
Top: Allan deviation of the RF signal generated by the free
running (green curve) and locked (blue curve) optical frequency comb; the
Rb clock used in the measurement system (red dots); and expected averaging
resulting from the PDH lock loop used in the experiment (black line). Bottom:
Frequency signal from the counter.

to the atomic cell. The averaging apparently behaves as τ −1 .
The reason is that the resonator producing the comb is
thermally modulated. The thermal modulation produces the
frequency modulation of light needed to lock the laser and the
resonator frequencies to the atomic transition. But, modulation
of the resonator temperature changes the FSR of the resonator,
as well, so the clock signal is also modulated with the same
frequency (see the picture at the bottom of Fig. 7). The
modulation frequency is approximately f1 = 0.238 Hz. The
averaged measured modulation magnitude of the 24 GHz
signal is ±70 Hz. The frequency counter sampling time is
1.1 s. Taking these values into account w the Allan deviation
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in this way coincides with the Alan deviation measured in
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VII. C ONCLUSION
We have shown that a Kerr frequency comb excited in a
WGM resonator can be used in the realization of a new type of
optical atomic clock. The clock features an architecture using
an optical transition in an atom or molecule, making it suitable
for miniaturization with small power for operation. This is the
goal of the AO-IMPAC clock, which will be further developed
in the next phases of the DARPA IMPACT program.
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Abstract— We present the development, testing and
characterization of a low-power chip-scale Rubidium (Rb)
plasma light source designed to serve for optical pumping in
miniature atomic clocks. The technique used is electrodeless
capacitively coupled plasma (CCP) discharge, driven in a microfabricated Rb vapor cell. The device is electrically driven at
frequencies between 1 and 36 MHz to emit 140 µW of stable
optical power while coupling < 6 mW of electrical power to the
discharge cell. To our knowledge this is the first reported Rb
plasma emitted from a chip-scale device.

I.

INTRODUCTION

Compact Rb atomic clocks (overall volumes of 1001000 cm3), are widely used in many applications including
navigation systems, network synchronizations and digital
communications [1]. A common commercial implementation
of such an atomic clock is the compact (~100 cm3) Rubidium
microwave frequency standard based on the DoubleResonance (DR) technique, using a glass-blown Rb plasma
discharge lamp to achieve optical pumping. With the advent of
microtechnology there has been an upsurge in portable devices
(GPS receivers, for example) leading to a growing need for
smaller, lower-cost, chip-scale atomic clocks with reduced
power consumption, that show better frequency stability than
the currently used quartz crystal oscillators. This has led to
research towards miniaturizing atomic clocks to reach
volumes of few cm3 or below [2, 3], mostly based on the
Coherent Population Trapping (CPT) approach that has been
preferred over the traditional DR technique [4].

lifetime. However, because these glass-blown lamps usually
consume several watts of electrical power and are not easily
integrable with an ideal chip-stack configuration, chip-scale
Rb DR clocks had been deemed a challenge and are relatively
unexplored. The CPT technique was preferred for chip-scale
clocks by using a laser diode (VCSEL) as the light source for
atomic resonance [2, 3] because of their easy integration, good
power efficiency, planarity and compact dimensions (~mm2).
However, the VCSEL approach requires critical temperature
control, sophisticated control electronics for laser frequency
stabilization, and complicated setup procedures [2].
The goal of this research is to develop a microfabricated
planar low-power Rb plasma light source (as shown in
operation in Fig. 1) to exploit the inherent advantages of a Rb
discharge lamp, avoiding the issues faced by the VCSEL and
providing an alternative and innovative design for chip-scale
Rb atomic clocks.

The majority of Rb DR clocks use Rb plasma discharge
lamps as the light source for optical pumping due to the
lamp’s intrinsically correct frequency (Rb lines), technical
simplicity, very slow frequency drift (aging), and long
This project was funded by Swiss National Science Foundation (SNSF)
Sinergia grant CRSI20_122693.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

804

1 cm
Figure 1. Photographic view of the Rb plasma light source emitting the Rb
glow discharge

Microfabrication of hermetically sealed Rb cells with
volumes on the order of 1 mm3 has been a challenge, with
several groups reporting different bonding techniques
compatible with Rb filling, for instance anodic bonding [3, 5]
or soldering [6, 7]. Such cells have been used as the reference
cell in miniaturized atomic frequency standards (atomic
clocks), but not as light sources – in part due to the additional
complexity of igniting a stable plasma. While first studies on
micro-cell plasma light sources reported on low-power raregas discharges, no Rb light was reported [8, 9].

By maintaining a sufficiently strong electric field, the
electrons and ions are accelerated towards the electrodes, and
many of them collide with more neutral vapor atoms to
generate positive ions and electrons through impact ionization
before they reach the electrodes. This becomes an avalanche
process, eventually initiating an electrical breakdown leading
to several possible types of gas discharges [10], including the
Rb plasma glow discharge emitted as radiation by Rb atoms
during their radioactive decay from the excited state to the
ground state.

A. Double Resonance Rb Atomic Clock
The fundamental concept behind timekeeping in atomic
clocks is to exploit an atomic resonance as reference for
stabilizing the frequency of a quartz oscillator. In a Rb atomic
clock [6], this resonance is the “clock” transition between the
two ground-state hyperfine levels of 87Rb, at a microwave
frequency near 6.83 GHz (52S1/2 state, ⎜F=2, mF=0〉 to ⎜F=1,
mF=0〉), detected on atoms maintained in a small Rb reference
cell. In a double-resonance Rb clock, pump light from a lamp
or laser resonant with the Rb D1 or D2 line (794.8 nm or
780.2 nm, respectively) irradiates the cell and creates a
ground-state polarization in the atoms. The clock transition is
then detected by applying a microwave field to the atoms via a
microwave-cavity placed around the cell, and the resonance
manifests itself as a narrow dip in pump-light power
transmitted through the cell. The frequency of a voltagecontrolled quartz oscillator is locked to this dip using phasesensitive detection.

The Rb vapor density is very low at room temperature
(~10-6 millibars of vapor pressure at 30 ºC), hence requiring an
extremely high field strength to ionize the Rb atoms (Paschen
curve) [11]. In order to reduce the field and hence the
electrical power to ignite the glow discharge, an inert lowpressure starter gas is added to the cell. The temperature of the
cell is also increased to up to 150°C by using a resistive
heater, in order to increase the Rb vapor density in the cell. As
Rb is highly reactive with many gases, a few ten millibars of
an inert gas are used as starter gas – in our case Ar, which has
a relatively smaller diameter and high mean free path among
noble gases with an ionization potential of 15.75 eV [10].

Our envisaged double-resonance Rb atomic clock consists
of a micro-fabricated Rb plasma light source, a microfabricated Rb85 filter, a micro-fabricated Rb reference cell
which is enclosed by a miniaturized microwave cavity, and a
photodetector (Fig. 2). The Rb plasma light source
intrinsically emits at the correct wavelengths, Rb D1 and D2
lines, as required in a Rb clock.

II.

DEVICE MICROFABRICATION AND DEVELOPMENT

A. Design and Microfabrication
The design approach chosen for the Rb plasma light source
is the electrodeless capacitively coupled plasma (CCP),
sustained in a planar micro-fabricated Rb cell. Capacitive
coupling produces stronger field lines in a planar cell cavity
and therefore makes it easier to ignite a plasma than the more
widely used inductive coupling which is more efficient for
spherical cells.

B. Rb Plasma Glow Discharge
Sustaining a plasma glow discharge in a Rb cell requires
continuous ionization of Rb vapor atoms. A sufficiently strong
electric field, when applied across a Rb vapor cell, can ionize
the Rb vapor atoms to generate Rb ions and free electrons.

The micro-fabricated Rb cell (outer dimensions of 1 x 1 x
0.3 cm3), consists of a stack of three layers: Pyrex (500 µm
thick), Silicon (2 mm), Pyrex (500 µm) which enclose a Φ =
5 mm, h = 2 mm cylindrical cavity in which few microliters of
Rubidium and 70 millibars of Argon are hermetically sealed
by a two-step anodic bonding process (Fig. 3). First, the cavity
is created by DRIE etching a through-hole in the silicon wafer.
Then, the etched silicon wafer is anodically bonded to the
bottom Pyrex layer.

Figure 2. Schematic diagram of the envisioned Rb DR chip-scale atomic clock
with the integrated Rb light source

Figure 3. Schematic diagram showing the Rb light source microfabrication
process flow
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After this first bonding step, the natural Rb is dispensed
into the cavity under vacuum by an atomic jet, 70 millibars of
Argon are introduced in the chamber, and the top Pyrex layer
is anodically bonded to the bottom layers to create the
hermetically sealed Rb mini-cell [12].
A 200 µm thick 100% Indium solder ring or film is
deposited on top of both sides of the Pyrex layers (i.e., outside
the cell) to act as capacitive parallel electrodes to capacitively
couple RF power to the cell. 100% Indium wets glass well and
is hence a good choice for deposition on the Pyrex walls. The
100% Indium electrodes are deposited by placing and aligning
Indium pre-form rings on top of Pyrex layers above the cavity
and reflowing using a soldering iron. These external
electrodes avoid electrode corrosion and might allow for lower
power consumption when compared to the more traditional
internal electrode designs [13]. Note that in a future waferlevel production of the plasma light source, the electrodes can
be directly integrated onto the Pyrex layers used to close the
cell by evaporation or sputtering and micropatterning
techniques, and could be made of a suitable metal other than
Indium in order to better withstand high temperatures. Our
micro discharge cell design is thus compatible with wafer
level manufacturing of many devices at a time, potentially
allowing for greatly reduced costs per unit.
B. RF Capacitively Coupled Plasma (CCP) Circuit
The technique used to power the light source is RF
electrodeless CCP. The microfabricated Rb vapor cell has an
intrinsic capacitance of ~0.4 pF at low frequencies (<10 MHz)
and up to ~1.6 pF at higher frequencies (<36 MHz), and a
reactance of ~j85 kΩ at low frequencies (few MHz).
The output impedance of the RF generator used as signal
source is (50 + j·0 Ω) hence requiring careful impedance
matching of the load to equal the source to (50 + j·0 Ω) using
L-C components. This enables high power and voltage
amplification across the cell to achieve the required
breakdown voltage with the lowest input electrical power.
Fig. 4 shows schematically the RF plasma ignition circuit
connected to the impedance-matched load constituting the
light source. The two main components in the impedance
matching network are (1) a capacitor in parallel to the cell to

reduce the overall capacitive reactance and (2) an inductor in
series with the above capacitors to cancel out the reactive load
to form a purely resistive load. The values and the Equivalent
Series Resistance (ESR) of the components are carefully
chosen to maximize the power transfer to the cell.
III.

DEVICE CHARACTERIZATION

The light source was impedance matched and tested at
several frequencies over the 1 MHz to 36 MHz frequency
range. The results reported in this article were obtained at 4.6
MHz.
A. Output optical characteristics
The output optical spectrum of the light source was
measured using a spectrometer and is shown in Fig. 5. At cell
temperatures above ~90 ºC strong Rb D1 lines (794.8 nm) and
D2 lines (780.2 nm) are observed. These lines rapidly rise in
intensity with increasing cell temperature, as expected with the
rapidly rising Rb vapor pressure inside the cell.
The total optical power of the light source was 140 µW
when 6 mW of electrical power was coupled to the cell. The
total optical power emitted on the Rb D2 line was 15 µW, at a
cell temperature of 150 ºC.
B. Rb light power stability
The stability of the output optical power of the Rb lines
was recorded over time for the plasma light source operating
at a temperature of 100°C. The short-term (seconds) and long
term (hours) variation in optical power was measured.
The average short-term fluctuations in optical intensity of
the Rb lines was found to be less than 0.1% and the long-term
variations were found to be less than 5% (shown in Fig. 6).
The primary cause of the long-term variations in optical power
is the drift in resistance (2-3%) of the electrical components of
the impedance matching network with time, mainly due to
thermal effects. These long-term variations can be limited to
less than 0.01% using a PID feedback loop that controls the
input electrical power and/or the RF drive frequency to
maintain a steady output light power level.

Figure 5. Optical spectrum of the light source at different temperatures
between (35-150 ºC). The spectral width of the lines is limited by the
resolution of the spectrometer used here.

Figure 4. Schematic circuit of the RF electronic circuitry and impedance
matching for plasma ignition
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Figure 6. Stability of the Rb lines with time, measured at 100 ⁰C

IV.

[11]

SUMMARY AND FUTURE WORK

A stable and low-power chip-scale Rb plasma light source
with potential for wafer-scale fabrication has been
demonstrated, intended for use in chip-scale atomic clocks.
The light source emits several µW of optical power at the
780.2 and 794.8 nm Rb lines from a 0.3 cm3 chip stack. A
successful Rb hermetic sealing technique through standard
microfabrication processes has been demonstrated that
withstands the plasma operation. The external electrode design
ensures the longevity of the device by avoiding electrode
erosion by the plasma.

[12]

[13]

When combined with a micro-fabricated 85Rb filter cell
[9], the presented plasma light source can be used for
hyperfine optical pumping of Rb in a novel miniature atomic
clock.
Testing of this light source as an optical pump in a test DR
atomic clock setup to prove its functionality is planned. In the
current circuit design, the efficiency of power coupled to the
cell is low, thus current research is geared towards increasing
this efficiency. Different starter gases and pressures are to be
explored to find the best performance conditions.
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Abstract—We demonstrate atom number enhancement in a
magneto-optical trap (MOT) by use of bichromatic cooling to slow
an atomic beam that is loaded into a MOT. Bichromatic cooling
employs stimulated emission to apply strong cooling forces that
are not limited by spontaneous emission. We demonstrate a factor
of 3.5 increase in atom number captured from the atomic beam
for a 1.5 cm cooling length. For a 1.5 cm effective cooling length,
our technique yields MOT atom number enhancement that is
about three times higher than the enhancement acheived via
spontaneous emission.

I. I NTRODUCTION
While atom cooling and trapping have revolutionized atomic
clocks and precision measurements, cold atoms are not yet
used in commonplace technologies. The ability to create
widely disseminated, high-performance compact atomic clocks
and sensors based on cold atoms could revolutionize portable
frequency standards. A fundamental difficulty in developing
compact cold-atom devices is that the number of captured
atoms in a conventional magneto-optical trap (MOT) scales
as d4 , where d is the laser beam diameter [1]. Experiments
performed with microfabricated pyramidal traps have demonstrated an N ∝ d6 scaling law, showing that the scaling can
be even worse for small systems [2].
The strong dependence of the atom number on beam size
is fundamentally set by the maximum spontaneous light force
achievable in a MOT, Fspont = h̄kγ/2 [3], where h̄k is the
photon momentum, γ is the resonance linewidth, and γ/2 is
the maximum spontaneous photon scatter rate. To overcome
this limitation, we have employed stimulated emission forces
to slow a 87 Rb atom beam and increase the atom number
density at low velocities. In principle, the stimulated forces
are limited only by the available laser power.
The stimulated forces are created by a bichromatic cooling
technique. Experiments demonstrating use of the bichromatic
force to slow an atomic beam were first done by Söding et
al., who slowed a cesium beam over a distance of 10 cm with
total laser power exceeding 100 mW [4]. Bichromatic cooling
has also been studied for Rb atoms [5] and metastable He
atoms [6]. A thorough review of laser cooling and trapping
techniques that includes a review of bichromatic cooling can
be found in Ref. [3]. To our knowledge, our experiment is the
first to use the technique for MOT atom number enhancement.
The concept of bichromatic cooling is presented in Fig. 1,
where a sample atom is moving with a velocity vatom to the
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Fig. 1.

The π-pulse picture of bichromatic cooling.

right. A light beam with two frequency components, ω =
ω0 ± ∆ − kvatom , strikes the atom from the right and a light
beam with the frequency components, ω = ω0 ± ∆ + kvatom ,
strikes the atom from the left, where k = 2π/λ is the photon
wavevector for light resonant with a cycling transition in the
atom at resonance frequency ω0 . Due to the Doppler shift, the
light from both the left and the right has frequency components
of ω = ω0 ± ∆ in the atom’s frame of reference. For
each bichromatic light beam, the two frequency components
interfere to create a beat pattern with period T = π/∆.
Tuning the intensity such that each frequency component has
the Rabi frequency Ω = ∆/4 configures the light field into
two counterpropagating traveling waves of pi-pulses. When the
relative phase difference between the pulse trains is set such
that an atom on average first absorbs a photon from the beams
propagating opposite to its velocity, and is then de-excited due
to stimulated emission into the other pulse train, the atom will
be slowed with a 2h̄k momentum loss per stimulated-emission
cycle.
The relative phase of the beats from the two beams sets
the preferred direction of photon momentum transfer. The
optimum relative phase φ between the counterpropagating
beat signals occurs at about φ ' ±π/2 (+π/2 for cooling,
−π/2 for heating.) Spontaneous emission breaks the symmetry
in the system. Since the atoms have more time after the
second pulse to undergo spontaneous emission (3T /4), they
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are preferentially excited by the first pulse and de-excited by
the second pulse that arrives a period T /4 later. The velocity
over which the bichromatic force profile acts extends over a
large class, δv = ∆/k, centered on the velocity vatom .
II. E XPERIMENT
We slow atoms from a thermal beam and then capture them
in a MOT. We have deliberately used low cooling powers for
the MOT beams to simulate the small capture velocity that
would result from the use of small MOT beams. The MOT is
formed from three pairs of retro-reflected cooling beams with
a 7 mm diameter and approximately 0.9 mW of laser power
per beam (I/Isat = 1.4). Under these conditions, we calculate
a MOT capture velocity of vc ' 15 m/s, which is equal to the
value for a MOT of 2 mm diameter with fully saturated beams.
To test how bichromatic cooling scales with miniaturization,
we performed experiments over short cooling lengths and with
low laser powers. We use laser powers of < 2 mW per
bichromatic frequency component, which is ∼ 0.05× as large
as the powers used in Ref [4]. We achieve the high intensities
required for stimulated emission by focussing the light through
two apertures of 0.5 mm diameter that collimate the atomic
beam (I/Isat ' 600). Through simulations of the force profile,
we calculate a maximum stimulated force 12× larger than the
spontaneous force limit, with less than 8 mW of total laser
power. We set the central position of the force profile to sit at
70 m/s so that cooling force extends from atoms with velocities
of about 15 m/s (' vc ) out to about 120 m/s.
We vary the effective slowing distance by changing the total
interaction period of the cooling light with the atomic beam.
This is accomplished by rapidly chopping the bichromatic
cooling light with a radiofrequency (rf) switch that controls
the rf power applied to acousto-optic modulators. We switch
the cooling light on and off on time scales as short as ten
microseconds. To vary the cooling length, we change the duty
cycle with which we pulse the light. The full distance that the
atomic beam travels in our system before entering the MOT
volume is 7.5 cm, and we typically test the cooling methods
down to cooling lengths of about 0.4 cm (5 % duty cycle).
To test the effectiveness of bichromatic cooling for loading a
small MOT, we compare the number of captured atoms loaded
with an atomic beam slowed by spontaneous forces versus
one slowed by stimulated forces. For spontaneous slowing,
we apply a strongly saturated monochromatic light beam reddetuned from resonance by approximately 2π × 100 MHz. We
optimize the intensity and detuning to maximize the number
of captured atoms. We quantify the the effects of the beam
slowing in terms of MOT number enhancement, which we
define as the ratio of captured atoms in the MOT with and
without slowing light applied to the atomic beam.
III. S IMPLE M ODEL
We have performed simple modeling of the bichromatic
cooling process with which we compare our experimental
results. When the phase and Rabi frequency are optimized for
a selected value of ∆, the force profile is nearly rectangular

in shape with a width of ∆/k (see, for example, Refs. [4],
[5]). The bichromatic force is averaged across the Gaussian
beam profile since the Rabi frequency varies with intensity.
The force profile is further averaged over the full slowing
length of our system, because the relative phase of the π pulse
trains varies by about 20 degrees. This averaging broadens
the range of velocities over which the force acts by about
50 % and lowers the maximum force by about a factor of 1/2.
For simplicity, we have approximated the ideal force profile
with a rectangular function of constant force that we fit to the
force profile determined via numerical modeling of the optical
Bloch equations. For the spatially averaged profile, we have
decreased the maximum force and broadened the addressed
velocity class to fit the spatially averaged force.
To estimate the fraction of captured atoms in a MOT, we
have calculated an approximate “effective capture velocity,”
vmax . To find vmax , we set the work done on the atoms by
the bichromatic force over the cooling distance L equal to
the initial kinetic energy of the atoms with a velocity vmax
and we solve for vmax . This gives vmax = (2Rscatt Lvrc )1/2 ,
where Rscatt is the photon scatter rate and vrc is the recoil
velocity. Note that this is the same equation that is often used
for the MOT capture velocity with laser beams of diameter L
[1]. For stimulated bichromatic forces, Rscatt is determined
from numerical modeling to be about 10× greater than what
is achieved via spontaneous forces for the powers used in
our experiment. To estimate the fraction of the atomic beam
captured in the MOT, we integrated a normalized MaxwellBoltzmann distribution out to vmax or the upper edge of the
calculated force profile, whichever is smaller.
Fig. 2 is a plot of the simulated fraction of atoms captured
in a MOT versus duty cycle for spontaneous and stimulated
cooling processes. The fraction captured with the bichromatic
cooling method saturates at low duty cycles (effective cooling
lengths) because the atoms are cooled very quickly by the
strong bichromatic force, and they stop interacting with the
cooling light when their velocity is lowered below the edge of
the force profile. The strongly saturated spontaneous cooling
profile is weaker than the ideal bichromatic force by about an
order of magnitude, but it acts over a much larger velocity
range, which is why the fraction of captured atoms continues
to rise for larger duty cycles, whereas the bichromatic fraction
captured saturates.
IV. R ESULTS
A detailed paper on our experimental results is currently
in preparation [7]. By use of bichromatic forces, we have
demonstrated an increase in atom number captured from an
un-cooled atomic beam by a factor of about 3.5 for a 1.5 cm
effective cooling length, and by up to a factor of 5.5 for longer
cooling lengths. Consistent with Fig. 2, the technique yields
MOT atom number enhancement that is about 3× higher than
the enhancement achieved with spontaneous forces for a 1.5
cm effective cooling length.
Fig. 3 shows example data for MOT number enhancement
versus duty cycle achieved with and without an applied
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Fig. 2. Simulations of the fraction of captured atoms versus duty cycle
for spatially averaged and ideal bichromatic force profiles as well as for a
spontaneous force profile. To convert from duty cycle to effective cooling
length (in centimeters), multiply the x-axis by 0.075. ∆t = mδv/F is the
time required to slow an atom from the upper to the lower limit of the force
profile of width δv = ∆/k. The fraction captured in the MOT without any
slowing of the atomic beam is 0.0002.

velocity. When an atom is slowed, its divergence angle increases and it is less likely to emerge from the second pinhole
in the collimator.
One of the data sets in Fig. 3 was measured with a linear
quadrupole field applied between the collimator apertures by
two permanent magnets. The magnetic field gradient was
∼ 20 G/cm, which is strong enough to guide atoms with
transverse velocities of up to 0.1 m/s through the second
collimator aperture. Since the maximum transverse velocity
for the atoms addressed by the cooling light is ∼ 1.2 m/s, we
would not expect to guide all of the atoms with the quadrupole
field, but we would expect to increase the enhancement for
the proper cooling-light polarization. With the guiding field,
we increased the MOT number enhancement for the higher
duty cycles from about 2× to about 5× (Fig. 3). As expected,
the increase in MOT atom number enhancement was only
observed for the proper cooling-light polarization.
V. C ONCLUSION
By use of bichromatic cooling, with our current experimental parameters we should be able to slow 6 % of the atoms
in an atomic beam to MOT capture velocities in distances of
under 1 cm.
We are currently working on experimental design changes
that will alleviate the problem of cold atom loss, after which
we will try the method in a compact system with trapping
volumes of order 1 mm3 . Ultimately, we expect to optimize
our system to be able to load an optical molasses with 1 mm
diameter beams with 100× more atoms than if loaded from a
background vapor.
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Fig. 3. Measurements of the MOT number enhancement versus duty cycle
with (black squares) and without (gray squares) a magnetic guiding potential
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approximately 10 mrad. The divergence angle for a given atom
is equal to its transverse velocity divided by its longitudinal
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Abstract— We report progress in measuring the third order
electric polarizability of the Cs ground states using a Ramsey
pump-probe experiment on coherent population trapped (CPT)
atoms in a thermal atomic beam. We give a short description of
the apparatus as well as the Fourier transform method used to
monitor the phase and frequency of the Ramsey signal. Analysis
of a typical data set is shown, proving the consistency of the
method. We show that the motional magnetic field phase shift
can be used to test the reliability of the electric field modeling.
Finally, we give a preliminary value for the Cs ground state
polarizability and compare it to previous published values of the
DC Stark shift.

I. I NTRODUCTION
The second is defined by the unperturbed ground-state hyperfine frequency splitting in 133 Cs (ISO 31–1). Realizing the
second requires control and understanding of the systematic
effects [1], [2] that perturb that transition. One effect is the
AC Stark shift arising from the blackbody radiation spectrum
of the finite temperature clock environment. In practice, the
blackbody radiation shift can be calculated from the Cs ground
(3)
state third-order polarizability 𝛼0 (𝐹 ) which we measure in
a CPT-based Ramsey pump-probe experiment similar to [3]
and [4] on a Cs thermal atomic beam. The polarizability
induces a shift in the resulting Ramsey fringe as a function
of the DC electric field applied in the free evolution region of
the atom’s flight.
The energy shift produced by a DC electric field
𝔼 is described using the electric polarizability 𝛼 as
Δ𝐸(𝑛, 𝐿𝐽 , 𝐹, 𝑚𝐹 ) = − 21 𝛼𝔼2 . The constant 𝛼 is traditionally
expanded in power series, both in multipole order (subscript)
and perturbation order (superscript). Neglecting the (small)
quadrupole hyperfine interaction, the lowest order terms (i.e.,
third) affecting the Δ𝑚𝐹 = 0 ground-state Cs hyperfine
1
𝛼𝔼2 [5], [6]
transitions, produce a frequency shift 𝛿𝜈 = − 2ℎ
with
𝛼=
(3)

3𝑚2 −16
16 (3)
(3)
𝛼0 (𝐹 =4) + 𝛼2 (𝐹 =4) 𝐹
𝑓 (𝜃) ,
7
28

(1)

(3)

where 𝛼0 and 𝛼2 are the third order scalar and tensor
polarizabilities, 𝑚𝐹 is the magnetic quantum number defined by the quantization axis (magnetic field), and 𝑓 (𝜃) =
ˆ
3 cos2 (𝜃) − 1 is a function of the relative angle between 𝔼
and the quantization axis. Note that 𝑓 (𝜃) averages to zero for
isotropic blackbody radiation, and that the Ramsey method
makes the shift sensitive to the effective average squared field,
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⟨𝔼2 ⟩. For a 20 kV/cm static electric field, the expected scalar
shift in Cs is 830 Hz, and the tensor shift is about 3 Hz.
A. Motional magnetic field
⃗ experience an
Atoms flying through the electric field 𝔼
⃗ 𝑚𝑜𝑡 given by
additional magnetic field 𝐵
⃗,
⃗ 𝑚𝑜𝑡 = − ⃗𝑣 × 𝔼
𝐵
𝑐2
where ⃗𝑣 is the velocity of the atom. This motional field
produces a Zeeman shift of the Δ𝑚𝐹 = 0 hyperfine transitions
but due to its linear velocity dependence this shift results in a
phase change
⟨𝔼⟩ 𝐿
(2)
ℏ 𝑐2
of the Ramsey resonance, where 𝑔𝑖 is the Landé factor of
level 𝑖, 𝑚𝐹 is the magnetic quantum number of both ground
states (our experiment presently probes phase shifts of levels
with identical 𝑚𝐹 ), ⟨𝔼⟩ is the mean electric field seen by
the atoms between the pump and the probe zones, separated
by 𝐿. This phase shift produces a small displacement of the
Ramsey resonance center frequency and thus mimics an atomic
frequency shift. However, from this measured phase, the mean
electric field value can be inferred and then compared to an
electric field model prediction to give confidence in the latter.
Δ𝜙 = (𝑔𝐹 =4 − 𝑔𝐹 =3 )𝑚𝐹 𝜇𝐵

B. Extracting frequency and phase
The Ramsey resonance lineshape 𝑆(𝜔𝑅𝐹 ) can be expressed
as the integral of the phase accumulated by each velocity
class during the interaction with the electric and magnetic
fields weighted by the atomic velocity distribution, 𝜌(𝑣).
The accumulated phase is given by a term oscillating at
the difference between the microwave 𝜔𝑅𝐹 and atomic 𝜔𝑎𝑡
frequencies and includes a constant offset 𝜙.
]
[
∫ ∞
𝐿
(3)
𝑆(𝜔𝑅𝐹 ) =
𝜌(𝑣) cos (𝜔𝑅𝐹 − 𝜔𝑎𝑡 ) + 𝜙 𝑑𝑣 .
𝑣
0
Taking the Fourier transform of 𝑆(𝜔𝑅𝐹 ) yields
ℱ[𝑆(𝜔𝑅𝐹 )] ∝ 𝜌(𝑇 ) exp[𝑖(𝜔𝑎𝑡 𝑇 + 𝜙)] ,

(4)

where 𝜌(𝑇 ) is the atomic time-of-flight distribution. The
argument of the complex exponential contains information on
both atomic frequency 𝜔𝑎𝑡 and phase 𝜙 of the Ramsey signal
𝑆(𝜔𝑅𝐹 ) permitting their clear separation and extraction. The
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Fig. 2. Averaged Ramsey fringe pattern (15 scans) of the Cs hyperfine
transition 𝑚𝐹 = +1 → 𝑚𝐹 = +1, with a central fringe period of ∼ 1 kHz.
The dispersive lineshape is due to the difference of microwave phases between
the pump and probe zones and can be controlled by the optical delay line.

Fig. 1. Experimental setup for the measurement of the Stark shift. In order
to produce a phase coherent bichromatic light field, a Cs 𝐷1 extended cavity
diode laser beam is phase modulated at the Cs hyperfine frequency using
a electro-optic modulator (EOM). The modulated laser beam is split into a
strong pump and a weak probe and sent to a Cs atomic beam experiment
to perform Ramsey interrogation. The probe-beam transmitted intensity is
recorded while scanning the microwave frequency. The DC Stark shift is
obtained applying an electric field to the atoms during their flight between
the pump and the probe zones.

over a 300 mm path length during which it passes between two
260 mm long electrodes with given potential difference. The
electric field between the plates shifts the atomic coherence
oscillation frequency due to the Stark perturbation. Finally the
phase of the coherence is probed by recording the transmitted
laser intensity of the probe beam in the second interaction
zone while scanning the microwave frequency, thus producing
typical Ramsey spectra (Fig. 2).
A. Electric field

Fourier transform is therefore a powerful tool to distinguish
between Stark frequency shift and motional phase shift: similar
techniques have been used in [7], [8].
II. E XPERIMENTAL SETUP
The main elements of the present experimental scheme
have already been described in detail in [9] and here we
will focus on the new elements. Figure 1 shows the actual
experimental configuration. A Cs 𝐷1 extended cavity diode
laser is stabilized to a chosen Cs hyperfine transition (normally
the 𝐹 =3 −→ 𝐹 ′ =3) using saturated absorption in an atomic
vapor cell. The light is sent through a commercial lithium
niobate electro-optic modulator (EOM), which accepts a microwave signal (whose frequency can be scanned around the
Cs ground state hyperfine frequency ∼ 9.2 GHz), and produces
a frequency modulated spectrum, containing multiple sidebands all separated by the modulation frequency. The resulting
spectrum generates coherent population trapping (in this case,
the carrier and the −𝜔𝑅𝐹 bands are used). The modulated
beam is split into a strong pump beam and a weak probe beam.
The pump and probe beams pass through polarization optics
to create the desired circular polarization before being sent to
the thermal Cs atomic beam. The interaction between the light
and the atoms occurs in a magnetically shielded environment
with a 3.6 𝜇T DC magnetic field. The atomic beam first
interacts with the pump laser beam creating a coherence
between the Cs hyperfine ground states which then evolves
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The electric field is produced by applying a known voltage
to one of the two conductive rectangular float glass plates,
while the other is grounded. The plate separation is defined
by 6.065 mm thick optical flats. Two grounded metal plates,
with apertures collimating the Cs beam, are placed at the
entrance and exit of the capacitor to shield the light interaction
zones from electric fringe fields. The applied high voltage is
measured by a calibrated digital voltmeter (with resolution of
10−4 ), and remains stable to better than that resolution for the
typical measurement time of 10 minutes. A technical problem
prevented the use of negative voltages exceeding −2000 V.
Finite element electric field modeling is used in the data
analysis to extract the polarizability [10].
III. E XPERIMENTAL RESULTS
A. Ramsey fringe data
Ramsey fringe spectra are recorded for each of the seven
Δ𝑚𝐹 = 0 hyperfine transitions, split by the 3.6 𝜇T field. Due
to the ∼ 1 ms precession time in the fields, the period of
the central fringe is about 1 kHz. Each resonance spectrum
is obtained ramping the microwave frequency over ±7.5 kHz
around the center of the fringe. The background is removed
using a quadratic fit function. The phase of the Ramsey
resonance can be accurately controlled by an optical delay
line. Figure 2 shows a typical Ramsey fringe spectrum for the
𝑚𝐹 = + 1 → 𝑚𝐹 = + 1 hyperfine ground state transition.
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Fig. 3. Fourier transform data of recorded Ramsey signal showing the linear
dependence of the argument 𝜔𝑎𝑡 𝑇 + 𝜙 in Eq. (4) in function of the time
of flight. Each data point is weighted proportionally to the time of flight
distribution in the beam (dashed line). A weighted linear fit is used to extract
both the atomic frequency 𝜔𝑎𝑡 and the Ramsey fringe phase 𝜙.

B. Fourier transform of Ramsey data
A discrete Fourier transform is applied to the Ramsey
spectra. To avoid noise coming from asymmetric ends of the
spectrum, a Tukey windowing function is applied to the data
before transformation. The transformed data become functions
of the atomic time-of-flight with a minimal time interval
between two data points determined by the microwave scan
span. However, since the applied frequency window goes
to zero and there is no signal beyond the span limits, the
effective span can be arbitrarily extended during the Fourier
transform. As consequence, we are not limited in the time
resolution of the Fourier transform. Figure 3 shows typical
data from the Fourier transform’s argument 𝜔𝑎𝑡 𝑇 + 𝜙 in
Eq. (4). Each data point is attributed a weight proportional
to the corresponding signal intensity from the time-of-flight
distribution 𝜌(𝑇 ) (dashed line in Fig. 3). The atomic frequency
𝜔𝑎𝑡 as well as the Ramsey fringe phase 𝜙 are extracted by a
weighted fit of a straight line.
C. Motional magnetic field
The motional magnetic field produces a phase change of
the Ramsey resonance as a function of the applied electric
field, as described above. The Fourier transform analysis of
the Ramsey spectra for different applied voltages gives access
to this phase shift. Figure 4 shows the motional phase shift of
the six Δ𝑚𝐹 =0 hyperfine transitions with 𝑚𝐹 = ± 1, ±2, ±3
as fit with a linear function. As expected from Eq. (2) the
slope depends linearly on 𝑚𝐹 . The linear fits therefore give
measurements of ⟨𝔼⟩ which can be compared to the mean
electric field value obtained from the field modeling, useful to
verify the accuracy of the latter. The quantity compared is the
effective electrode separation 𝑑eff defined as
𝑉
⟨𝔼⟩ =
,
𝑑eff
where ⟨𝔼⟩ is the mean electric field between the pump and
probe interaction and 𝑉 the applied voltage. Table I shows
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Fig. 4. Measurement of the Ramsey resonance phase as function of the
applied electrode voltage for hyperfine transitions with Δ𝑚𝐹 =0 and 𝑚𝐹 =±
1, ±2, ±3. The linear fit of these data gives access to the mean electric
field experienced by the atoms on their flight between the pump and probe
interactions.

𝑑eff

Field modeling
5.90(2) mm

Measurement
5.83(8) mm

TABLE I
VALUES FOR THE EFFECTIVE DISTANCE BETWEEN THE ELECTRODE
PLATES OBTAINED WITH THE ELECTRIC FIELD NUMERICAL MODELING
AND FROM THE MOTIONAL MAGNETIC FIELD PHASE SHIFT
MEASUREMENT.

that the model and measurements agree. We currently work
on improving the statistical and systematic uncertainties of
the measurement.
D. Stark shift
The Cs ground state Stark shift is obtained by measuring the
change of atomic frequency 𝜔𝑎𝑡 as a function of the applied
electrode voltage using the method described above. Figure 5
shows the Stark frequency shift for the 𝑚𝐹 = + 1 → 𝑚𝐹 = + 1
Cs ground state hyperfine transition. A second order polynomial is fit to the data for extracting the quadratic coefficient,
itself proportional to the electric polarizability of the Cs
ground states. The linear coefficient is consistent with zero,
as expected. The voltage is converted into the effective mean
of the squared electric field ⟨𝔼2 ⟩ seen by the atoms between
the pump and probe interactions using numerical modeling of
the electric field. A value of the total electric polarizability
for each of the seven Cs ground states hyperfine transition
is obtained and the polarizability difference of any pair of
grounds states can be extracted using Eq. (1). Preliminary
data with fit are shown in Fig. 6. The relative orientation
of the electric and magnetic field for these measurement is
(3)
𝜃 = 85(1)o . A preliminary value for 𝛼0 has been extracted
from the fit and is compared, in Table II, with the two latest DC
Stark shift measurements (which between themselves showed
a discrepancy of more than 5 𝜎).

(3)

Measurement of 𝛼0
Rosenbusch et al.
Godone et al.
this work (preliminary)

(

Hz
(kV/cm)2

1.997(4)
1.78(4)
2.01(2)

)

[11], [12]
[13]

TABLE II
C OMPARISON OF OUR PRELIMINARY MEASUREMENT OF THE THIRD
ORDER ELECTRIC POLARIZABILITY AND TWO PREVIOUS MEASUREMENTS
OF THE

DC S TARK SHIFT IN THE C S GROUND STATES , WHICH , BETWEEN
THEM , SHOW A >5 𝜎 DISCREPANCY.

R EFERENCES
Fig. 5. Cs ground state Stark frequency shift of the 𝑚𝐹 = + 1 → 𝑚𝐹 = + 1
hyperfine transition. Statistical uncertainties on the points are smaller than the
point size. The continuous line is a second degree polynomial fit.
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Fig. 6. Cs ground state electric polarizability extracted for each of the
seven hyperfine transitions (4, 𝑚𝐹 ↔ 3, 𝑚𝐹 ). Error bars come from the
measurement statistics with sizes depending on the signal to noise ratio of the
Ramsey fringe, which is higher for low 𝑚𝐹 transitions. The continuous line
shows the fit with Eq. (1). The dashed line shows only the scalar contribution
in 𝛼 from Eq. (1).

IV. C ONCLUSION
The Fourier analysis of the Ramsey spectra phase and center
frequency has been successfully applied to measured data,
extracting the Stark frequency shift, and the motional phase
needed to test the electric field model which itself permits the
(3)
third order Cs ground state polarizability 𝛼0 to be inferred.
(3)
Our preliminary value for 𝛼0 was compared to previous
measurements of the DC Stark shift. Further work will focus
on improving the statistical uncertainties of the measurements
and characterize and reduce the systematic effects.
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Abstract—The work of an efficient design tool for engineers to
enhance the frequency stability performance of AT-cut quartz
crystal resonator in whole working temperature range is
presented. Based on Mindlin’s 2D AT-cut plate model, the
design tool is a finite element analysis(FEA) program to simulate
quartz plate vibration with partial electrodes(mass loading),
finite dimensions(free edge), piezoelectric and temperature
effects. The simulation and experiment results, including mode
chart, electrical response
and frequency-temperature
characteristics, of a 3.2mm by 2.5mm 40MHz resonator are
shown in this study. Finally, an activity-dip-contour-map which
locates the high frequency-temperature stability zone is
constructed and it guides engineers to do a robust design.

I.

INTRODUCTION

As a key frequency device in almost all electric circuits,
AT-cut quartz resonator should be very accurate and high
stability, and therefore could not be designed by experiments
or trial and error only. Mindlin[1],[2] did a series of work in
crystal plate vibration as the base of AT-cut quartz resonator
analysis. Lee[3] constructed a FEA program based on
Mindlin’s 2D model to analyze pure mechanical crystal plate
vibration without piezoelectric effects. Yong and Wang[4],[5]
extended the work to 3D FEA and some details, like
frequency-temperature characteristics and quality factor.
Today, some commercial FEA software could also simulate
quartz plate vibration. However, it is time consuming to
analyze quartz resonator by general commercial FEA
programs because of the anisotropic structure and aspect ratio
(length/width to thickness) of the quartz plate. Hence, an
efficient and accurate enough design tool for modern quartz
crystal resonator is always desired.
In this study, a 2D AT-cut quartz plate finite element
model based on Mindlin’s 2D theory is built. By the weak
coupling of quartz, the pure mechanical vibration and
piezoelectric effects are considered separately in the FEA to
enhance the calculation efficiency. The simulation mode
charts by 2D and 1D model show 2D model could contain
more complete modes of quartz crystal plate. Due to including
piezoelectric effects in the FEA program, the simulation
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electrical response (at room temperature) and frequency
activity dip (in working temperature range) match the
experiment results very well.
Today’s high volume quartz crystal resonators’ business is
quite challenging. Cost reduction and maintain high quality is
the key for survive. Engineers should take care wide
temperature range activity dips of resonators, and this makes
argues inside about design and process control. For shortening
the development time and saving the cost of frequency
temperature stability testing, an activity-dip-contour-map is
introduced. The ordinate and abscissa of the map are the
length and width of the electrode (or quartz plate),
respectively. And the contour level shows the frequency
activity dip (in ppm) due to working temperature change. The
simulation activity-dip-contour-map is similar to the
experiment results and could help engineers to choose a
comfortable zone for producing.
II.

TWO-DIMENSIONAL AT-CUT QUARTZ PLATE MODEL

Considering a rectangular thin crystal plate shown in
Figure 1. the width, length and thickness of the plate are 2c, 2a
and 2b, respectively, and it is partially plated by metal as
electrodes with 2W by 2L dimension.
X2
2a
2b

2c

2L
2W

X1
Quartz plate
X3
Electrode

Figure 1. A rectangular crystal plate with electrodes

The equations of motion obtained from Mindlin’s 2D plate
theory[6]
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(
(

)
)

where

(0) (0)
( 0) ( 0)
⎧cijkl
uk ,li + δ 2l uk(1,i) + ekij
ϕ,ki + Tj(0) = ρu(j0)
⎪ (0) (0)
(1)
(1)
(0)
(0)
⎪ekij u j,ki + δ 2iu j,k − ε ijϕ,ij + D = 0
⎨ (1) (1)
(1) (1)
−2 ( 0)
( 0)
(1)
( 0) (0)
( 0) (1)
(1)
(1)
⎪cabcdud ,ca + ecabϕ,ca − 3b c2bkl ul ,k + δ 2k ul + ea2bϕ,a + e22bϕ + Tb = ρub
(1) (1)
(1)
−2 (0) ( 0)
(1)
( 0)
(1)
(1)
⎪ecab
⎩ ub,ca − ε bcϕ,bc − 3b e2ijl u j ,i + δ 2iu j − ε a2ϕ,a − ε 22ϕ + D = 0

[ (
[ (

)

)

]

[M ] :
[d ] :
e

]

e
m

where:

u ( 0) , u (1) : the zero and first order of mechanical displacement,
and i, j , k , l = 1,2,3 ; a, b = 1,3
(0)
(1)
ϕ , ϕ : the zero and first order of electrical potential
T ( 0 ) , T (1) : the zero and first order of stress
D ( 0 ) , D (1) : the zero and first order of electrical displacement

c, e, ε

: the components of elastics stiffness, piezoelectric
stress constant and dielectric permittivity of AT-cut
quartz plate, respectively

Defining zero order mechanical strain ( ν ), mechanical
stress (P, Q), electric field ( β ) and electric stress (PE, QE);
and first order mechanical strain ( χ ), mechanical stress (M),
electric field (η ) and electric stress (ME) as shown in Figure 2.
and Figure 3.

element mass matrix; [M em ] : element elastic stiffness;
element damping matrix; [K ep ] : element piezoelectric

coupling matrix; [K ed ] : element dielectric stress matrix; [F̂ e ]
and [D̂ e ] are the element mechanical force and surface electric
displacement.
III.

FINITE ELEMENT ANALYSIS PROCESS

Assembling all elements of FEM model to obtain the
system equations in matrix form are

[ ]
[ ]

[ ]

[ ]

[]

⎧⎪[M ] U + [d m ] U + [K m ][U ] + K p [Ψ ] = Fˆ
⎨
T
⎪⎩ K p [U ] + [K d ][Ψ ] = Dˆ

[]

(4)

Based on weak piezoelectric coupling of quartz, the elastic
displacement and electrical potential are solved separately [8]
to enhance the calculation efficiency. The FEA process steps
are
(i) Free vibration eigenfrequency analysis

[M ][U ] + [K m ][U ] = 0

(5)

Solve (5) as an eigenproblem to get eiengmodes
U 1 , U 2 , … U n and the natural frequency f1 , f 2 , … f n .
(ii) Static electric potential due to applied voltage

[K d ][Ψ ] = [Dˆ ′]

(6)

ˆ ] as electric excitation signal to
Give the surface-charge [D′
solve potential field [Ψ ] in the crystal plate.

Figure 2. The sketch of strains and stresses: (a)zero order; (b) first order

(iii) Piezoelectric coupling stress due to potential field

[K ][Ψ ] = [Fˆ ′]
p

ˆ ], where
Substituting [Ψ ] form step (ii) into (7) to obtain [F′
ˆ
[F ′] is the amplitude of piezoelectric coupling stress due to
applied potential. In the next step, [Fˆ ′] is the external force
to the pure mechanical system.

Figure 3. The sketch of electric field and stresses: (a)zero order; (b) first
order

(iv) Force vibration frequency response analysis

equation (2) could be express by these stress items[7]:
⎧P1,1 + Q5,3
⎪
⎪Q4,3 + Q6,1
⎪P3,3 + Q5,1
⎪
⎨M 1,1 + M 5,3 − Q6
⎪M + M − Q
5,1
4
⎪ (30,)3
⎪D1,1 + D3(,03)
⎪ (1)
(1)
(0)
⎩D1,1 + D3,3 − D2

+ P1E ,1 + Q5 E ,3
+ Q4 E ,3 + Q6 E ,1

= ρ (1 + R )u1( 0)
= ρ (1 + R )u 2( 0)

+ P3 E ,3 + Q5 E ,1
+ M 1E ,1 + M 5 E ,3 − Q6 E
+ M 3 E ,3 + M 5 E ,1 − Q4 E

= ρ (1 + R )u
= ρ (1 + 3R)u
= ρ (1 + 3R)u

(0)
d 1,1
(1)
d 1,1

−D
−D

( 0)
d 3, 3
(1)
d 3, 3

−D
−D

(7)

( 0)
3
(1)
1
(1)
3

[ ]

[M ][U ]+ [d m ][U ]+ [K m ][U ] = [Fˆ ′]cosωt

(8)

where Fˆ ′ cos ωt is a harmonic external stress. Equation (8)
is solved by mode superposition method to get the
harmonic elastic displacement response

(2)

U = a1U 1 + a 2U 2 + … + a nU n

( 0)

+ Dd( 02)

= −D
= − D (1)

where U1 ,

introducing a interpolation function for finite element model,
and by energy densities in terms of nodal displacement and
variational principle, obtained the equations of motion for one
element in matrix form:

[ ][ ] [ ][ ] [ ][ ] [ ][ ] [ ]
[ ] [ ] [ ][ ] [ ]

⎧⎪ M e U e + d me U e + K me U e + K pe Ψ e = Fˆ e
⎨ e T e
e
e
e
⎪⎩ K p U + K d Ψ = Dˆ

are the nature modes in step (i) and
are weights of each mode.

U2, … Un

a1 , a2 , … a n

(v) Electric displacement and response

(3)
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[K ] [U ] + [K ][Ψ ] = [Dˆ ]
T

p

d

(9)

Substituting U in step (iv) and [Ψ] in step (iii) into (9) to
obtain D̂ , the electric displacement response of the
system.

(3)
(2)

(vi) Others

(1)

In the post process of the FEA, the admittance curve and
equivalent circuit parameters, C0 , C1 , R1 and L1 .could be
obtained.
IV.

(1)
Electrical Response

[]

(2)

(3)

Frequency (Hz)

Figure 6. Simulation electrical response

SIMULATION AND EXPERIMENT RESULTS

A 3.2mm by 2.5mm 40MHz and 7.0mm by 5.0mm
61.44MHz resonator design examples, including mode charts,
frequency response verification, temperature stability
verification and activity-dip-contour-map, are presented in this
section.

A. Mode charts by simulation
The simulation mode charts of a 3.2mm by 2.5mm 40MHz
resonator by 2D FEA model and 1D model are shown in
Figure 4. and Figure 5. respectively. The former could
calculate more complete modes of AT-cut quartz plate and
make the simulation more accurate.

We can plot the mode shape of U1(displacement in X1axis direction) of modes (1), (2), and (3) in Figure 6. along
length and width of the quartz plate, and identify mode (1) is
thickness shear and mode (2) and (3) are thickness shear
inharmonic overtones. The results were also check by using
experiment data. In Figure 7. the left and right chats are the
response by simulation and experiment, respectively. The
frequency of three strong modes are marked on the simulation
charts (the frequency in the parenthesis are experiment data).
These two results matched very well.

Figure 7. Verification in freauency response
Figure 4. A 3.2mm by 2.5mm 40MHz simulation mode chart by 2D FEA
model

C. Verification in frequency-temperature stability
In Figure 8. the left and right chats are the frequencytemperature stability curves by simulation and experiment,
respectively. There are activity dips around 16 oC and 40 oC in
both calculating and testing data; that means this FEA design
tool could simulate the frequency-temperature characteristics
very well in the whole working temperature range.

Figure 5. A 3.2mm by 2.5mm 40MHz simulation mode chart by 1D mode

B. Verification in freauency response
Considering the piezoelectric effects as a force excitation
in (8), the program calculates the modes “existence obviously”.
The response Figure 6. shows there are three modes will be
measured easily in real products as Figure 6.
Figure 8. Verification in freauency temperature stability
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D. Activity dip contour map
Traditionally, a crystal resonator designer should work
hard to test many dimension combinations of quartz plate and
electrode to verify the frequency-temperature stability
performance of each size. These trial and error works make
the cost of products development high; however, it spends too
much time to simulate temperature characteristics by general
commercial FEA program.
The design tool in this study could calculate the activity
dip across the whole working temperature fast. Because of its
high efficiency, it could finish the simulation for hundreds of
different size in a few days with a common PC.
Figure 9 is a sketch of activity-dip-contour-map. The
abscissa and ordinate are the length and width of crystal plate
or electrode. The vertical axis is the activity dip of each size.
The valleys on the map are “good” zones, but the peaks on the
map are “bad” zones.

Due to some limitation of the FEA model and process
variation, the activity-dip-contour-map by calculation and
testing does not match very well, but it still could guide
engineers to start their work in a better base for robust design.
V.

CONCLUSION

A 2D Mindlin plate FEA model considering mechanics,
piezoelectrical, and dielectrical effects is constructed. As
quartz weak coupling characteristics, the simulation efficiency
could be enhanced by calculating the mechanics and electrical
response separately. The simulation results of frequency
response in room temperature and the activity dip
characteristics in working temperature are verified. The
simulation tool can provide direct-feeling about design
robustness and still need to improve to consider more factors
inside model. More study activities between company and
academic resources are needed.
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Abstract— This work presents the results of investigations on
different aspects of cryogenic operation of BAW resonators. For
the quartz crystal resonators the losses mechanisms, the temperature sensitivity, the amplitude-frequency effect are described
for liquid helium temperatures. The corresponding problems are
discussed. To overcome some of these problems, the possible
solution of operation at higher modes is considered. Some of
these higher modes exhibit outstanding quality factors. The
highest (for BAW resonators) quality factor value and quality
factor-frequency product are measured for the 11th and 13th
overtones respectively. In addition, two LGT resonators have
been characterized in a wide temperature range. Finally, some
preliminary results on utilization of cryogenic quartz resonators
as a part of a frequency stabilization closed loop system are given.

I. I NTRODUCTION
The quality factor (Q-factor) of resonators and the frequency
stability of frequency sources are closely related. Thus, the
time and frequency community is always eager for new
resonators with higher Q values of any physical nature, i.e.
electromagnetic, acoustic, mechanical, etc. Bulk acoustic wave
(BAW) quartz resonators at room temperatures have rather
high Q · f product of about 15 · 1013 for the frequency
band of 1-100 MHz. The properties of these devices at room
temperatures are widely investigated and their limitations
are known [1]–[6]. Indeed, the Q-factor is not the only
parameter that counts for the frequency stability or even for
resonator applicability in frequency sources. Others may be
frequency-temperature characteristics, nonlinear phenomena,
vibration sensitivity, required environment, etc. Contrary to
that, though it is well-known that quartz resonators have much
higher Q-factor at cryogenic temperatures, their properties and
limitations at these temperatures have not yet been deeply
investigated. This work is dedicated to this problem. First,
the working conditions and measurement methods for BAW
resonators are discussed. Second, three vibration modes, A,
B and C are considered at liquid helium temperatures for
quartz SC-cut [7] BVA (Boı̂tier à Vieillissement Amélioré) [8]
resonators optimized for working at their 3rd or 5th overtones
at 5 or 10 MHz at usual temperatures. An important point
here is the temperature sensitivity of this devices. Also, this
section concerns amplitude-frequency and self-heating effects
and associated limitations. In addition, some results for two
higher overtones are given. The next section gives the results
of investigation on resonators of a new synthetic material
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known as Lanthanum Gallium Tantalate (LGT). Finally, the
frequency stability results of one possible reference system
with a cryogenic quartz resonator are considered.
II. E XPERIMENTAL S ET- UP
Since the first investigations on cryogenic crystal resonators,
the cryocooling technology has made a considerable progress.
Thus, for example, cryostats can be substituted with cryogenerators. This substitution simplifies the cryogenic system
operation and does not superposes any limitations on experiment time duration. But cryogenerators themselves introduce
additional environmental disturbances, such as temperature
fluctuations and vibrations mainly due to the helium pulsation
at the frequency of 1.7 Hz.
A. Cryogenic System
For all the presented measurements a two-stage pulse-tube
cryocooler is used (F-70H from Sumitomo Heavy Industries).
The cryocooler is equipped with two shields: a vacuum chamber and an anti-radiation shield to prevent the heat exchange
by means of air conduction and radiation respectively. The
vacuum level inside the chamber is about 10−7 mBar. Both
primary and secondary pumps are cut off from the chamber
during measurements. Nominally, the cryocooler can absorb
up to 1 W at the second stage at the temperature of 4 K. The
temperature of the second stage can go down to almost 3 K
if no additional thermal losses are present. The thermal losses
are mainly introduced with the connecting cables needed
for measurement purposes and environmental control. The
resonators are inserted inside a copper block attached to the
second pulse-tube stage [6].
B. Environmental Control
As it is said above, two main environmental disturbances
are temperature fluctuations and vibrations. The temperature
fluctuations of the cryocooler second stage due to helium
pulses are about 0.3 K. The power spectral density of temperature fluctuations of the second stage in the steady state
regime consists of f −2 region for frequencies less than about
10−2 Hz and f 0 region for higher frequencies. In addition,
a clear spurious frequency of 1.7 Hz and its harmonics are
present due to the temperature pulsation. To improve the
thermal conditions passive and active instability suppression

methods are used. First, a thermal filter is installed between the
second stage and a device under test (DUT). The filter reduces
the temperature pulsation down to 15 mK, but increases the
absolute temperature difference between these parts. Second,
the active closed loop temperature regulation is implemented
with a 332 Temperature Controller from Lake Shore, a CERNOX sensor and 20 Ohms heating resistor. The sensor and the
actuator are installed in a copper block under the filter. The
control system eliminates the f −2 region in the temperature
fluctuation spectrum and reduces pulses down to 5 mK.
Another type of environmental disturbances is vibration.
The permanent pulsation of the helium inside the pulsetube causes DUT vibrations with a nominal amplitude of
A = 10µm and frequency f = 1.7 Hz. The influence of the
vibration on resonator parameters and noise can be reduced
simply by choosing a proper angle of resonator orientation
relatively to the main (vertical) axis of the vibration. No other
vibration compensation system is installed for the presented
measurements.
C. Measurement Techniques
The resonator characteristics are measured with a 10Hz500MHz network analyzer HP 4195A equipped with its
impedance test adapter. This method is preferable to traditional
π-network method for this kind of measurements because
the resonator parameters, in particular its equivalent motional
resistance, change significantly with temperature. This fact
results in an impedance mismatch in the π-network. The
measurement capability provides a frequency resolution of
1 mHz, a phase resolution of 0.01 degree and a magnitude
resolution of 0.01 dB. The minimum power of the signal
source is −50 dBm. A distinctive feature of the network analyzer method is the need for compensation of long connecting
cables. Indeed, the resonators are connected to the analyzer
with 1 m coaxial cables passing a temperature range from
4 K to the ambient temperature. To compensate cable effects,
three calibration references - the open circuit, the short cut
and a 50 Ohms resistor - are put close to DUTs at the end
of identical cables. Measurements are made with −40 dBm
source power for 3rd and 5th overtones and −50 dBm for
higher overtones.
The network analyzer is used to trace a so-called GB-plot,
i.e. real and imaginary parts of the device admittance Y (jω) =
G(ω) + jB(ω) versus frequency f = 2πω near a resonance
of interest. These data are acquired by means of the GPIB
connection and Labview software. After that the parameters
of the traditional series R − L − C lumped resonator model
are optimized to fit the measured data.
III. SC- CUT Q UARTZ R ESONATORS
T EMPERATURES

AT

C RYOGENIC

Quartz BVA resonators are the subject of investigation of
the present section, because it has been already shown that
electrodeless resonators exhibit higher quality factors than
electrode-deposited resonators [5]. More precisely the planoconvex SC-cut resonators optimized at room temperatures are

820

chosen here as the most modern devices (active part diameter:
11 mm, thickness: 0.54 mm, curvature radius: 300 mm).
A. Resonator Losses at Cryogenic Temperatures
The main property of the devices of interest is the total
losses that are inversely proportional to the device quality
factor Q. The total losses (actually measured results) are a sum
of all losses presented in the device, i.e. the material losses,
mounting losses, electrical losses, etc. Concerning material
part, this type of losses are represented in perfect material with
three physical mechanisms [9]–[13]: acoustic wave-phonon
dissipation (usually dominant intrinsic loss mechanism in
insulating resonators), thermoelastic dissipation (pronounced
in plates or rods when the wavelength of flexural vibrations
is larger than the thickness of the rod or the plate), phononelectron dissipation (usually negligible in insulators). Since
the first type of the listed material losses is dominant in
the devices of interest, it is considered further. The losses
due to interaction of the acoustic wave and thermal phonons
can be described with two distinct approaches. The first one,
introduced by Akheiser [12], considers the interaction of a
macroscopic strain wave in an insulator crystal with thermal
phonons. Dependency of the phonon frequency on the strain
leads to transport of the phonons between macroscopic regions
of a crystal restoring the thermal equilibrium. This process
is accompanied by acoustic wave energy loss. This approach
is valid when the phonon life time is much smaller than a
period of the acoustic wave, i.e. τ ω ≪ 1, where τ is a thermal
phonon life time and ω is an acoustic wave angular frequency.
According to Akheiser approach the material Q · f product at
high temperature is found as follows:

ρVa2 1 + (ωτ )2
f ·Q =
,
(1)
Cv T γ 2 τ
where f = 2πω, Va is the wave velocity, h the Planck
constant, γ the Grüneisen parameter, Cv the volumetric heat
capacity, T the absolute temperature, ρ the density. The second
approach, proposed by Landau and Rumer [13], considers
the acoustic wave as a parallel beam of interacting acoustic
phonons. The interaction process involves acoustic quanta and
individual thermal phonons. It is shown that the acoustic
phonon attenuation is a result of three phonon interaction and
is proportional to the angular frequency ω in the most studied
case (also assuming that ωτ ≫ 1 which is relevant at low
temperature) [10]. So, the product of the quality factor and
the resonance frequency is given by
f ·Q =

15ρVa5 h3
ω,
π5 γ 2 τ K 4 T 4

(2)

where K is the Boltzmann constant. According to this approach the material quality factor does not depend on the
angular frequency ω.
It is clear that if the acoustic wave-thermal phonon attenuation is dominant for some range of temperatures, the dependence of the losses on temperature can show which regime
is valid for the considered material in given conditions. To

do so, for the first experiments, SC-cut BVA quartz resonators
optimized for working on their C-mode (about 5 MHz at room
temperature) are characterized between 3.8 and 20 K. The
results for 5th overtones of three different modes are shown
in Fig. 1.

the environment on the frequency source, the sensitivity of
the resonance element has to be minimized. Fig. 2 shows
the fractional frequency temperature sensitivity for the three
modes considered in the previous subsection.

Fig. 2.
Fig. 1. Measured device losses for 5th overtones of different modes: A-mode
(quasi-longitudinal), B-mode (fast quasi-shear), C-mode (slow quasi-shear).

The dependence of the losses on temperature (Fig. 1) clearly
shows three regions: a plateau for temperatures less than 6 K
(device losses are dominant, such as acoustic diffraction at the
resonator surface or damping at the edge of the resonant disk),
a linear region in the log-log scale (attributed to acoustic wave
- phonon losses) and the second plateau for temperatures about
20 K (region of the maximum absorption [4]). The medium
region clearly shows the dependency of the type Q−1 = aT n +
constant, where n is close to 4 for quasi-shear modes and to
6 for a quasi-longitudinal mode. Though for the latter mode,
the dependence does not strictly confirms the slope predicted
by the Landau-Rumer theory, the corresponding losses regime
is actually dominant in quartz material at the liquid helium
temperature. The increase of the power n has been already
observed [10], [11].
The highest measured Q-values among 5th overtones of
three modes are 325 · 106 for the A-mode, 50.5 · 106 for the Bmode, 1.99 · 106 for the C-mode. This sequency corresponds
to the list of modes sorted out from the best trapped mode
to the less trapped one according to the Stevens and Tiersten
model [14]. Among all modes of 3rd and 5th overtones the
best result is achieved for the 5th overtone of the A mode with
Q · f product of about 5.1 · 1015 which is the highest result
in comparison with previous investigations [6]. But already
starting at this stage, the problems of practical utilization arise.
Since at cryogenic temperatures the resonators have very low
values of equivalent motional resistance (e.g. about 3 Ohm
for the 5A mode), minimization of the active load is required
in order to preserve the high quality factor. This considerably
complicates the choice of signal sources and amplifiers.
B. Temperature Sensitivity
Another important characteristic of a resonator is its temperature sensitivity. Indeed, to minimize the influence of
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Fractional frequency temperature sensitivity: A, B and C-modes.

As it is clearly seen from Fig. 2 the investigated modes
does not have any turn-over point. The absence of a turn-over
point poses serious problems in terms of crystal temperature
stabilization. In general, the smaller sensitivity corresponds to
lower temperatures for these devices. At 4 K the sensitivities
are 2 ·10−9 K−1 for the A-mode, 3 ·10−9 K−1 for the B-mode
and 1 · 10−8 K−1 for the C-mode. These results suggest that
to obtain a desired fractional frequency stability of 10−13 , in
best case, the temperature has to be controlled within 0.5 mK.
C. Amplitude-Frequency Effect
BAW resonators are nonlinear devices in nature. Resonator
properties considerably depend on the power level of the
excitation signal. This dependence becomes even more pronounced with the increase of the quality factors, since the
resonance frequency shift is proportional to the product of
the dissipated power and Q. To characterize this effect in
cryogenic temperatures, the impedance of the resonator under
test is measured with different levels of an excitation signal
for the 5th overtone of the A-mode (that with the highest Q).
The results are shown in Fig. 3.
Fig. 3 suggests that already for the dissipation power of
P = 0.22µW (Curve (2)) the impedance curve distortion
exists. Furthermore, for P = 1.6µW the resonator selfheating effect becomes apparent. Also, it can be seen that
for an increasing power P , the equivalent motional resistance
also increases. These effects can even lead to temperatureamplitude oscillations. These oscillations are characterized by
two states of low and high dissipation powers corresponding
also to higher and lower values of motional resistance. In
addition, the higher driving signal levels degrades resonator
noise characteristics [15].
The strong amplitude-frequency and self-heating effects
arise another problem concerning effective utilization of cryogenic quartz crystal resonators in actual applications. Indeed,
in order to avoid this effect the driving signal has to be kept

Fig. 3. Impedance of the resonator near the A-mode on 5th overtone for different dissipation powers: (1) P = 0.09µW, I = 0.154mA (2) P = 0.22µW,
I = 0.237mA, (3) P = 0.42µW, I = 0.324mA (4) P = 0.64µW, I = 0.403mA, (5) P = 1.6µW, I = 0.479mA (6) P = 2.26µW, I = 0.538mA, (7)
P = 4.87µW, I = 0.624mA (8) P = 9.20µW, I = 0.719mA, (9) P = 12.35µW, I = 0.757mA (10) P = 17.20µW, I = 0.494mA.

very low, but this fact degrades the system signal-to-noise
ratio as well as it requires additional amplification stages. This
problem is even worse lower values of the resonator equivalent
motional resistance.
D. Higher Overtones
In order to deeply investigate the abilities of devices under
tests, some higher resonator harmonics have been characterized at cryogenic temperatures. Thus, Fig. 4 demonstrates the
presence of different anharmonics of the 11th overtone of
the A-mode. The corresponding indexes for identifying the
anharmonics are marked on the figure. The best anharmonic
mode has a quality factor of 417 · 106 at the frequency
of 68823167 Hz with an equivalent resistance of 19 Ohms.
The estimated Q · f product for this resonance equals to
2.87 · 1016 Hz. Thus, the DUT working at this resonance at
cryogenic temperatures has the highest reported quality factor
ever measured on BAW resonators.

an equivalent resistance of 30 Ohms. Thus, the highest Q · f
measured on BAW resonators can reach 3.07 · 1016 Hz
So, these modes could be perspective for a practical utilization. But the issue of the selection or rejection of the
undesired modes should be solved first in autonomous systems
such as oscillators. Also, higher Q values result in a stronger
amplitude-frequency effect [16].
IV. LGT R ESONATORS

AT

C RYOGENIC T EMPERATURES

The LGX material family is promising for designing BAW
resonators with high quality factors. Among this materials the
Lanthanum Gallium Tantalate (LGT) and Lanthanum Gallium
Silicate (LGS) are the most commonly known. Nevertheless,
their properties have not been yet investigated for temperatures
lower than 80 K. In this section, investigation results on BVAtype plano-convex Y-cut LGT resonators (active part diameter:
10.2 mm, thickness: 0.65 mm, curvature radius: 100 mm) are
presented. The attempts to characterize their LGS counterparts
have been abandoned since they show a decrease of quality
going from room to cryogenic temperatures.
A. LGT Resonator Losses

Fig. 4. Different anharmonics of the 11th overtone of the the A mode
(fcalc = 68.842620 MHz).

In the same way the 13th overtone of the A-mode is
characterized. Here only three anharmonics are found. The
best of them has a Q value of 377 · 106 at 81392723 Hz with
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The characteristics of two LGT resonators of similar origin
have been measured in the wide temperature range (4 − 80 K).
The results for their quality factors are shown in Fig. 5. The
maximum Q-factor is just about 7.2 · 106 that is only 5 times
higher than its value at room temperature. Unlike in the case
of quartz resonators, device losses dependence on temperature
seem to be rather uniform. The only physical phenomenon
clearly seen is the peak of losses at about 40 K. It can
be attributed to relaxation processes due to the presence of
impurities. In addition, a very important difference between
two resonators is observed. These results suggest that the LGT
resonator technology is far from being optimized in terms of
different types of losses: device losses cover material losses.
On the other hand, further technology development might lead
to considerable increase of their quality factors in cryogenic
conditions.

with a double balanced mixer. The resulting signal is filtrated
and used to correct the frequency variation of the VCO. In fact,
only the resonator π-network and the through connection for
the original signal channel are placed inside the cryogenerator.

Fig. 5. LGT resonator quality factor Q as a function of temperature T (two
resonators).

B. LGT Resonator Temperature Sensitivity
The dependence of the fractional stability on the temperature is also examined for the LGT resonators (see Fig. 6).
Both resonators have a turn-over point between 6 and 7 K
which is advantageous for creating a high quality temperature
stabilization system.

Fig. 7.

External frequency discriminator system.

The system is designed for working on the resonator 5th
overtone of the A-mode preserving a loaded Q of only 16·106 .
The frequency stability results in terms of Allan deviation are
shown in Fig. 8. This figure compares the results measured
for the stand-alone voltage-controlled oscillator and the closed
loop system after different periods of continuous cryogenic
system operation. The stability improvement is clearly seen
for the long averaging times τ , though for short τ the stability
is degraded due to internal loop noise sources. Comparing two
cases of closed loop system, the 12-hours case (measurements
are made within first 12 hours of cryogenerator permanent
operation) exhibits a τ +1 slope of the Allan deviation that
corresponds to the linear frequency drift. The 60-hours case
(measurements after at least 60 hours of operation) uncover a
τ +1/2 behavior that is a result of the VCO f −4 or cryogenic
resonator f −2 phase noises. Both types of noise can be
attributed to resonance frequency sensitivity to the temperature
random-walk noise [18]. These results suggests the presence
of very long time constants in the system (probably due to
thermal effects).

Fig. 6. Fractional frequency y versus temperature T for two LGT resonators.

V. F REQUENCY S TABILIZATION S YSTEM BASED
C RYOGENIC Q UARTZ R ESONATOR

ON

This section shows the preliminary results on a system based
on a quartz resonator working at liquid helium temperatures.
For this purpose a frequency stabilization system based on
an external high quality resonator is implemented [17]. The
general scheme of this system is shown in Fig. 7. The system
consists of a voltage-controlled oscillator used as a reference
for a frequency synthesizer whose output signal frequency
corresponds to the resonant frequency of the BAW device.
The resonator is put into a so-called π-network implemented at
cryogenic conditions and connected with the long cables with
the other components. The signal filtrated by the resonator
is compared with the original one (also passed through the
cryogenerator to compensate the parasitic effects of cables)
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Fig. 8. Allan deviation of the closed-loop frequency stabilization system
measured at first 12 hours of cryogenerator operation (1), measured after at
least 60 hours of cryogenerator permanent operation (2) and compared with
a stand-alone oscillator (3).

Though experimental conditions are not so ideal, tests with
a passive reference as well as an oscillator based on the

presented devices are presently in progress. The aim of these
tests is to achieve the frequency stability corresponding to the
measured values of the quality factor.
VI. C ONCLUSION
Though quartz resonators can achieve extraordinary values
of quality factors at cryogenic conditions, deeper investigations
show the presence of severe problems concerning practical
utilization of these devices. The difficulties come from the
small values of equivalent motional resistances, the strong
amplitude-frequency effect, the self-heating, the absence of
a temperature turn-over point. Some of these disadvantages
could be overcome for higher overtones, such as 11th or
13th, exhibiting even higher Q values. The LGT resonators
are still perspective candidates for cryogenic operation, since
the device losses overshadow material losses. The preliminary
investigations on the passive frequency stabilization system
based on cryogenic BAW resonators show rather moderate
results due to a non-optimized environment, internal noise
sources and a reduced quality factor.
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to thank the council for its grant and financial support as
well as the staff of the Time and Frequency Department
of FEMTO-ST Institute, Besançon, France for the help and
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Abstract— The feasibility of a parametric amplification method
for improving the Q of UHF quartz oscillators is considered. A
fundamental thickness shear resonator operating at about 500
MHz was studied for estimating the magnitude of fractional
change in stiffness, Δk/k that could be obtained at resonance and
off-resonance. The Δk/k is employed in a parametric pumping of
the thickness shear mode of vibration. A relationship between
the Δk/k at resonance and Δk/k at off-resonance was derived. For
a 532 MHz fundamental thickness shear resonator, a Δk/k =
3.8x10-4 /V at resonance, and a Δk/k = 1.6x10-7 /V at offresonance was found. The off-resonance data compares well
with measured data of Δk/k = 1.7x10-7 /V. Our off-resonance
study of Δk/k established that it is independent of the sign of
electric potential drive that is Δk/k is a rectified excitation and
therefore appears at twice the excitation frequency.
The parametric amplification phenomenon is governed by the
Mathieu equation. MATLAB Simulink models of the Mathieu
equation were developed to establish the baseline criteria for
parametric amplification to improve the resonator Q. The
resonator model was excited at a frequency ωA over a range that
included the natural frequency ω0 and the third overtone ω3.
The parametric drive frequency ωP was set equal to 2ωA/n (n=1,
2, 3, ….). The model results showed that for parametric drive
frequencies of ωP = ωA (for fundamental mode operation), and
ωP = ωA/3 (for third overtone operation), the Δk/k needed for
parametric amplification is in the range of 0.001 to 0.003 for a
resonator Q of 9,000 to 15,000. It was observed that there was
shift of the resonance frequency with the parametric
amplification resulting from the change in dc stiffness Δk/k of
the thickness shear mode.

I.

INTRODUCTION

It is well known that flicker phase modulation (PM) noise
in the sustaining circuit of oscillators causes flicker frequency
modulation (FM) noise to the oscillator output frequency
given by Losc(ff) = Lckt(1 Hz)f2/(4ff3QL2) [1]. Thus, increasing
the loaded QL can help in reducing the phase noise. Previous
reports have shown that parametric amplification can be used
to increase the Q of silicon nano-resonators [2-4]. However, to
date very few studies have been made for shear-mode quartz
resonators. In this paper, we investigate whether parametric
amplification is feasible for improving the Q of UHF quartz
resonators.

Fundamental and third overtone thickness shear-mode
resonators are investigated to establish the criteria needed for
parametric amplification. Specifically the fractional change in
stiffness Δk/k in the Mathieu equation that governs parametric
amplification and the resonator Q are considered. MATLAB
Simulink models for the Mathieu equation were developed to
study the relationships between the parametric frequencies,
Δk/k, and the resonator Q. A study of the Δk/k off-resonance
was needed to establish the magnitude of the change in
stiffness for given applied voltage levels.
II.

Quartz is known to have small mechanical nonlinearities in
its elastic stiffness. These nonlinearities in quartz resonators
are exhibited in well documented phenomena such as their
frequency-temperature [5, 6], acceleration sensitivity [7, 8]
and drive level dependency [9, 10]. The nonlinear mechanical
effects are governed by the piezoelectric equations with finite
strains and nonlinear elastic constants as given below in
Equations (1) – (3):
A. Strain-displacement, and electric field-potential relations

1
(u j ,i + ui , j + uk ,i uk , j + uk , j uk ,i )
2
Ei = −φ,i

Sij =

(1)

Here Sij is the mechanical finite strain for the relatively large
mechanical displacements ui. Ei and φ are respectively the
electric field and electric potential.
B. Constitutive relations

Tij = (Cijkl + Cijklmn smn + Cijklmnop smn sop ) skl + η ijkl skl − ekij Ek
Di = eijk s jk + ε ik Ek
(2)
where

Tij , Cijkl , Cijklmn , Cijklmnop ,ηijkl , ekij , Di , ε ik are

respectively the mechanical stress, linear elastic constants,
third order nonlinear elastic constants, fourth order nonlinear
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elastic constants, viscosity constants, piezoelectric stress
constants, electric displacements, and dielectric permittivity.
The values of the material constants of quartz are well known
and could be found in the literature, except for the fourth order
nonlinear elastic constants. The fourth order elastic constants
are needed for modeling the Duffing effect at very high drive
voltages. Since most of the fourth order elastic constants are
not well known, we neglect the fourth order elastic constants
in our present models.
C.

Equations of motion and electrostatics

(Tij + T jk u i , k ) , j + ρbi = ρui

A. Drive level dependency of the thickness shear mode
resonator
The effects of nonlinear elastic stiffness are observed in
the phenomenon of drive level dependency, that is, the
resonant frequency changes with the drive level of electric
potential at the top electrode of quartz plate in Figure (2).
Figure 3 shows the frequency response of the AT-cut plate
resonator at two drive levels: 1 mV and 100 mV. A change in
resonant frequency of 18.8 ppm at 100 mV was observed in
the data. The resonant frequency is given by:

f =

(3)

Di , i = 0

The equations of motion and electrostatics are for any
piezoelectric volume V where for boundary conditions on the
surface S enclosing the piezoelectric volume we specify
surface traction Pi = n j (Tij + T jk u i ,k ) or mechanical

Δf 1 Δk
≅
f
2 k

NONLINEAR PIEZOELECTRIC MODEL OF AN AT-CUT
QUARTZ PLATE

The governing equations (1) - (3) along with the necessary
material constants for the AT-cut quartz were implemented in
a COMSOL finite element tool. Figure 1 shows a model of the
532 MHz fundamental thickness shear AT-cut quartz
resonator. The mode shape of the energy trapped fundamental
thickness shear mode is shown in Figure 2.

k
m

(4)

where k is the modal stiffness, and m is the modal mass. Here
a small frequency change with drive level electric potential is
due to a small change in the modal stiffness Δk. Hence a
fractional change in frequency can be related to a fractional
change in modal stiffness, and using a binomial expansion:

displacements ui, and electric displacements Di or electric
potential φ.
III.

1
2π

(5)

Therefore the fractional change in modal stiffness Δk/k is 37.6
ppm at 100 mV, or with normalization to 1 V,

Δk
= 3.76 x10 − 4 /V
k

(6)

for the 532-MHz fundamental thickness shear mode of
vibration of the AT-cut quart plate resonator represented in
Figures (1) and (2).

Driving electrodes 60x20x0.08 µm
Top at V Volts, bottom grounded

AT-cut quartz plate:
100 x 60 x 3 µm
Silicon rubber mounting:
5 x 60 x 3 µm

Figure 1. Model of a 532 MHZ AT-cut quartz plate resonator with
dimensions for electrodes and mounts.

Figure 3. Frequency deviation versus AC electric potential for a 532 MHz
AT-cut quart plate resonator.

Figure 2. Mode shape of the energy trapped fundamental thickness shear
mode in a 532 MHz AT-cut quartz plate resonator.
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B. Nonlinear effect of static electric potential on the shear
strain in the AT-cut quartz plate resonator
The parametric amplification of a vibration mode in a
mechanical resonator requires that the modal stiffness k of the
vibration mode can be varied by a pumping excitation; that is
k is nonlinear of the form:

k (1 +

Δk
sin(ω P t ))
k

dynamic shear strain at resonance at drive V to its static shear
strain at DC V is equal to its quality factor Q, that is:

S xy

dynamic

S xy

For the thickness shear mode of Figure (2), and a 1 V AC
applied at the plate resonance frequency, Eqn. (6) gives Δk/k =
3.76x10-4. A more general description for parametric
excitation may not involve pumping at a mechanical
resonance; we therefore first investigated the Δk/k at
frequencies not near the resonance frequency, that is, at “offresonance” frequencies, or at DC electric potentials. In this
case, we also investigated whether Δk/k is dependent on the
sign of the drive level electric potential.
The thickness shear mode of vibration in the AT-cut quartz
plate is governed predominantly by the shear strain Sxy (or
S12); therefore a study of the effects of DC electric potential at
the top electrode (Figure 1) on the shear strain Sxy is useful.
Figure 4 shows the COMSOL finite element results of positive
and negative electric potential, respectively, on the shear strain
Sxy at the midpoint of the quartz plate. Two second order
regression curve fittings were performed on the COMSOL
data: one for the positive electric potential, and the other for
the negative electric potential. Two regression equations are
shown on the graph, one for positive electric potential and the
other for negative electric potential. We note that while the
slope of both regression equations is the same, the coefficient
of the nonlinear term changes sign with the electric potential.
This change in sign indicates that the Δk/k for the shear strain
Sxy is not dependent on the sign of the drive level electric
potential and that it is a rectified function. The Δk/k
modulation then appears at twice the excitation frequency.

(10)

static

(7) where

where ωP is the frequency of the parametric pumping
excitation and t is time. Here Δk/k is the fractional change in
modal stiffness due to the parametric excitation.

=Q

S xy

dynamic

is the peak shear strain at resonance for a

given electric potential VAC drive, and

S xy

static

is the static

shear strain at the same electric potential, VDC.
Since Eqn. (9) shows that the Δk/k is linearly dependent on
Sxy we could use Eqn. (10) to relate the Δk/k of Eqn. (6) that
was obtained at peak resonance to a Δk/k at “off-resonance”.
For a given electric potential, the Δk/k at peak resonance is
equal to Q times the Δk/k “off-resonance”:

Δk
k

=Q
dynamic

Δk
k

(11)
static

The Q for the fundamental thickness shear mode in Figure 3
was 24000 which upon substitution into Eqn. (11) we can
calculate the equivalent static Δk/k from the dynamic Δk/k of
Eqn. (6):

Δk
k

= 1.57 x10 −7 /V

(12)

static

The regression equations can be written in the form:

V = 1.76 x106 S xy (1 ± 0.126S xy )

(8)

Since the shear strain Sxy in eqn. (8) is approximately
5.7x10-7 /V, we calculate that

Δk
= 0.126 S xy = 7.16 x10 −8 / V
k

Figure 4. Shear strain sxy at the midpoint of the AT-cut plate versus the
static electri potential.

(9)

C. Quality factor Q of a mode of vibration, dynamic Δk/k
versus static Δk/k
If a thickness shear resonator is represented by a single
degree of freedom in shear strain Sxy, then the ratio of the

The static Δk/k in Eqn. (12) is about two times larger than
the static Δk/k in Eqn. (9). This agreement is reasonable
because the static Δk/k of Eqn.(9) is for the shear strain Sxy at
one point in the plate while the static Δk/k of Eqn.(12) is for
the thickness shear mode that is predominantly governed by
the shear strain Sxy distributed across the thickness of the plate.

827

Equation (11) is useful for estimating the Δk/k for
parametric excitations at “off-resonance” frequencies. In
designing experiments for parametric amplification of the
thickness shear mode, the equation is useful for determining
the feasibility of parametric pumping at “off-resonance”
frequencies.

1), and (b) pumping the third overtone using a ω0 drive (n =
3).

IV. MATHIEU EQUATION, AND PARAMETRIC
AMPLIFICATION OF MECHANICAL RESONATORS
We discuss Mathieu equation in terms of a single degree of
freedom resonator in Equation (13). We could modify the
spring stiffness k to a nonlinear spring stiffness
k[1+(Δk/k)sin(ωP t)] so that the governing equation for the
resonator is

ω
Δk
F
sin(ω At ) = u + 0 u + ω02 (1 +
sin(ω P t ))u
m
Q
k

(13)

where F is the force on the mass m, u is the displacement, and
Q is the quality factor. Here ωA is the activation frequency,
while ωP is the parametric frequency. Equation (13) is the
Mathieu equation that yields parametric amplification for
parametric frequencies [11]

Figure 6. Sample input acceleration (top), parametric excitation (middle),
and output displacement (bottom) for the MATLAB Simulink model of the
Mathieu equation. ω0 drive (n = 1).

Figure 7 shows the frequency response of the resonator with a
natural frequency ω0 equal to 500 MHz and an initial Q equal
to 15000. In this case, the parametric pumping frequency ωP is
ω P = 2ω0 / n for n = 1,2,3,....
(14)
set equal to the activation frequency ωA. This is equivalent to
the pumping of the fundamental thickness shear mode using a
A. MATLAB Simulink model of the Mathieu equation
ω0 drive (n = 1). We observe that the starting Q = 15,000 of
A MATLAB Simulink model for the Mathieu equation the resonator could be increased to Q = 70,000 for a Δk/k =
was developed to study the effects of parametric amplification 0.001.
on the Q of a resonator. Figure 5 shows a MATLAB Simulink
model of the Mathieu equation. Figure 6 shows sample input
acceleration to the model (top graph), the “rectified”
parametric excitation (middle graph) using a ω0 drive (n = 1),
and the sample output displacement Z (bottom graph).

Figure 5.

Figure 7. Simulink model result of Mathieu equation with parametric
amplification, ωP = ωA and n = 1.

MATLAB Simulink model of the Mathieu equation.

B. Effects of parametric amplification on the Q of a
resonator
We study the effects of parametric amplification on the Q
of a resonator using various values of Δk/k and two modes of
pumping: (a) pumping the fundamental using a ω0 drive (n =

For our thickness shear resonator when n = 1, there will be
parametric self pumping since the excitation force F will yield
a Δk/k that is “rectified” so that the parametric frequency ωP is
effectively 2ω0 . However such parametric self-pumping is
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likely limited by the “Duffing” effect if higher order nonlinear
terms are included in the modeled dynamics.
Figure 8 shows the frequency response of the resonator
with a natural frequency ω0 equal to 1500 MHz and a Q equal
to 9000. Here the parametric pumping frequency ωP is set
equal to one third of the activation frequency ωA. This is
equivalent to the pumping of the third overtone thickness
shear mode (~1500 MHz) using a fundamental thickness shear
mode (500 MHz) ω0 drive (n = 3). This will require a
resonator design with the third overtone frequency ω3 ~3ωo.
We observe that the resonator Q could be increased from
9,000 to Q = 13,000 for a Δk/k = 0.003. It was observed that in
both Figs. 7 and 8, there was considerable shifting of the
resonance frequency; however this frequency shift could be
due to the rectified nature of the fractional change in stiffness
Δk/k of the mode of vibration.

a challenge in that the typical admittance meter can no longer
provide the dual excitation frequencies. Therefore, an
experimental set-up was designed and built specifically to
accommodate the dual frequency inputs and provide
admittance information of the device-under-test.
A schematic of the experimental set-up for the non-linear
drive studies is presented in Figure 9. In this case, the quartz
resonator is excited by an input derived from a Holzworth
HS300 2A 2-channel synthesizer. The Holzworth synthesizer
contains a single OCXO crystal oscillator and provides two
drive signals of differing frequency, amplitude and phase.
These two drives are phase coherent in that they are driven by
the same internal reference which eliminates any drift between
them. These signals are swept in frequency and summed in a
power combiner to serve as the excitation for the resonator.
An Agilent DSO9404A digital storage oscilloscope with
differential active probes monitors the voltage and current
associated with the resonator and the device admittance Y is
computed through post processing. The voltage across the
resonator is measured with the first active probe and the
current is derived by monitoring the voltage across a 10Ω
sense resistor using the second active probe.
f1+f2

Mini-Circuits Combiner

Resonator

Power Combiner

f1

f1

VRes

Differential Active
Probe

VR

Differential Active
Probe

Agilent Scope

f2

f2
Sense R
I Res = VR /R

Holzworth 2-Ch. Synthesizer

Acquire and PostProcess with LabVIEW

Admittance Amplitude

IRes
VRes

Admittance Phase

∠

VRes
IRes

f

Figure 9.

f

Schematic of the experimental set-up for parametric
amplification studies.

AT-cut quartz shear mode resonators operating at 507MHz were used to estimate the magnitude of the fractional
change in stiffness, Δk/k, obtained under non-linear drive
conditions and also to investigate parametric amplification
effects.

A photograph of the experimental set-up (Figure 10)
shows the power combiner, the quartz resonator and sense
resistor mounted and interrogated by the two differential
active probes, along with two directional couplers which are
included to provide isolated monitoring of the Holzworth
synthesizer outputs. The system permits both on- and offresonance studies of the non-linear effects in the quartz
resonator.
We are also able to investigate various
configurations of excitation and parametric pump frequencies
including the n=1 and n=3 conditions. Additionally, replacing
the Holzworth synthesizer with a dc bias voltage source
allows static Δk/k value estimates.

A typical admittance measurement involves a single swept
frequency source while monitoring the device current and
voltage. The magnitude of the admittance Y of the device is
then ⎮Y⎮= ⎮I/V⎮. This measurement can readily be
performed with a single source Agilent admittance meter.
However, measurement of the admittance of a resonator
driven simultaneously with two different frequencies presents

This new configuration was tested by exciting the
resonator around the fundamental mode with a low drive
voltage. Figure 11 shows the measured admittance response of
an AT-cut UHF 507 MHz quartz resonator with Q ~ 21K. This
validates the experimental procedure and illustrates the basic
device natural frequency (ω0) response without non-linear
effects.

Figure 8. Simulink model result of Mathieu equation with parametric
amplification, ωP = ωA/3, n = 3

V. EXPERIMENTAL RESULTS FOR NONLINEAR SHIFTNESS
MODULATIONS OF QUARTZ THICKNESS SHEAR RESONATORS.
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Holzworth 2-Ch. Synthesizer

Frequency Variation (ppm)

Directional
Coupler

20

Directional
Coupler

Power Combiner

15
10
5
0
-5
-10
-15

Design J: 5151D

-20
-40
Differential Active Probes
Figure 10. Photograph of the 507 MHz quartz resonator driven with a
Holzworth HS300 2A 2-channel synthesizer and interrogated using
differential active probes.

In order to estimate the value of Δk/k obtained through offresonance pumping, a varying polarity dc bias voltage was
applied to the device. Recalling that Δk/k = 2Δf/f, we can
estimate the Δk/k achieved through measurement of the
frequency shift Δf for ± dc voltages applied to the device.
From the result in Figure 12, we observe a small slope of
approximately a 0.0824 ppm /V corresponding to a change in
the Δk/k=1.65x10-7 /V. This measured value agrees well with
the theoretically calculated value of Δk/k=1.57x10-7 /V. From
this result we conclude that off-resonance parametric pumping
will require voltages which far exceed realistic values that can
be easily implemented. However, on-resonance pumping, in
which we utilize the high Q of the device, can provide
significantly larger Δk/k values and hence a more practical
parametric pumping condition.

Recalling that ωP =2 ω0 /n, where ω0= natural resonance
frequency of the resonator, and ωP = pump frequency, which
in this case is the frequency at which the Δk/k occurs.
Therefore for n=1,2 &3 the corresponding Δk/k occurs at 2ω0,
ω0, & 2ω0/3 respectively, and the parametric excitation
frequency falls at ω0, ω0/2, & ω0/3 for rectified Δk/k. Pumping
at ω0/2 is an off-resonance condition which will be inefficient.
Thus, we have two scenarios which satisfy the on-resonance
pumping condition. Consider a pump at ω0, for which one can
use the rectified Δk/k at 2ω0 to either pump the fundamental
mode at ω0 (n=1) or the 3rd overtone at ω3 (n=3). Note that in
order to implement the latter case of n=3, the 3rd harmonic of
the device should be well matched (within the linewidth) of
the 3rd overtone mode.
VI.

Admittance (S)

f0=507 MHz
Q ~ 21K

0.015
0.010
0.005
Design J: 5151D

0.000
507.45

507.50 507.55 507.60
Frequency (MHz)

507.65

Figure 11. Admittance response of an AT-cut UHF 507 MHz quartz
resonator at the fundamental thickness shear resonance.

40

Figure 12. Resonator ω0 frequency variation versus applied dc bias voltage
for a AT-cut UHF 507 MHz device. A small positive slope is observed
indicating prohibitively high voltage requirements for off-resonance
parametric pumping.

0.025
0.020

-20
0
20
Resonator dc Bias (V)

SUMMARY

In summary, new simulation tools have being developed
for a complete COMSOL model of the quartz non-linearities
including computation of Δk/k for resonance and offresonance conditions using the second and third order elastic
constants. New experimental techniques have been developed
to directly measure the amplified response and Δk/k values at
UHF frequencies with multiple inputs applied to a resonator
simultaneously. We have determined that the Δk/k change is a
rectified function of the excitation voltage and its measured
magnitude agrees closely with our predictions.
Parametric amplification in quartz shear-mode resonators
may be possible with reasonable voltages if the strain due to a
resonant response is utilized. The off-resonant pumping
condition appears to be impractical using reasonable voltages.
Future work will investigate using the fundamental mode to
parametrically pump the third overtone for improved phase
noise.
We acknowledge the support of D. T. Chang, H. D.
Nguyen, F. P. Stratton, T. J. Boden, B. T. Holden, M. F. BoagO'Brien, H. C. Moyer from HRL Laboratories, LLC for device
fabrication and electronics development.
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Abstract—

High quality resonators for spatial and military
applications are only made by unitary way and high speed
directional etching of piezoelectric material is yet insufficiently
developed to produce high aspect ratio microstructures.
So, in this paper, we report on the theoretical definition and on
the realization of BAW resonators, working at 20 and 40 MHz.
Part of mechanical process is made by deep Reactive Ion
Etching of AT- and SC-cut quartz crystal wafers. To avoid edge
effects such as mechanical stresses induced by mounting
structure or leakage of the vibration mode, we have to realize a
good energy trapping of the selected resonant frequency. Several
trapping methods can be used depending on the frequency,
thereby changing the resonator design, such as mass loading by
electrodes themselves, mesa forms (i.e. 1 to 3 µm circular or
elliptical steps), or radius of curvature on one face of the
resonator at least. Here, for question of manufacturing, we
choose to trap the energy by a mesa form.
Fabrication of complete mesa architecture with bridges aperture
(like in a bva structure) requires combining high depth (about
140 µm for a 40 MHz 3rd overtone resonator), high aspect ratios,
good uniformity over the entire wafer (for about 40 resonators),
vertical wall profiles and reasonable etching selectivity.
After describing different RIE processes, we analyze the quality
of the realization through the surface roughness, the geometry,
the homogeneity of the mesa-step, the wall profile.

I.

II.

PRESENTATION OF OUR PROCEDURE

In this paper, we present the manufacturing process of small
resonators designed to vibrate at 20 MHz on their 3rd overtone
(corresponding to a thickness of about 280 µm, which is a
standard value for the purchased quartz wafers). Among
different collective etching techniques (chemical etching,
UltraSonic Machining or grinding and polishing…), we study
the realization of resonators using the DRIE technique which
is described in [1]. This technique has already proved that it
is conceivable to realize mesa on the active part of the
resonator and the apertures defining the links (or bridges)
between active and dormant parts. Indeed, previously, we
have fabricated few resonators in a 140 µm thick quartz wafer
of 1.5 x 1.5 square inches using DRIE. The apertures were
completely opened at least in the resonator made in the center
as shown in the Fig. 1. We see here that the etching depth is
not exactly the same in the entire surface of the wafer, but it
is very difficult to measure it due to the strains (and fractures)
induced by the thermal expansion created during the etching.

INTRODUCTION

Within the framework of a french project aimed achieving
quartz resonators for Time and Frequency applications, and
entitled “Crystal resonators modeling and innovative process
for miniaturization”, we investigate several manufacturing
processes compatible with 3 or 4” wafers. Indeed, innovative
technological processes, such as micromachining, multilayers assembly or wafer bonding can be successfully applied
to quartz, in order to minimize packaged resonators while
optimizing their performances. Our challenge is summarized
in the following sentence:
“Smaller, cheaper and better performances”
Unfortunately, current manufacturing technology for BAW
quartz resonators does not allow reducing the size and the
cost. We therefore have to study collective processes, which
are well-known in the Silicon industry.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Fig. 1: DRIE of a small quartz wafer (1.5 x 1.5’’ square)

So hereafter, we describe two different procedures in order to
manufacture resonators with a “double step” on one face as
shown in Fig. 2. This succession of steps on the surface is
necessary if we want to discretize correctly the radius of
curvature realized on resonators working at a few MHz in the
way to correctly trap the energy of vibration. Therefore, we
will first realize 2 steps with a size of few tens of µm each.
After the machining of the apertures, we plan to implement
the full procedure for manufacturing 37 resonators on a 3”
AT-cut quartz wafer.
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Furthermore, the thickness of Ni on the quartz wafer is too
thick and cracks appear systematically during the ionic etching
which generates very high stresses.
IV.

We have then tested a second procedure, which is more
“classical” and consists in 3 successive phases with 3 different
masks (Fig. 4): the first one realizes the apertures (first mask
on the left) with the coating of 4 µm of electrolytic Ni
allowing the dry etching of 80 µm of quartz.

Fig. 2: design of the desired resonator

III.

SECOND PROCEDURE

FIRST DRIE QUARTZ ETCHING PROCESS

In this first test procedure, we realize a succession of wet
etchings in order to structure layers of Nickel. The total
thickness has first been deposited to allow the total etching of
about 140 µm. To etch 150 µm of quartz, we have to coat 8
µm of Nickel using the “electrolytic” method (selectivity
1:20). These two preliminary etching operations are separated
by a coating of photoresist, exposed to light through a mask
defining our pattern. Another etch of about 2 µm of Ni by
Ferric Chloride is performed. The last etching operation is
made to remove the last 4 µm of Ni at the level of the
apertures.
8 µm of electrolytic Nickel
quartz

photoresist
Fig. 4: Three successive masks for our second procedure

Then, coating of a new layer (about 2µm) corresponding to the
pattern defining the biggest mesa and dry etching for a 40 µm
step is performed. Finally, the third coating defines the small
mesa with also 2 µm of Ni. Unfortunately, here also, the
mechanical stresses induced by the layer of electrolytic Ni
submitted to high temperatures during the DRIE process
deform the quartz wafer up to cracks (see Fig. 5). Several tests
have been realized in changing the temperature in the back of
the substrate, but the problem remains the same: the wafers
still break down.

Fig. 3: procedure to structure layers of Nickel
Fig. 5: photography of an example of crack after DRIE

Unfortunately, the chemical etching process of the Ni by
Ferric Chloride is very inhomogeneous. Up to now, it is Nevertheless, we have observed MESAs on the AT-cut quartz
impossible to calibrate the thickness to be removed. wafer and we have measured the height of some steps.
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Classically, on our STS machine, the etching process is faster But, if the surface roughness does not depend on the number
on the edges than on the center. Here, we have etched 27 µm of the manufacturing process, the quality of the edge of the
pattern is highly dependent on how the photoresist is
in the edges and only 17 µm in the middle.
deposited. Indeed, a thickness of the resin deposited by spin
coating is uniform only if the surface of the wafer is uniform, a
pattern higher than 2 µm creating a kind of bulge in the
thickness of the coating. And consequently, the edge of the
pattern will have the quality of the deposition, this defined by
the spray coating being linked to the microbubble size of the
spray. The 2 Fig. 9 below illustrate this difference.

Fig. 6: MESAs observed by BEM… and details of the steps

V.

THIRD PROCEDURE

The last procedure described here aims to prove that it is
possible to chain 2 realizations of mesa one after another; the
apertures (defining the bridges) may be made, at the end, using
Ultrasonic Machining [2].
Considering the small heights of the steps to realize (see Fig. 7
below), we have finally chained here 2 Reactive Ion Etching
processes, allowing etching 2 to 2.5 µm thick on quartz.
Indeed, our wafer is 280 µm thick, processed to realize
resonators working at about 20 MHz on their 3rd overtones. So,
Fig. 9a and 9b: definition of the edges of the first and second MESA,
a 1000 mm radius of curvature seems satisfactory to trap
linked to the quality of the deposition to the Nickel (spin coating for
correctly the vibrating energy and the 2 corresponding steps the first one and spray coating after).
have to be of about 2 to 2.5 µm height.
And so, the height of the step is not uniform as shown in the
Fig. 10 where we indicate 2 different values of steps: 2 and 3
µm which are the minimum and the maximum of the step
heights.
Fig. 7: example of discretization of a given radius of curvature

If the photoresist has been deposited by spin coating for the
first step, we have coated it by spray coating for the second
one, the relief of the first deposit being too high. We see in
Fig. 8 that the quality of the pattern is the same than
previously.

Fig. 10: second MESA: its height ranged between 2 to 3 µm (etching
time: 70 min)
Fig. 8: The 2 MESAs with 4.5 and 6.4 mm of diameters

We note, at least, the second pattern has been obtained with
the following conditions of Reactive Ion Etching:
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deposition of 320 nm of Ni/Cr
spray coating of S1813 photoresist (4.2 µm)
photolithography with the given mask,
annealing at 120°C during 1 min,
Cr etch / Ni etch and finally
7 steps of 10 min with SF6 gas at 2mT and 220 W.

This work will be followed by the deposition of the
metallization allowed to excite the chosen mode of vibration,
which is the C-mode 3rd overtone, working at about 20 MHz
for a 280 µm thick wafer (in fact 17.68 MHz, the required
value of thickness being not reached). Then, we will open the
apertures by UltraSonic Machining (USM) before bonding the
covers on each side.
VI.

Fig. 12a: displacement along X-axis for a plano-convex resonator

FEM SIMULATION OF THE RESONATORS

Previously to this technical work, we have initiated efforts in
the calculation of the best design to well trap the vibration
energy of the C-mode, 3rd overtone. For that, we use the Finite
Element Method allowing calculating resonant frequency and
Q-factor for a single-step-mesa resonator and a stepped bimesa structure. Below, we compare these calculated values
with the output frequency characteristics of a beveled
“standard” quartz crystal resonator working at about 20 MHz.
Finally, this tool should help us to simulate the complete
behavior of any resonator, including the mounting structure
and its influence on the resonant frequency.
Few works have been done in this area [3-4], completed by the
realization of QCM resonators (Quartz Crystal Microbalance)
for which the goal is not to reach very high Q-factors,
dedicated to frequency and time applications [5], but only to
measure mass loading effect.
So, to evaluate our simulation, we have modeled a resonator
with an external diameter of 9 mm, a diameter of 3 mm for the
electrodes (constituted by 200 nm of gold) and 6 layers in the
thickness of quadratic elements (see Fig. 11).
At least, to calculate the acoustic loss of the desired resonant
frequency, we have introduced the tensor of the viscosity
constant measured by Lamb and Richter [6]. And so, the
displacement along the X-axis for different designs is as
indicated in the following figures (Fig. 12a to Fig. 12d).

Fig. 12b: displacement along X-axis for a plano-plano resonator

Fig. 12c: displacement along X-axis for a “1 MESA” resonator

Fig. 11: finite elements model of the resonator and its electrode
Fig. 12d: displacement along X-axis for a “2 MESAs” resonator
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The Q-factor of the C-mode 3rd overtone has been calculated
for each design. They are indicated in the following table:
design

Q-factor

Flat resonator

771,000

with Rc = 1000 mm

766,000

with 1 MESA

767,500

with 2 MESA

767,200

the electrolytic Ni layer (by deposition of new Ni layer
on the other side of the wafer, for example). So, we
hope to etch more than 80 µm deep currently,

we are able to chain 2 or more RIE processes on the
same wafer,

…
and we own an efficient tool to calculate the motional
parameters of a given resonant frequency of a resonator with
particular design.
ACKNOWLEDGMENT
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Table 1: Q-factor calculated by Finite Element Modeling

We observe that the design has a very little influence on Q
values. It is not surprising because the working frequency of
REFERENCES
20 MHz corresponds to the point for which a curvature or the
mass loading have almost the same influence on the energy [1] J.J. Boy, S. Queste: “deep reactive ion etching of quartz crystal
for frequency metrology” – Proc EUSPEN 09
trapping.
VII. CONCLUSION
Our test vehicle is not achieved and we have to develop:
Metallization, wafer bonding, dicing,
Chemical etching,
ultrasonic machining of the covers,
…
and to realize 3 and 4’’ SC-cut quartz wafers.
Nevertheless, we have demonstrated several points:

DRIE shall be an efficient tool to realize deep
patterns if we anneal the thermal stresses induced by

[2] Andrey E., Boy J. J., Khan Malek C.: “Tool wear for microultrasonic machining (MUSM)” - 5th Int. Conf. European Society for
precision Engineering and Nanotechnology, Montpellier, 8-11 mai
2005, Proc. EUSPEN 05, pp. 345-348.
[3] M. Tanaka, T. Imai and Y.K. Yong: “3-D FEM Eigenvalue
Analysis od Relative Impedance and Energy Trapping of Resonant
Modes in AT-cut resonators” –IEEE Freq. Control. Symp. 2003, pp.
709, 714.
[4] F. Lu, H.P. Lee, S.P. Lim: “Energy trapping analysis for the bistepped mesa quartz crystal microbalance using the Finite Element
Method” – Smart Mater. Struct. 14, 2005, pp. 272, 280.
[5] T. Abe, V.N. Hung, M. Esashi: “Inverted mesa-type quartz crystal
resonators fabricated by Deep Reactive Ion Etching” – IEEE Trans.
of UFFC, vol. 53, n° 7, July 2006, pp.1234, 1236
[6] J. Lamb, J. Richter: “Acoustic Attenuation with New
Measurements for Quartz at Room Temperatures” - Proceedings of
the Royal Society of London Vol. 293, No. 1435, 1966, pp. 479-492

836

Quartz Crystal Industry of China at Crossroads
Ji Wang1, Liansheng Jiang2, Min-Chiang Chao3, Xuming Chi4, Jianwei Hu5, Zhuzhi Ye6, Lihu Pan7, and Weiqiu Chen8
1

Piezoelectric Device Lab, School of Mech. Eng. & Mechanics, Ningbo University, Ningbo, Zhejiang 315211, CHINA
2
Piezoelectric Crystal Association of China, P. O. Box 120, Beijing 100015, CHINA
3
TXC (Ningbo) Corporation, 189 West Huangshan Rd., Ningbo, Zhejiang 315800, CHINA
4
Zhejiang East Crystal Electronic Co., Ltd., 555 Binhong Rd., Jinhua, Zhejiang, 321017, CHINA
5
Ningbo Hiking Electronics Tech. Co., Ltd., 11 Qixin Rd., Ningbo, Zhejiang 315051, CHINA
6
Timemaker Crystal Tech. Co., Ltd., Bldg. 63/6F, Majialong Industrial Zone, Shenzhen, Guangdong 518000, CHINA
7
Beijing Institute of Radio Metrology & Measurements, P. O. Box 3930, Beijing 100854, CHINA
8
Department of Eng. Mechanics, Zhejiang University, 38 Zheda Rd., Hangzhou, Zhejiang 310027, CHINA
E-mail: wangji@nbu.edu.cn

Abstract—Quartz crystal devices have been playing important
roles as enablers in modern electronics, and China also has a
strong industry for circuit applications in the beginning and as a
leading global supplier and end-user lately. The transformation
of the quartz crystal industry in the US and Europe has led to
the globalization and reorganization of the production of quartz
crystal devices in China with significant impact in the market
and technology. It has also been known that as a producer of
quartz crystal products, leading companies in China have been
collaborating with partners outside China for technology and
marketing to promote trade and production. In the meantime,
many manufacturing hubs for leading OEM companies of
consumer electronics industry, with telecommunication and
appliances in particular, have been using many quartz crystal
products from Japan and Korea. It is possible that large
producers in Japan and Korea will continue their production
through technology leadership, but the market share can be
significantly weakened by Chinese manufacturers. As an
initiative to foster the technology development and innovation,
Chinese companies have been encouraged and assisted through
various partnerships such as joint ventures with foreign
companies, research and development collaboration with
universities, and governmental subsidy for innovative and
quality products, to upgrade technology and serve the high-end
application in China.

I.

systems (MEMS) and film bulk acoustic resonators (FBAR)
products which are already invading certain portion of
traditional market of acoustic wave resonators in electronic
products and new applications. One frequent question we
encountered in various occasion is that how the new and
emerging technologies in the US will impact the existing
investments in the quartz crystal and larger acoustic wave
device industry? Then an immediate question followed is that
do we need to invest in quartz crystal technology while the
emerging products are imminent? The answers to these
questions will not only impact the individual company looking
for advices but also the industry in China and the global
market.

INTRODUCTION

The quartz crystal industry in China has been making great
impact on the global market and industry landscape through
supplying vast quantity of lower-end products and force many
manufacturers in the United States and other countries to
move their production facilities to China and other low-cost
nations. This has been noted in the industry for a while and
many strategies to counter change have been developed and
implemented. For instance, many manufacturing operations of
US companies have been relocated to China or even sold to
other operators as major indicators of industry-wide changes.
On the other hand, the Chinese industry has also been greatly
influenced by changes in the US, notably the emergence of
newer technology such as the micro-electrical-mechanical

Fig. 1 Major production clusters of quartz crystal products in
China (

Resonators and oscillators)

As an attempt to address these and similar questions and
answering more outside of China, we have already had many
discussions in China in various occasions with business and
industrial leaders. Our general impression is that while the
quartz crystal industry in China is growing at a much faster

This industry surveying project is supported by Zhejiang Province through the Key
Team of Excellence for Technological Innovation under Grant 2011R09025.
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pace than the overall economy because the electronics sector
has been the leading force of the recent fast growth and it is
specially encouraged by central and local government under
many incentives, which often are on competitive basis in
coastal regions. In addition, the quartz crystal and acoustic
wave device industry is China is still one of the many hightech sectors and product categories under special promotion in
economic plans and policy. Of course, as many of us already
know, there are also generous incentives on tax-relief from
local governments and export tariff refund for selling products
to international market. Such coupled efforts in promotion of
quartz crystal industry and other sectors have significant effect
on the fast growth, since the production of quartz crystal
products have been growing over 10% a year as shown in
Table 1. Besides, quartz crystal manufactures outside China,
Japan in particular, have been under intensive pressure in
terms of the change of market share and fast advances in
product quality and manufacturing efficiency. In other words,
the gap between Chinese manufacturers and the leaders in
Japan has been shrinking and it is always a question of how
the advantage can be kept or changed for different
competitors.
Table 1 Yearly production of quartz crystals in China
Year Product (billion pieces)
2002
1.08
2003
1.21
2004
1.39
2005
1.54
2006
1.77
2008
2.25
2009
2.41
For a snapshot of quartz crystal industry in China, here are
some basic figures: there are about 500 hundred companies
with annual production of 3 billion pieces of quartz crystal
products in the Year 2010. The total annual sales are about 1
billion US dollars, about a quarter or less of the international
total sales. Not surprisingly, also contrary to our impression,
China buys more quartz crystal components than it produces
(see Table 2), obviously leading manufacturers of electronic
products like computers and mobile phones use more
components made outside of China. Most lower-end products
are made with everything, production equipments and raw
materials included, supplied in China while the high-end
products are made with Japanese equipments and even
materials. Also there are Japanese engineers, some retired,
working in Chinese companies for the production and design.
Table 2 Quartz crystal export and import in China
Export (pieces, billions)
Import (pieces, billions)
Year
2008
0.94
1.43
2009
1.05 (USD 0.8 billion)
1.61 (USD 2 billion)
2010
1.18
1.80
As an indicator of slowing moving up of business ladder,
two major producers of quartz crystal products have been
listed in stock changes in China so far: Jingyuan Electronic,
Tangshan, and East China Electronic Crystal Company
(ECEC). It is a measure of maturity of these leading

companies in the business world in China. Research and
development is inadequate in this industry in China because
many companies cannot afford the talents and related costs.
II.

INDUSTRIAL RESOURCES AND ADVANTAGES

In the international market, the competitive edge of
Chinese quartz crystal products is the price, as the majority
consumer products made in China. This is the outcome of the
abundance of low-cost labors available to industry. Of course,
as said before, the preferential policy for electronics
components including quartz crystal products also plays an
important role in the fast growth in recent years. The
availability of land, raw materials, and electricity in certain
regions are also major factors of the continuing growth.
If we look into the quartz crystal industry further, we can
find more factors which contributed to the fast growth of the
sector in China. One major reason is the availability of quartz
crystal resonator production equipments from Japan, which
enable many companies to make competitive products without
invest too much efforts in making and improving production
lines as did by major producers in Japan and the US before.
Actually, there are also manufacturers in Hong Kong and
China to accelerate the growth through even lower costs in
obtaining a quality production line. Of course, this also
contributes to the fact that many products from Japan are
almost same because they do not differentiate from the
production equipments and accessories needed for the
packaging of resonators and oscillators. With the production
line installed, the manufacturing is a straightforward process
as we know, and it can churn out products with the standard
supplies of all elements and accessories. In other words, the
entry barrier of quartz crystal products is relatively low and
this also contributes to the fast spread of companies making
the same products in China. In fact, companies are clustered
after one demonstrated the technology and production process.
We have mentioned that even leading producers of quartz
crystal resonators lack technical capabilities in research and
development, thus keeping the products and process in a much
lower level in the global competition. There are a few focused
research institutes in government laboratory systems, such the
few in the China Electronics Technology Group Corporation
(CETC), and BIRMM, and the research groups and
laboratories in leading companies such as the Beijing
Chengjing Electronic Technology Company (China 707),
which have relatively strong technical team to engage in
research activities for the design and fabrication. It is
generally expected that these work should contribute to
advances of technology of the quartz crystal industry in China,
but in fact this did not happen. The main reason, as we can
guess, is that most such research oriented organizations are
also production companies making devices for specific
applications of their parental industry. For instance, BIRMM
is an affiliate of the space industry in China and their products
are being used primarily in the space programs. As a result, it
is regrettable that these research laboratories, with
considerable resources in technical talents and equipments,
cannot be utilized effectively to lead the industry. Earlier
attempts to improve the overall maturity of quartz crystal
products in China through research led process did not
succeed as the mass production seems not always correlated
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with the technology supremacy they have. This reminds us
how to use the full potential of research laboratories in the
quartz crystal industry in China in the near future is still a
challenge to be solved.
However, recently increased
participation of the annual Symposium on Piezoelectricity,
Acoustic Waves, and Device Applications (SPAWDA) by
industry is a good sign of embrace to technology and research
through interactions with academic institutions.
On the other hand, there are many manufacturing
subsidiaries of leading international quartz crystal producers in
China today. Their core developments activities are largely
kept in the home office like Japan and the US, as we always
meet engineers come to China to discuss potential products for
Chinese markets. However, more or less, as we have seen in
past few years, many engineers and managers from such
companies are also migrating to Chinese companies and this
will inevitably add momentums to accelerate changes. Many
such multinational companies, particularly manufactures from
Japan, are concentrated in Yangtze Delta (including Suzhou,
Nanjing, and Zhejiang), while a few others particularly
Korean companies are in Yantai area and a few others are in
Shenzhen area. Some of them are joint ventures with local
partner companies in China and this will contribute to the
growth of Chinese companies with technology and
management advantages. It is clear that the globalization of
this industry will also give the advantage, although limited, to
the Chinese industry.
It has been clear that the economic growth and
accumulation of wealth in China in recent decades add the
power to invest in the quartz crystal industry also, as it is
viewed as one of the high-tech sector with relatively lower
entry barrier. Indeed we have seen new companies of various
sizes in almost every process of quartz crystal products
through crystal growth, blanks, holders, and equipments. The
global financial crisis has some effects on the growth and
investments in this traditional technology and the further
relocation to China is expected. On the other hand, it is
generally sensed that newer technologies in competition with
traditional frequency control devices have some impact on the
sentiment of investment, because many investors are not sure
how and when the alternative technology will phase out the
current products. This concern also reflects the lack of
research and understanding of the technology trend in this
industry and applications. It is generally recognized now that
new technologies will replace some products and applications
with a much lower pace and it is not the situation that the
technology will end abruptly soon. The recent emergence of a
few more joint ventures and some expansions of major
companies in China may prove that concerns caused by
MEMS and FBAR technologies have been smoothed and
there are more interests in further investment and
improvement of development and production in the quartz
crystal industry in China. To speed up the process, again, a
short cut is being taken by many companies through increases
of investments in buying existing design and technology from
international companies. Particularly, many companies in
China have expressed interests to buy some small quartz
crystal companies to acquire the technology in product
development they need badly. Also it is suggested that many

companies in the US and Japan may be in the position to sell
some of their know-how and technology while their value are
at the peak when there are great demands from China. The
time window for such buying mood may be limnited and the
progress in technology in China could cause depreciation
quickly.
III.

MAJOR PLAYERS AND GROWTH POTENTIALS

Most Chinese manufactures of quartz crystal products are
less well-known even in this global industry, because we do
not see engineers and business leaders from China in the IEEE
International Frequency Control Symposium and other
important occasions. Their appearance in international trade
shows is also limited, although we sometimes see Chinese
companies in a few events like in Las Vegas and Munich. The
reason of their absence in international events is that their
products are usually not marketed with their own brand, as
most other industries in China. Or, this is the true meaning of
“Made in China”, while most product today are created
outside of China. This is the business strategy of a country
and industry while the technical capability is limited and lowcost labor supply is abundant. Such a business practice has its
disadvantages, but it will take a long and slow path to change
giving the economic and technological reality in China. Then
it is easy to understand the choices of Chinese companies and
industry, and it also offers the strategy for outsiders to choose
the right road to enter the seemingly prosperous and strong
economy.
There is a relatively fully fledged quartz crystal industry in
China with manufactures for quartz crystal material, quartz
blanks and chips, packaging and accessories, and all
equipments for the making of resonators. This means the
production of quartz crystal devices can be done with all
essential materials, accessories, and services in Chinese
companies for lower-end products. For high-end products, we
know that many elements, especially the holders and high
performance materials have to be imported from Japan and the
US. The size of market and amount of demands in China is
significant and all the major equipment makers and material
suppliers have opened offices and branches in China and have
been enjoying fast growth of businesses in recent years even
with a bright future.
As the industry grows in the technology and market, an
industrial association of piezoelectric devices, Piezoelectric
Components
Association
of
China
(PCAC,
http://www.chinapcac.org), has been established by the major
producers. It is the only official trade association of quartz
crystal and acoustic wave device industry in China, and has
been enjoying the support nationwide with intensive contacts
with global major producers of the industry and joint activities
with similar groups. The PCAC has a major mission of
promoting the industry and support members through sharing
information on government policy and regulation, market,
technology, and trade. It is also leading the task to maintain
national standards on quartz crystal devices as the IEC TC-49
counterpart. It also holds annual trade shows and meetings of
leading producers to review market and technology trends.
Zhejiang East Crystal Electronic Co., Ltd. (ECEC,
http://www.ecec.com.cn) is one of the two listed company
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with top annual sales (about RMB 300 million / USD 45
million). ECEC has been working with TXC for distribution
and improvement. The ECEC has manufacturing equipments
and support expertise from Japan. The company is actively
seeking growth opportunities with emphasis on engineering
and technical leads.
Beijing Chengjing Electronics Technology Company,
Ltd. (China 707, http://www.china707crystal.com) is the first
quartz crystal resonator manufacturer in China with many
years in supporting the nation’s needs of technology. After
many years and extensive investments by government,
Chengjing has also maintained an up-to-date production line
for full line of products. It also has invested in research and
engineer training with leading academic institutions.
Chengjing has also been actively engaged in global marketing
of products with its own brand and sales force.
Beijing
Institute of Radio Metrology and
Measurements (BIRMM, http://www.casic203.com) is a
research laboratory of the space engineering company for time
standards and metrology in space navigation and
communication. To satisfy the precision needs of its space
programs, it maintains a division with technical capabilities in
the design and manufacrurngof precision quartz crystal
products. This is a research laboratory turned production
company with many lines of products. BIRMM has a strong
presence and interaction with the international frequency
control technology community through participation of
international conferences and invited visits by many leading
experts in Europe and the US. To enable the technology
transfer, it is seeking to expand the production capacity and
new product development partner outside China. BIRMM
also maintains a subsidiary for mass production of quartz
crystal products for consumer products.
One fast growing company in the quartz crystal industry is
the TXC Corporation, which is the major producer of quartz
crystal products and has its major outpost in Ningbo, China as
the TXC (Ningbo) Corporation (http://www.txccorp.cn).
TXC Ningbo is gradually grows its own production and
technical capabilities to enable autonomous business in China.
TXC (Ningbo) has been helping many quartz crystal
companies in China through partnership in quality
management, equipment, and engineering capabilities and
improvements are clear and significant. TXC (Ningbo) has
also been forming close relationships with universities and
laboratories for technical capability building and new
products.
As a domestic grown company in China with relatively
short history, Timemaker Crystal Technology Company,
Ltd. (http://www.timemaker.com) started as a manufacturer of
crystal blanks, but the business has been expanding to
resonators through the partnership with Rakon of New
Zealand. There are investments in engineering capabilities
through collaboration and in-house improvements. The
engineering team of Rakon will provide design and support to
Timemaker and the joint venture in Chengdu.
Other major producers of quartz crystal products include
Jingyuan in Tangshan, close to Beijing, another listed
company in the quartz crystal industry with annual sales about

RMB 300 million (USD 45 million).
Hualianxing
(reorganized as part of China Electronics Panda Crystal
Technology Corporation, CEC Xtal) is another major producer
of quartz crystal resonators in Nanjing. Major clusters of
quartz crystal companies are in Beijing, Yantai, Shanghai, and
Shenzhen. Production centers of quartz crystal materials are
in Lianyongang, Hohhot, and western regions.
For scientific and engineering research related to quartz
crystal industry, the internationally renowned research work
on crystals are being done at Shanghai Institute of Ceramics,
CAS and Institute of Crystal Materials, Shandong University.
There are research works on acoustic wave devices in the
Institute of Acoustics, CAS and Nanjing University. The
Piezoelectric Device Laboratory, Ningbo University, has been
focused on the analysis of quartz crystal resonators through
analytical and experimental approaches. Electrical circuit
analysis and design are done in University of Electronic
Science and Technology in Chengdu and Xi’an.
The quartz crystal industry in China also faces challenges
in the road ahead. First of all, to supply quartz crystal devices
in coming decades with the latest trend of globalization, rising
of labor cost, and technology advancement, quartz crystal
companies in China have to upgrade the technical capabilities
in every aspect: design, process, equipment, and applications.
With the increasing of competition, professional engineers
with both analytical and experimental skills are needed in
product development and production lines. Most companies
need to improve the marketing and sales capability in global
scale to improve the profitability and product development
pace. Investment on technology is essentials and possible
through government support and long term planning. The
production capability of quartz crystal industry has the weight
and size to make a global impact, and industrial relocation and
manufacturing concentration in China provide unique
opportunity to accelerate the change. Demands of technology
and know-hows in China offer opportunities for Western and
Japanese companies in the near future. Chinese industry
needs to invest on technology through well-trained engineers,
management efficiency, and marketing and sales skills.
Chinese industry should also invest in the new and alternative
technology to satisfy the international market as it emerges as
a strong industrial player in the near future.
IV.

SUMMARY

There are heavily invested production facilities and
adequate material supply for quartz crystal products in China.
Production equipment are on par with international standard
and production management are also up to the need. The
major hurdles are on the engineering capabilities of design and
precision manufacturing, but the rising cost of labor, land, and
energy should also be kept in mind. Quartz crystal and
frequency control products are still encouraged with
government incentives on investment and aid, but the true
advantage has to be maintained for the future growth and
included in new investments. Globalization should also be
expanded to include technical talents and intellectual
properties for balanced and sustainable growth.
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Abstract— In this paper, we present two techniques to estimate
GNSS on-board clocks. These techniques only require a single
GNSS receiver and allow to evaluate the stability on a given pass
of the time difference between the GNSS on-board clock and the
clock that drives the GNSS receiver. These methods have been
validated using IGS clock products for GPS on-board clocks.
We also show that they can be used to characterize ground
clocks provided a better space clock is available.

I.
INTRODUCTION
Global Navigation Satellite Systems embark atomic
frequency standards, the characteristics of which have a direct
impact on the overall positioning performance. Therefore the
general monitoring and the performance assessment of these
on-board frequency standards are of utmost importance. For
instance, the performance assessment of the GPS on-board
clocks is carried out on a regular basis [1,2].
The estimation of GNSS on-board clocks behaviour is
generally a complex task requiring a large ground
infrastructure (a global network of ground stations) and an
intense computation (the ODTS, Orbit Determination and
Time Synchronization). This task consists first in collecting
the GNSS measurements on a continuous basis. These stations
measurements are then merged through an infrastructure and
processed together by a dedicated facility. This facility
computes the clock of each ground station and the orbits and
clocks for each GNSS space vehicle. The clocks are estimated
with respect to the GNSS reference time scale.
The aim of this work is to propose two alternative methods
that allow to estimate the behaviour of GNSS on-board clocks
with respect to a given ground station. This estimation is
therefore limited to the pass duration, but on the other hand
provides data at the rate of the station measurements, thus
allowing to assess the short term stability of the GNSS onboard clock. Obviously this requires that the stability of the
ground station clock is better than the stability of the GNSS
on-board clock that we want to estimate. These methods are
therefore considered as complementary to the usual method,
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while being much simpler and, for at least the polynomial
method, available in nearly real time.
II.

DESCRIPTION OF THE METHODS

The two alternative methods developed here use the phase
measurements of a given ground station. The first method,
called the polynomial method, consists in applying a highorder polynomial fitting to these measurements. The second
method, called the residuals method, consists in carrying out a
residuals computation on a given pass using precise
ephemerides. This residuals method is somewhat similar to the
One-Way Carrier Phase developed in [7]. These methods are
described hereafter.
A. The Polynomial Method
This straightforward method is based on the use of raw
phase measurements (in RINEX format) coming from a GNSS
receiver connected to an atomic clock. Basically the GNSS
measurements represent the clock difference between the
transmitter and the receiver. The idea is to exploit that feature
in a very simple way. The raw phase measurements and their
iono-free combination for a given satellite pass is merely
adjusted by a polynomial of high order (typically 24). Thus we
keep the high-frequency part of the measurement which is
expected to be representative of the clock difference. We then
compute the Allan deviation excluding end segments that are
generally noisier.
B. The Residuals Method
For this method, we carry out a residuals computation on a
given pass using precise ephemerides. The computation is
carried out as follows:
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•

the transmission dates are computed using the
RINEX pseudo-ranges measurements

•

these transmission dates are corrected using a rough
satellite clock offset estimation

•

the satellites’ positions are computed by interpolation
of the satellite ephemeris at these corrected dates

•

the geometry is computed using the satellites’
position and the measurements

•

the corresponding phase residuals are estimated
together with vertical troposphere delay adjustment

We then compute the stability of the clock time difference
between the on-board clock and the receiver clock for each
phase observable and for the iono-free phase combination.
III.

RESULTS ON GPS ON-BOARD CLOCKS

For GPS on-board clocks, we compare our estimations to
the IGS products [4] of the CODE Analysis Center. COD
clock products have a sampling rate of 5 seconds. This can be
considered as a validation of the two methods. The data used
in this section have been obtained with receivers driven by
Hydrogen Masers.
A. GPS PRN 3 Caesium Clock
Fig. 1 shows the stability of GPS PRN 3 (SVN 33) onboard clock (Cs II/IIA) obtained with both methods and
compared to the COD clock solution in the very same period.
The stability obtained with the polynomial method (in blue) is
very close to the one obtained with the residuals method (in
red).

Figure 2. Stability of GPS PRN-3 Caesium II/IIA using the polynomial
method on L1 and L2

We notice that the L2 observable is less noisy than L1 in
the very short term. We get in this case a better short term
noise because the iono-free combination increases the noise.
Comparing to the previous figure, we see that the stability
obtained with L1 or L2 is consistent with the stability obtained
with COD between 5 and 10 seconds. We also observe here a
“bump” probably due to the servo of the quartz crystal
oscillator on the atomic transition that seems to have a time
constant of about 30 seconds for this type of clock. For
integration times between 30 and a few hundreds of seconds,
we observe the expected white frequency noise.
B. GPS PRN 4 Rubidium II/IIA clock
Fig. 3 is another example with the GPS PRN 4 (SVN 34)
which is a Rb of Block II/IIA. The stability obtained with the
polynomial method (in blue) and with the residuals method (in
red) are in good agreement with the COD clock solution from
5 to up to almost 1000 seconds. We also observe that the
polynomial method can sometimes be slightly too optimistic
for integration times higher than 1000 seconds.

Figure 1. Stability of GPS PRN-3 Cs II/IIA using both methods on the
iono-free combination

Both results are consistent with the COD clock solution
between 10 seconds and 1000 seconds. It is clear that the
stability is limited in the very short term (between 1 and 10
seconds) by the noise of the iono-free phase combination.
Fig. 2 shows the same stabilities computed with the
polynomial method only with each phase observable (L1 and
L2). Similar results are obtained with the residuals method
(the short term stability is the same for a given observable in
the 2 methods).

Figure 3. Stability of GPS PRN-4 Rb II/IIA using both methods on the
iono-free combination
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C. GPS PRN 20 Rubidium IIR
Fig. 4 is another example with the GPS PRN 20 (SVN 51)
which is a Rb of Block IIR.
We also notice a very good consistency between 20 and
1000 seconds. Fig. 5 shows the stabilities computed with the
polynomial method only with each phase observable (L1 and
L2).

one Caesium clocks. At the time of this experiment, the
payload was driven by one of the Rubidium clocks.
Fig. 6 shows the stabilities obtained with both methods
using the L1/L2 iono-free combination and compares to the
COD clock solution. A white frequency noise of 1.10-12.t-1/2
has also been added.

Figure 6. Stability of GPS PRN-25 Rb IIF using both methods on the ionofree combination
Figure 4. Stability of GPS PRN-20 Rb IIR using both methods on the ionofree combination

The iono-free combination does not allow to fully
characterize the short term stability of this clock .Fig. 7 shows
the results for the polynomial method on L1 and L2.

Figure 5. Stability of GPS PRN-20 Rb IIR using the polynomial method on
L1 and L2

Figure 7. Stability of GPS PRN-25 Rb IIF using the polynomial method on
L1 and L2

The same conclusions can be drawn with that type of
clock. Similar results have been obtained with the other GPS
on-board clocks and also with the measurements of other
ground stations. This allows to validate these 2 methods.

The estimated stability of this clock is 1 to 2.10-12.t-1/2, this
result is consistent with [6]. The sinusoidal perturbations
identified in [6] can not be seen with these methods because
they have too long a period with respect to the pass duration.
However these methods allow to identify sinusoidal
perturbations with shorter periods like on Figure 7 where a
harmonic at about 20 seconds can be seen.

D. GPS PRN 25 Rubidium IIF
The GPS PRN 25 (SVN 62) is the first Block IIF satellite,
it was launched in May 2010 and embarks two Rubidium and
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IV.

RESULTS FOR GROUND CLOCKS

We set up another validation experiment in which a GPS
receiver (Septentrio PolaRx2) is driven by a high-performance
Agilent 5071A-001 Caesium beam clock. In the same time,
this clock is measured against an active Hydrogen Maser as
reference. We then compare the estimation of the Cs clock by
the polynomial method (using GPS PRN 25) to the local
measurement.
Fig. 15 shows the stability obtained with the polynomial
method on L1 and L2 for a GPS PRN 25 pass and the stability
obtained by the local measurement against the H Maser in the
very same period.

network of stations is not yet available (e.g. in a GNSS early
development phase) or not accessible, or when the ODTS
(Orbit Determination and Time Synchronization) process is
not available. Moreover, the ODTS often provides a clock
solution with a rate of 300 seconds that does not allow to
estimate the short term behavior of the GNSS on-board clocks.
The methods developed here provide an estimation of the onboard clock with the rate of the used RINEX observation files.
The polynomial method is considered to provide accurate
estimations of the GNSS on-board clock stability up to at least
some hundred seconds and then might be slightly too
optimistic for longer integration times. The residuals method,
which is somewhat similar to the OWCP (One-Way Carrier
Phase) [7], is thought to provide accurate estimations of the
GNSS on-board clocks stability up to at least one thousand
seconds (provided the troposphere delay effects are taken into
account).
Giving access to the high rate behaviour of the GNSS onboard clocks, these methods allow to identify potential
sinusoidal patterns that may not be clearly visible with the
ODTS clock solution. These methods are considered as
simple, fast and efficient ways to characterize the behaviour of
GNSS on-board clocks on a given pass. They are however
limited because, unlike the global approaches, they do not
provide continuous estimations of on-board clocks. This
limitation might be overcome if the possibility to connect
successive passes is demonstrated.
Moreover, these methods can be used also to characterize
ground clocks with respect to better GNSS on-board clocks.

Figure 8. Stability of a ground high-performance commercial Cs beam
clock using the polynomial method on L1 and L2

This figure shows an excellent agreement up to at least
1000 seconds between the polynomial results and the local
measurements. This highlights the possibility to easily
characterize the performance of atomic clocks such as high
performance Cs beam clock with these simple techniques, i.e.
without the need for a local clock with a better stability. This
amounts to having a reference clock in space and therefore it
works only with a GNSS on-board clock with better
characteristics than the ground clock under test.
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Abstract— The prediction of very long term time stability is a
key issue in various fields, such as time keeping, obviously, but
also navigation and spatial applications. This is usually performed
by extrapolating the measures obtained by estimators such as the
Allan deviation, modified Allan deviation, Hadamard deviation,
etc.
Unlike the variance estimates, the deviation estimates are
severely biased and it is of importance to perform this extrapolation from a fit over the variance estimates, and not over
the deviation estimates. However, the fit should be performed
on the log-log graph of the estimates, which corresponds to a
least-squares minimization of the relative difference between the
variance estimates and the fitting curve. But also in this case, a
bias exists between the average of the log of the estimates and
the log of the true value of the estimated variance.
This paper presents the theoretical calculation of this “log-log
bias” based on the number of equivalent degrees of freedom of the
estimates, shows simulations over a large number of realizations,
and provides a reliable method of unbiased logarithmic fit.
Extrapolating this fit yields a more confident assessment of the
very long term time stability.

I. I NTRODUCTION
The prediction of very long term time stability is usually
performed by fitting and extrapolating an Allan variance
(AVAR) curve. Such a curve may be modeled as:
σy2 (τ ) =

4
X

Ci Φi (τ ) with Φi (τ ) = τ i−2 .

(1)

i=0

An extrapolation may be achieved by extending the asymptotes
of such a curve beyond the largest τ value (see figure 1).
Thanks to table I, the Ci coefficient are related to the noise
levels hα of the power law noise model:
Sy (f ) =

+2
X

hα f α

Fig. 1.

estimation of the Ci coefficients. The weighted relative least
squares are an effective method [2]:
• weighted in order to take into account the uncertainty ∆j
over each estimate σ̂y2 (τj ),
• relative in order to be equivalent to a classical least
square fit on the log-log plot by minimizing the relative distance between the curve and the estimate
estimate−curve ,
estimate

2
4
X
2
σ̂y (τj ) −
Ci Φi (τj ) 
N 
X
 1

i=0

 minimum. (4)
 ∆j ×

2
σ̂y (τj )

j=1 

(2)
We know that the estimate
σ̂y2 (τ ) is an unbiased estimator of

2
but is ln σ̂y (τ ) an unbiased estimator of ln σy2 (τ ) ?

α=−2

σy2 (τ ),

and to the linear frequency drift D1 :
y(t) = D0 + D1 t + η(t)

(3)

where η(t) represents the pure random component of the
frequency deviation y(t).
However such an extrapolation is very sensitive to estimation error. It is then of importance to perform a reliable
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Extrapolation of a least square fit.

II. S TATISTICAL APPROACH
A. Statistics of the Allan variance and the Allan deviation
The definition of the Allan variance is [3], [4]:
E
1D
2
σy2 (τ ) =
(ȳ2 − ȳ1 ) .
(5)
2
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Sy (f )

h+2 f +2

h+1 f +1

h0 f 0

σy2 (τ )

3h+2 fh
4π 2 τ 2

[1.038 + 3 ln(2πfh τ )] h+1
4π 2 τ 2

h0
2τ

h−1 f −1

h−2 f −2

2 ln(2)h−1

2π 2 h−2 τ
3

y(t) = D1 t
D12 τ 2
2

TABLE I
T HEORETICAL RESPONSES OF AVAR

FOR THE DIFFERENT NOISE TYPES OF THE POWER LAW MODEL AND FOR A LINEAR FREQUENCY DRIFT.

HIGH FREQUENCY NOISES

(f +2 FM AND f +1 FM),

IT IS NECESSARY TO INTRODUCE A HIGH CUT- OFF FREQUENCY fh

F OR THE

[1].

1) Model world (direct problem): In the world of the
model, the question is “Knowing the parameter θ0 , how is
the measure ξ distributed?” (see figure 3.B).
However, the parameter θ0 is precisely the unknown quantity that we want to estimate. Supposing this parameter is
known has sense only in theory and simulations.
2) Measure world (inverse problem): In the world of the
measures, the question is “Knowing the measure(s) ξ0 , how
to estimate a confidence interval over θ?” (see figure 3.C).
This is the right question of the metrologist!
C. Study of a χ2 distribution with ν = 1 degree of freedom
1) Properties: A χ21 distribution has the following properties [6]:
• Probability density function:
Fig. 2. Dispersion of Allan variance estimates for a pure white frequency
noise and their edf ν (65536 samples @ 1 s).

e−X/2
p(X) = √
2πX
•

The estimate of the Allan variance may be calculated as:
σ̂y2 (τ ) =

N
1 X
2
(ȳ2 − ȳ1 ) .
2N i=1

The pdf is normalized:
Z ∞
p(X)dX = 1

(6)

•

B. Model world and measure world
Let us define:
• θ as the model parameter
• ξ as a measure of the parameter
(see figure 3.A).
As an example, we could consider the true value
σy2 (τ = 10 s) = h0 /20 (where h0 is the white FM level) as
a parameter; σ̂y2 (τ ) is a measure of σy2 (τ = 10 s).

(8)

0
•

Since ȳ2 and ȳ1 are Gaussian centered values,
• then ȳ2 − ȳ1 is a Gaussian centered value,
2
2
• so (ȳ2 − ȳ1 ) obeys a χ1 distribution,
N
1 X
2
(ȳ2 − ȳ1 ) is a χ2ν distribution with
• therefore
2N i=1
ν = N if the ȳi samples are independent, with ν < N
otherwise.
ν is the number of Equivalent Degrees of Freedom (EDF).
The χ2ν distributions have the following properties:
2
• E(χν ) = ν
√
2
2
• Var(χν ) = 2ν (→ Std(χν ) =
2ν).
As shown by figure 2, the number of EDF reflects the AVAR
estimates dispersion. A method for assessing the EDF may be
found in [5].

(7)

Mathematical expectation:
Z ∞
X · p(X)dX = ν = 1

(9)

0
•

•

Cumulative distribution function:
Z X
Γinc (1/2, X/2)
√
P (X) =
p(y)dy = 1 −
π
0

(10)

Inverse cdf:

√
P −1 (α) = 2Γ−1
inc 1/2, π(1 − α)

(11)

This relationship is useful for getting the bounds of a
confidence interval.
How is the reduced variable X of the relationships (7) to (10)
related to the measure ξ and the model parameter θ?
2) Parameter, measure and reduced variable: Let us consider the standard χ21 variable X = x2 where x is a Gaussian
centered standard random variable
 
X
E(X) = ν = 1 ⇒ E
= 1.
(12)
ν
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It is well known that:
1) σ̂y2 (τ ) = ξ is χ21 distributed
2) ξ is an unbiased estimator of the parameter σy2 (τ ) = θ.

Therefore:

 
ξ
E
= 1.
θ

(13)

We can then define the reduced variable X as:
ξ
ξ
X=ν = .
θ
θ
The differential dX is then:
∂X
∂X
dX =
dξ +
dθ.
∂ξ
∂θ

(14)

(15)

3) Conditional probabilities in the model world (direct
problem): The parameter θ is a constant. Let θ = θ0 , the
differential dx is then:
ν
1
dX = dξ = dξ.
(16)
θ0
θ0
From (16) and the relationships (7) to (9) it comes:
• Conditional probability density function:
(3.A)

e−ξ/(2θ0 )
.
p(ξ|θ0 ) = √
2πθ0 ξ
•

(17)

ξ is unbiased:
Z

∞

ξ · p(ξ|θ0 )dξ = θ0 .

E(ξ) =

(18)

0
•

Logarithmic mean:
e

E[ln(ξ)]

∞

Z
=


ln(ξ) · p(ξ|θ0 )dξ

exp
0

e−C
θ0 ≈ 0.2807 · θ0
(19)
2
where C is the Euler constant : C ≈ 0.57722.
Thus, the mathematical expectation of the log of the measure doesn’t converge to the log of the parameter. Therefore,
there is a significant bias for log-log representation (and fit):
let us call it the “log-log bias”.
4) Conditional probabilities in the measure world (inverse
problem): The measure ξ is a constant. Let ξ = ξ0 , the
differential dX is then:
ξ0
dX = − 2 dθ.
(20)
θ
From (20) and the relationships (7) to (9) it comes:
• Conditional probability density function:
r
ξ0 −ξ0 /(2θ)
p(θ|ξ0 ) =
e
.
(21)
2πθ3
• There is no mean value:
Z ∞
E(θ) =
θ · p(θ|ξ0 )dθ
(22)
=

(3.B)

(3.C)
Fig. 3.
A: Model parameter and measure for a χ21 distribution (106
realizations of θ ·χ21 for θ = 10k and −3 < k < +9). B: Measure dispersion
for a parameter θ0 ≈ 1. C: Model parameter values for a measure ξ0 ≈ 1.

0

•

doesn’t converge!
Logarithmic mean:
E[ln(θ)]

e

Z
=

∞


ln(θ) · p(θ|ξ0 )dθ

exp
0

=
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2eC ξ0 ≈ 3.562 · ξ0

(23)

ν
1
2
3
4
5
6
7
8
9
10

In the measure world also, the mathematical expectation
of the log of the parameter doesn’t converge to the log of
the measure. However, this bias is exactly the inverse of the
log-log bias defined above. This implies that we just have to
renormalize the measure by the log-log bias for getting both an
unbiased estimator in the model world and a mathematical
expectation of the parameter equal to the measure in the
measure world.

E(θ)/ξ0
∞
∞
3.00000
2.00000
1.66667
1.50000
1.40000
1.33333
1.28571
1.25000

D. Generalization to a χ2ν distribution

•

E(ξ) = θ0

(26)

B IASES AND 95 % CONFIDENCE INTERVAL BOUNDS VERSUS EDF ν.

h
 ν i
2
exp ψ (0)
θ0
ν
2

(27)

Log mean:

where ψ (0) (x) is the “digamma function” [7].
2) Measure world:
• Reduced variable:
ξ0
X=ν
θ
• Pdf:
νξ0
ν/2
ν ν/2 ξ e− 2θ
p(θ|ξ0 ) = ν/2 0
2 Γ(ν/2)θν/2+1
Mean (ν > 2):
E(θ) =
•

B97.5%
1018.26086
39.49783
13.90209
8.25735
6.01530
4.84911
4.14232
3.67017
3.33285
3.07978

Mean:

eE[ln(ξ)] =

•

B2.5%
0.19905
0.27108
0.32091
0.35896
0.38964
0.41524
0.43715
0.45624
0.47312
0.48821

TABLE II

These results can be extended to any χ2ν distribution regardless of the number of degrees of freedom ν.
1) Model world:
• Reduced variable
ξ
(24)
X=ν
θ0
• Pdf:
νξ
ν ν/2 ξ ν/2−1 e− 2θ0
(25)
p(ξ|θ0 ) =
ν/2
2ν/2 Γ(ν/2)θ0
•

eE[ln(θ)] /ξ0
3.56213
1.78108
1.44625
1.31043
1.23754
1.19222
1.16137
1.13902
1.12210
1.10885

ν
ξ0
ν−2

Fig. 4.

(28)
On the other hand, for a measure ξ0 (with ν = 1):
(29)

(30)

Log mean:

h
 ν i
ν
exp −ψ (0)
ξ0
(31)
2
2
Table II and figure 4 show the biases and the 95 %
confidence interval versus edf.
eE[ln(θ)] =

III. D ISCUSSION
A. A “log-unbiased” estimator
We know that σ̂y2 (τ ) is an unbiased estimator of σy2 (τ ).
However E [ln(ξ)] 6= ln(θ0 ) and eE[ln(ξ)] 6= θ0 . Similarly,
E [ln(θ)] 6= ln(ξ0 ) and eE[ln(θ)] 6= ξ0 .
Let us define a new estimator L̂θ as (with ν = 1):
L̂θ = ln(3.5625 · ξ) = ln(ξ) + 1.2705.

(32)

The mathematical expectation of L̂θ is then:
< L̂θ >= ln(θ0 )
L̂θ is then an unbiased estimator of ln(θ0 ).

Biases and 95 % confidence intervals versus edf ν.

(33)

E [ln(θ)] = ln(3.5625 · ξ0 ) = L̂θ .

(34)

The mathematical expectation of ln(θ) is equal to L̂θ .
Therefore, eL̂θ is a log-unbiased estimator of θ. For
fitting a log-log plot, it’s then better to use this “log-unbiased
estimator” rather than ln(ξ0 ).
B. Fitting an Allan variance curve
Figure 5 displays the AVAR estimates (black ×) as well
as the log-unbiased estimates (green circles) of a simulated
oscillator. Fitting the AVAR estimates rather than the logunbiased estimates leads to a significant underestimation of
the long term asymptotes (τ and τ 2 asymptotes) and therefore
of the very long term stability of the oscillator.
C. Simulation results
1) Pure random walk FM: We simulated 3,500 sequences
of pure random walk FM with a unit noise level:
• Model parameter: h−2 = 1 arbitrary unit
• Fit over classical estimates: < ĥ−2 >= 0.911 a.u. (-8.9
%)
• Fit over log-unbiased estimates: < ĥ−2 >= 0.991 a.u.
(-0.9 %)
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In this case, the estimation of the random walk FM noise
level is drastically improved by the use of the log-unbiased
estimates since the random walk asymptote is fitted over the
very last tau values which are significantly affected by the
log-log bias.
IV. C ONCLUSION

Fig. 5.

Example of log-log fit (obtained with SigmaTheta-1.2).

The estimation of the random walk noise level is clearly
better with the fit over the log-unbiased estimates, but the
estimation of h−2 over the classical estimates is only slightly
underestimated because it is based on all estimates, including
those obtained for low tau values that are little biased.
2) White FM + random walk FM: We simulated 10,000
sequences of a combination of white FM and random walk
FM in such a way that the random walk FM is the dominating
noise over the last decade.
• Model parameter:
– h0 = 1 a.u.
– h−2 = 1.5 · 10−5 a.u.
• Fit over classical estimates:
– < ĥ0 >= 0.969 a.u. (-3.1 %)
– < ĥ−2 >= 1.01 · 10−5 a.u. (-33 %)
• Fit over log-unbiased estimates:
– < ĥ0 >= 0.983 a.u. (-1.7 %)
– < ĥ−2 >= 1.42 · 10−5 a.u. (-5.5 %)

AVAR estimates are not biased and are easily fitted by
weighted relative least squares. However, ln(AVAR) estimates
are biased, and this “log-log bias” affects the fits performed
on log-log plots.
A log-unbiased estimator has been defined in such a way
that its log is an unbiased estimator of the log of the model
parameter. On a log-log AVAR plot, it’s then recommended to
fit the log-unbiased estimates rather than the classical AVAR
estimates.
The SigmaTheta software package (including log-unbiased
estimator) is available at the following url:
theta.obs-besancon.fr/spip.php?article103.
It is a free software developed under a GNU license for UNIX
and windows systems (authors: F. Vernotte, P.Y. Bourgeois,
F. Meyer).
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Abstract— In this paper the new algorithm for the prediction
of EAL (Echelle Atomique Libre) is presented. The effect of the
application of the new model for the prediction term on the EAL
frequency drift is quantified and presented together with its effect
on TAI and on the atomic clock weights.

I. I NTRODUCTION
The EAL (Echelle Atomique Libre) time scale is computed
at the BIPM as a weighted average of about 380 free running
atomic clocks spread world wide. The weighting algorithm is
designed to optimize long-term stability performance. At this
stage the time and frequency continuity of the scale is provided
by a time correction applied to each clock and calculated
with a frequency prediction based on clock past data. In the
present version of the algorithm the clock frequency prediction
is taken constant over a month interval for all type of clocks.
This simple approach does not take into account the frequency
drift affecting the atomic clocks. Comparing EAL frequency
to TT (Terrestrial Time, a time scale optimized for frequency
accuracy) a frequency drift is clear. In a previous work [1] the
role of the H-masers frequency drift as a possible source of
the EAL frequency drift was studied and quantified. The result
shown that the contribution of the H-masers to the drift is not
negligible and detected a frequency drift (aging) for the cesium
clocks at long term. In this paper we present a new model
for the prediction term taking into account the frequency drift
affecting the atomic clocks. This model is applied to all kind of
atomic clocks. The use of TT as reference and the possibility
to consider a longer past period to estimate the frequency drift
affecting the atomic clocks are investigated. The effect of the
application of the new model for the prediction term on the
EAL frequency drift is quantified and presented together with
the effect on the atomic clock weights. In section II a brief
summary of the calculation of Coordinated Universal Time
(UTC) and International Atomic Time (TAI) is presented; the
present performance of EAL in term of stability with respect
to TT is discussed in section III; in section IV the present
and the new prediction algorithms are predented; particular
attention is put on the parameter estimation given in section
V. A discussion on the choice of TT and EAL as frequency
references and on the length of the evaluation period is given
respectively in sections VI and VII. The section VIII considers
the effect of the new prediction algorithm on TAI and on the
clock weights.
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II. T HE CALCULATION OF UTC AND TAI
The various time laboratories realize a stable local time
scale using individual atomic clocks or a clock ensemble.
Clock readings are then combined at the BIPM through an
algorithm designed to optimize the frequency stability and
accuracy and the reliability of the time scale beyond the level
of performance that can be realized by any individual clock
in the ensemble. An efficient algorithm is necessary for the
statistical generation of the world reference time scale. The
algorithm ALGOS [2]- [5] is used in the Time Department
of the BIPM to generate, monthly, the international reference
UTC. The calculation of UTC using ALGOS is carried out in
three steps:
∙ The free atomic time scale EAL is computed as a
weighted average of about 380 free-running atomic clocks
spread world-wide. A clock weighting procedure has been
designed to optimize the long-term frequency stability of
the scale.
∙ The frequency of EAL is steered to maintain agreement
with the definition of the SI second, and the resulting
time scale is TAI. The steering correction is determined
by comparing the EAL frequency with that of primary
frequency standards (PFS).
∙ Leap seconds are inserted to maintain agreement with the
time derived from the rotation of the Earth. The resulting
time scale is UTC.
Different algorithms can be considered depending on the
requirements on the scale; for an international reference such
as UTC, the requirement is extreme reliability and long-term
frequency stability. UTC therefore relies on the largest possible
number of atomic clocks of different types, located in different
parts of the world and connected in a network that allows
precise time comparisons between remote sites. Each month
the differences between the international time scale UTC and
the local time scales UTC(k) maintained at the contributing
time laboratories are reported at 5-day intervals in the official
document called BIPM Circular T [6]. The original algorithm
ALGOS for defining EAL gives the difference between EAL
and each participant clock:
𝑥𝑗 (𝑡) = 𝐸𝐴𝐿(𝑡) − ℎ𝑗 (𝑡) =

𝑁
∑

𝑤𝑖 [ℎ′𝑖 (𝑡) − 𝑥𝑖,𝑗 (𝑡)]

(1)

𝑖=1

where N is the number of participating clocks, 𝑤𝑖 the relative
weight of clock 𝐻𝑖 , ℎ𝑖 (𝑡) is the reading of clock 𝐻𝑖 at time
𝑡, and ℎ′𝑖 (𝑡) is the prediction of the reading of clock 𝐻𝑖 that

serves to guarantee the continuity of the time scale. The data
used by ALGOS and reported in (1) take the form of the time
differences between readings of clocks, written as:
𝑥𝑖,𝑗 (𝑡) = ℎ𝑗 (𝑡) − ℎ𝑖 (𝑡)

(2)

The weight attributed to a clock reflects its long-term stability,
since the objective is to obtain a weighted average that is more
stable in the long term than any of the contributing elements
[7]- [8]. Clock weights are determined from the variance of
monthly average frequencies, constrained to a maximum value
to avoid a few very stable clocks becoming dominant in the
scale.
III. EAL FREQUENCY DRIFT ANALYSIS
TT provides a stable and accurate reference [9]- [10] for
characterizing the performance of EAL frequency and for
quantifying the frequency drift of the H-masers and the cesium
clocks. TT is a time scale optimized for frequency accuracy,
evaluated annually by making use of all available primary
frequency standard data reported to the BIPM by national
laboratories. By comparing the relative frequency of EAL with
respect to TT a frequency drift of about -1.3x10−17 /day is
clear. In a previous work [1] the possible reasons of the EAL
frequency drift have been investigated and the role of the
unmodelled drift of the H-masers has been quantified. Tests
over a 3-year period (2006-2008) have been performed by
calculating EAL without H-masers and the results seem to
indicate that the H-masers could be responsible for 40% of the
drift of EAL. We have used TT(BIPM) as the reference for
characterizing the frequency drift of the H-masers and of the
cesium clocks. The mean value for the H-masers frequency
drift is -4x10−16 /day whereas for the cesium clocks it is 1x10−17 /day. Even if the frequency drift (or aging) observed
for the cesium clocks is smaller than that for the H-masers,
the cesiums represent about 80% of the weight of the clocks
participating in the calculation of EAL, and consequently their
impact on the frequency drift of EAL is more significant than
that of the H-masers.
IV. P REDICTION A LGORITHM
In this section we will present the prediction algorithm used
at present in ALGOS and the new proposed version. In the
generation of a time scale, the prediction of the atomic clock
behavior plays an important role, in fact the prediction is useful
to avoid or minimize the time and frequency jumps of the time
scale when a clock is added or removed from the ensemble or
when its weight changes.
A. The prediction algorithm in ALGOS
Considering two successive intervals of TAI calculation
𝐼𝑖−1 (𝑡𝑖−1 , 𝑡𝑖 ) and 𝐼𝑖 (𝑡𝑖 , 𝑡𝑖+1 ) we impose several conditions
on the prediction term ℎ′𝑖 (𝑡) at time 𝑡𝑖 to avoid or minimize time and frequency jumps in the resulting time scale.
ALGOS operates in a post-processing mode, treating as a
whole measurements taken over a basic period of 𝑇 =30 or 35
days. For each one-month period, the results are the quantities
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𝑥𝑖 (𝑡𝑖 + 𝑛𝑇 /6) (or 𝑥𝑖 (𝑡𝑖 + 𝑛𝑇 /7)) with 𝑛 = 0, ..., 6 (or
𝑛 = 0, ..., 7) for each clock 𝐻𝑖 . The least squares slope of
these quantities is referred to as the frequency 𝐵𝑖,𝐼𝑖 (𝑡𝑖 + 𝑇 )
of the clock 𝐻𝑖 , relative to EAL, for the one-month interval
𝐼𝑖 = [𝑡𝑖 , 𝑡𝑖 + 𝑇 ]. The correction term ℎ′𝑖 (𝑡) for clock 𝐻𝑖 is the
sum of two terms:
ℎ′𝑖 (𝑡) = 𝑎𝑖,𝐼𝑖 (𝑡𝑖 ) + 𝐵𝑖𝑝,𝐼𝑖 (𝑡 − 𝑡𝑖 )

(3)

where 𝑎𝑖 (𝑡𝑖 ) is the time correction relative to EAL of clock
𝐻𝑖 at date 𝑡𝑖 :
𝑎𝑖,𝐼𝑖 (𝑡𝑖 ) = 𝐸𝐴𝐿(𝑡𝑖 ) − ℎ𝑖 (𝑡𝑖 ) = 𝑥𝑖 (𝑡𝑖 )

(4)

𝐵𝑖𝑝,𝐼𝑖 (𝑡 − 𝑡𝑖 ) is the frequency of clock 𝐻𝑖 , relative to EAL,
predicted for the period 𝐼𝑖 = [𝑡𝑖 , 𝑡] and (𝑡 − 𝑡𝑖 ) = 𝑛𝑇 /6 (or
𝑛𝑇 /7) with 𝑛 = 0, ...., 6 (or 𝑛 = 0, ..., 7). At present, the
predicted frequency 𝐵𝑖𝑝,𝐼𝑖 (𝑡) for 𝑡 included in 𝐼𝑖 = [𝑡𝑖 , 𝑡𝑖 +
𝑇 ] is kept constant for the whole one-month interval. It is
chosen to be the frequency computed for the previous onemonth interval 𝐼𝑖−1 = [𝑡𝑖 − 𝑇, 𝑡𝑖 ], that is to say, the least
squares slope of 𝑥𝑖 (𝑡𝑖 − 𝑇 + 𝑛𝑇 /6) (or 𝑥𝑖 (𝑡𝑖 − 𝑇 + 𝑛𝑇 /7))
with 𝑛 = 0, ...., 6 (or 𝑛 = 0, ..., 7). This is a one-step linear
prediction written as 𝐵𝑖𝑝,𝐼𝑖 (𝑡) = 𝐵𝑖 (𝑡𝑖 ) for 𝑡 = 𝑡𝑖 + 𝑛𝑇 /6 (or
𝑡 = 𝑡𝑖 + 𝑛𝑇 /7), 𝑛 = 0, ...., 6 (or 𝑛 = 0, ..., 7). The assumption
that clock 𝐻𝑖 is most likely to behave over the coming onemonth interval as it did on the previous one is linked to the
choice of the sample duration T.
B. The new prediction algorithm
To evaluate the effect of the prediction in EAL frequency
drift and to better describe the long term behavior of the Hmasers and the cesium clocks we present here a new clock
frequency prediction algorithm [11]- [12]. Considering two
successive intervals of calculation of TAI 𝐼𝑖−1 (𝑡𝑖−1 , 𝑡𝑖 ) and
𝐼𝑖 (𝑡𝑖 , 𝑡𝑖+1 ) we impose several conditions on the prediction
term ℎ′𝑖 at time 𝑡𝑖 to avoid or minimize time and frequency
jumps in the resulting time scale. Instead of the linear term
used in ALGOS we consider a quadratic behavior:
1
ℎ′𝑖 (𝑡) = 𝑎𝑖,𝐼𝑖 (𝑡𝑖 ) + 𝐵𝑖𝑝,𝐼𝑖 (𝑡 − 𝑡𝑖 ) + 𝐶𝑖𝑝,𝐼𝑖 (𝑡)(𝑡 − 𝑡𝑖 )2 (5)
2
To the linear relation (3) we add the last term of (5) to describe
the frequency drift affecting the H-masers and the long term
behavior of cesium clocks. To evaluate the parameters in (5)
we assume at time 𝑡𝑖 the following conditions on ℎ′𝑖 :
1) no time steps by imposing the continuity of EAL;
2) no frequency steps by imposing the continuity to the
first derivative of EAL;
3) no change in frequency drift by imposing the continuity
to the second derivative of EAL.
We obtain a system of three equations with three variables
and solving this system we obtain that the relation (5) can be
expressed by the following relationship:
ˆ𝑖𝑝,𝐼 (𝑡 − 𝑡𝑖 )
𝑎𝑖,𝐼𝑖 (𝑡𝑖 ) + 𝐵
(6)
ℎ̂′𝑖 (𝑡) = ˆ
𝑖
1ˆ
1ˆ
+ 𝐶𝑖𝑝,𝐼𝑖−1 (𝑡)(𝑡𝑖 − 𝑡𝑖−1 )(𝑡 − 𝑡𝑖 ) + 𝐶𝑖𝑝,𝐼𝑖 (𝑡)(𝑡 − 𝑡𝑖 )2
2
2

ˆ𝑖𝑝,𝐼 (𝑡)(𝑡𝑖 − 𝑡𝑖−1 )(𝑡 − 𝑡𝑖 )
ˆ𝑖𝑝,𝐼𝑖 (𝑡 − 𝑡𝑖 ) + 1 𝐶
𝐵
𝑖−1
2

(7)

ˆ𝑖𝑝,𝐼 (𝑡 − 𝑡𝑖 ) is the estimated frequency at
and in particular 𝐵
𝑖
the middle of the interval.
V. T HE PARAMETER ESTIMATION
The relationship (6) describing the correction applied to
the atomic clocks is composed by three parameters. A very
important point of this work is the optimization of the estimation procedure. In particular the estimation of the frequency
drift needs particular attention. The estimation of the time
correction 𝑎𝑖 (𝑡𝑖 ), added to avoid time jumps, is given by the
last known point of the difference between EAL and each
clock and expressed by the following formula:
ˆ
𝑎𝑖,𝐼𝑖 (𝑡𝑖 ) = 𝐸𝐴𝐿(𝑡𝑖 ) − ℎ𝑖 (𝑡𝑖 ) = 𝑥𝑖 (𝑡𝑖 )

(8)

From the theoretical point of view the best estimation of the
mean frequency 𝐵𝑖𝑝,𝐼𝑖 is the difference between the last and
the first point on the interval duration of the clock data respect
to EAL as expressed by the following relationship:
ˆ𝑖𝑝,𝐼 = 𝑥𝑖 (𝑡𝑖+1 ) − 𝑥𝑖 (𝑡𝑖 )
𝐵
𝑖
𝑡𝑖+1 − 𝑡𝑖

(9)

In order to estimate the frequency drift of atomic clocks under
the hypothesis that it remains constant on one month interval
the choice of the frequency reference is very important. In the
following part of the paper we will discuss about the difference
on the use of EAL and TT as frequency reference and we will
show the improvement in EAL stability when TT is used. If
the phase data (𝐸𝐴𝐿 − ℎ𝑖 ) have been used to estimate the
time and frequency corrections the frequency data 𝑦𝑇 𝑇 −ℎ𝑖 of
the clock respect to TT are used to estimate the drift. The
calculation of the drift is carried out by three steps:
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y(EAL)−y(TT)
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Quad. Pred. EAL
Quad. Pred. TT
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71
Normalized Frequency 10−14

The physical meaning of the terms present in (6) is:
∙ ˆ
𝑎𝑖,𝐼𝑖 is the estimation of the time correction relative to
EAL of clock 𝐻𝑖 at date 𝑡𝑖
ˆ𝑖𝑝,𝐼 is the estimation of the frequency of clock 𝐻𝑖 ,
∙ 𝐵
𝑖
relative to EAL, predicted for the period [𝑡𝑖 , 𝑡]
ˆ𝑖𝑝,𝐼 is the estimation of the frequency drift of the clock
∙ 𝐶
𝑖
𝐻𝑖 , relative to a frequency reference, predicted for the
period [𝑡𝑖 , 𝑡]
ˆ𝑖𝑝,𝐼
∙ 𝐶
is the estimation of the frequency drift of the
𝑖−1
clock 𝐻𝑖 , relative to a frequency reference, predicted for
the period [𝑡𝑖−1 , 𝑡𝑖 ] .
Two aspects are very important in this relation; the first is that
we consider a constant drift during the calculation interval;
the second is that with respect to the linear prediction the
frequency does not remain constant during the interval. The
parameters described above are considered constant during
the calculation interval, but to avoid a frequency jump the
frequency at the end of an interval and at the beginning of
the next one should be the same. The frequency at the end of
the interval is expressed by the addition of the second and the
third term in the relation (6):
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Fig. 1. y(EAL)-y(TT) calculated by applying the linear prediction (blue line),
the quadratic prediction with EAL as frequency reference (green line) and the
quadratic prediction with TT as frequency reference (red line).

∙

∙
∙

The frequency data of the clock respect to TT (𝑦𝑇 𝑇 −ℎ )
is filtered with a moving average of 15 days in order
to remove the white frequency noise and better estimate
the frequency drift. The obtained filtered data are called
𝑦 𝑇 𝑇 −ℎ𝑖
The drift for all kind of clocks is estimated by using 4
months of 𝑦 𝑇 𝑇 −ℎ𝑖
The relationship used to estimate the frequency drift is:
ˆ𝑖𝑝,𝐼 =
𝐶
𝑖

𝑦 𝑇 𝑇 −ℎ𝑖 ,𝑖 (𝑡𝑖+1 ) − 𝑦 𝑇 𝑇 −ℎ𝑖 ,𝑖 (𝑡𝑖 )
𝑡𝑖+1 − 𝑡𝑖

(10)

In the described procedure the biggest impact on the estimation
of the drift is given by the choice of the frequency reference
and by the choice of the length of the evaluation interval. The
next part of this paper will be dedicated to discuss and develop
these points.
VI. EAL AND TT AS FREQUENCY REFERENCE FOR THE
DRIFT ESTIMATION

In this section the use of EAL an TT as frequency reference
is discussed. TT-ℎ𝑖 is determinated by the sum of TT-EAL,
given by the calculation of TT, and EAL-ℎ𝑖 . To evaluate the
EAL performance, the EAL frequency (y(EAL)) is compared
to TT frequency (y(TT)) which is a more accurate reference. In
Fig. 1 the results of a test performed using 5 years of data from
January 2006 to July 2010 are reported. EAL is obtained with
the linear prediction (blue line) and quadratic predictions with
the drift evaluated considering EAL (green line) and TT (red
line) as frequency reference. The new prediction algorithm has
been applied by using the described procedure with 6 months
of past data to evaluate the frequency drift. The corresponding
Allan deviations are reported in Fig.2. It is clear from the
stability analysis that the use of EAL as frequency reference
for the prediction has a negative impact on EAL performance
while when TT is used as frequency reference the stability
of EAL is clearly improved and the frequency drift affecting
EAL is almost completely removed. To investigate the reasons
of this result the comparison between the frequency drifts
obtained by using EAL and TT as frequency references has
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Fig. 2.
Stability analysis of y(EAL)-y(TT) corresponding to the data
presented in the Fig. 1.
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Fig. 4. With the red line the frequency drift calculated by using TT and with
the blue line those obtained by using EAL are reported for the H-Masers.
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Fig. 3. With the red line the frequency drift calculated by using TT and
with the blue line those obtained by using EAL are reported for the cesium
clocks.

been made. In the next paragraph a summary of these studies
will be presented. Considering the results obtained by using
EAL and TT as frequency references it has been decided to
choose TT as frequency reference to estimate the frequency
drift of the H-Masers and the aging affecting the cesium
clocks.
A. Drift Analysis
In this paragraph the difference between the drifts evaluated
by using EAL and TT as frequency reference is investigated
and explained. During the test period (2006- July 2010) the
frequency drift has been calculated for all kind of clocks.
Considering the mean value of the drift for about 200 cesium
clocks (Fig. 3) and 35 H-Masers (Fig. 4) on the calculation
period obtained by using EAL (blue line) and TT (red line) a
systematic difference is observed. This is due to the fact that
the freqency drift of EAL affects the estimation of the clock
behaviour so invalidating it as a good reference.
VII. T HE LENGTH OF THE EVALUATION PERIOD
In this section a study on the optimization of the length
of the evaluation interval to estimate the frequency drift is
presented. Considering the correlation at short term between
TT and EAL it is not possible to use one month of data to
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Fig. 5. y(EAL)-y(TT) obtained by using the quadratic algorithm with 3 (green
line), 4 (light blue line), and 6 (red line) months of past data to evaluate the
drift.

estimate the drift. A test was performed on 5 years of data
by using 3, 4 and 6 months of past data to evaluate the
drift. The results are compared using the stability of EAL
as reference parameter. In Fig. 5 y(EAL)-y(TT) obtained by
using the quadratic prediction algorithm with 3 (green line),
4 (light blue line), and 6 (red line) months of past data to
evaluate the drift is reported. The zoom of this figure is
reported in Fig. 6 in order to show the impact of the use
of difference length of past period in the new prediction
algorithm to evaluate the frequency drift during the test period.
From the results reported in Fig. 5 we can conclude that
the EAL frequency drift is almost completely removed. If we
compare the results obtained by using a different number of
the months (Fig. 6) to evaluate the frequency drift it seems
to have similar performance, in fact not big differences are
observed among the results. To better evaluate this effect the
stability analysis of EAL respect to TT in term of frequency
is reported for the previous data. A substantial improvement
of the EAL performance by using the quadratic prediction in
term of stability is observed in Fig. 7. The Allan deviation of
EAL respect to TT shows an aging or residual drift of about
1x10−18 /day (1 order of magnitude less than the present case)
not easily characterized and a possible random walk. The value
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Fig. 6. A zoom of y(EAL)-y(TT) obtained by using the quadratic algorithm
with 3 (green line), 4 (light blue line), and 6 (red line) months of past data
to evaluate the drift.
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Fig. 8. The evolution of the drift obtained by using 3 (blue line), 4 (green
line), and 6 (red line) months of past data for one cesium clock is reported.
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Fig. 9. The evolution of the drift obtained by using 3 (blue line), 4 (green
line), and 6 (red line) months of past data for one H-maser is reported.

of the frequency stability at 5 days by using a linear prediction
is between 5.9x10−17 and 4.8x10−16 at 40 days. With the
new prediction algorithm the obtained values for the stability
are 2.5x10−17 at 5 days and 1.8x10−16 at 40 days. In Fig. 7
with the violet line the stability analysis of the data obtained
with the linear prediction algorithm and a linear frequency
drift removed is reported. The obtained results are consistent
with those obtained by using the quadratic prediction so we
can conclude that the linear frequency drift affecting most of
the clocks composing the ensemble is removed. A non linear
component of the drift could be present but since it cannot be
easily estimated it has not been considered for the moment. We
can also conclude that the EAL performance does not change
by using a different past period. In the following subsection
the frequency drifts affecting the cesium clocks and the Hmasers will be caracterized to show the difference between
them and to make some conclusions about the optimization of
the length of the past period to estimate the frequency drift.

past data respectively for one cesium clock and one H-maser
is presented. By analyzing the drift evolution of the cesium
clocks (see Fig. 8) very stable drifts or drift carachterized
by very small instabilities are observed. The situation is very
homogeneous for most of the clocks. A very different situation
is observed for the H-masers (see Fig.9) in fact the behavior
of the drift can be characterized by important instabilities, and
also important differences are present between different clocks.
In the case of H-masers a long past period (6 months) is not
recommended to estimate the frequency drift.
B. The length of the evaluation period
Considering that:
∙

∙

A. Drift analysis of the cesium clocks and H-masers
During the test period (5 years) the frequency drift has been
calculated in one month interval for cesium clocks and Hmasers and time series are obtained. In Figs. 8 and 9 one
example of the behavior of the frequency drift obtained by
using 6 (red line), 3 (blue line) and 4 (green line) months of
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∙

the stability of EAL calculated with the new prediction
algorithm does not change significantly by using 3, 4 or
6 months of past data to evaluate the frequency drift.
the use of a long past period is not recommended (HMasers)
In the weight algorithm the clocks are studied during 4
months before being included in the calculation.

We conclude that the period equal to 4 months is adeguate for
the drift prediction.
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Fig. 10. The value of 𝑑 as published in Circular T is reported with the blue
line. The red line shows the values of 𝑑 calculated by applying new prediction
algorithm without frequency corrections and with the dark line the values of
𝑑 obtained with corrections equal to -0.6x10−15 for the first 7 months.

VIII. T HE EFFECT OF THE NEW PREDICTION ALGORITHM
ON TAI AND ON THE WEIGHTS
In this paragraph we will present an analysis of the effects
of the new prediction algorithm on TAI behavior and on the
weights.
A. The effect on TAI
TAI is a realization of coordinate time TT. In Section 4 of
Circular T [6] the fractional deviation 𝑑 of the scale interval of
TAI from that of TT based on all available PFS measurements
is reported. In Fig. 10 the values of 𝑑 as published in Circular
T are plotted with the blue line. The red line shows the values
of 𝑑 calculated by applying the new prediction algorithm
without frequency corrections; the dark line shows the values
of 𝑑 obtained again by using the new prediction algorithm with
frequency corrections equal to -0.6x10−15 applied only for 7
months of the test period (5 years), after that no corrections
are applied. We can conclude that no big differences are
observed between TAI and EAL after the application of the
new prediction algorithm and only small adjustments of the
frequency of EAL are required to obtain TAI.
B. The effect of the weights
The weight algorithm has not been changed during the test
period and it seems that the new prediction algorithm has a
little effect on the weights. In Fig. 11 the number of the clocks
(H-masers and Cesium clocks) with the maximum weight are
reported as obtained by using the linear and the quadratic
predictions. The results are reported respectively with the dark
and green lines for the H-masers and with the blue and red
lines for the Cesium clocks.
IX. C ONCLUSION
A new mathematical expression for the prediction has been
found including the treatment of the frequency drift. A test for
the 5-year period has been done applying quadratic prediction
to all atomic clocks and by using 4 months of past data to
evaluate frequency drift. Different past periods to evaluate the
frequency drift have been tested and the obtained results have
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Fig. 11. The number of the clocks (H-masers and Cesium clocks) with
maximum weight are reported as obtained by using the linear and the quadratic
predictions. The results are reported respectively with the dark and green lines
for the H-masers and with the blue and red lines for the Cesium clocks.

been compared. The EAL perfomance has clearly improved
and its frequency drift has been almost completely removed.
EAL still shows a residual drift which is 1 order of magnitude
smaller than before that it is not easily estimated and that is
has not been removed. This residual drift can be due to a nonlinear signature caracterizing the drift and not included in the
model. The effect on TAI of the new prediction algorithm is
discussed and now only small adjustments of the frequency
of EAL could be necessary to obtain TAI. The new prediction
algorithm has little impact on the weights; a revision of the
weight algorithm is advisable to increase the role of the Hmasers in the time scale ensemble for the future.
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Abstract— The performance of the GPS constellation is modeled
using four possible ensembles of monitor site clocks and two
different versions of the composite clock algorithm. The
analysis of our previous paper [1] is scrutinized; the conclusion
remains that the improvements due to improved station clocks
are minimal if the “Greenhall” algorithm is used for the
composite clock. The response to a satellite and monitor station
time step is investigated. Furthermore, the proportional process
noise case is studied for different initial covariances.

I.

INTRODUCTION

The GPS control segment consists of 17 monitor
stations. The monitor stations at USNO, Washington
DC, and Schriever AFB are referenced to masers, while
all other stations are equipped with HP 5071 cesium
clocks [7]. USNO is planning to replace the maser
references in Washington and Schriever with rubidium
fountains. This paper uses a simplified model of the
operational GPS Kalman Filter, limited to clock
estimates, to investigate the impact of improved monitor
station clocks on the GPS timing performance.
II.

SIMULATION OF THE GPS WORKFLOW

Using the GPS toolkit software [2], the positions of 31
satellites are modeled based on the GPS almanac file of
week 531. The satellites are equipped with Rubidium
Atomic Frequency Standards (RAFS).
The
measurements are simulated with a 15-minute spacing,
a white Gaussian noise of 0.7 ns (1 sigma), and an
elevation angle mask of 20°. The measurement noise
models pseudorange measurements, which provide time
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information but are approximately 100 times noisier
than carrier phase data.
The clock parameters computed by the Kalman Filter
are uploaded to each satellite once a day as a broadcast
model. In this simulation we assume the update occurs
when the satellite is in view over Schriever AFB and the
clock broadcast parameters are older than 1 day.
For this work, only clock parameters are solved for. In
the operational filter, satellite orbit and other parameters
are simultaneously included and the correlations among
the full set of parameters would be expected to decrease
the precision of the derived solutions. This would most
likely decrease the differences we have computed
between the clock models. However, doubledifferencing between satellite and station pairs allows
one to solve for all other parameters without estimating
clocks, and to solve for clocks in a second solution
using the non-clock parameters as inputs.
A. Simulation of three Improved Monitor Station Clocks
and Satellite Clocks

Each clock is modeled with a three-state vector X(t),
which includes phase, frequency, and drift offset [3, 4].
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0 1 0
dX


(t )   0 0 1  X (t )  W (t )
dt
0 0 0



(1)

 q1

EW (t )W T (t )   0
0


0
q2
0

0

0   Q(0 s )
q3 

For numerical issues it is found to be useful to change
the units of the q values (Table 1), which are
conventionally given in second, to nanoseconds and
days:

(2)

with a deterministic zero start value, X(t0)=0, and W(t)
is the clock process noise. The three q’s measure the
noise contributions from white frequency modulation
(WFM), random walk frequency modulation (RWFM),
and random run frequency modulation (RRFM).
Four different types of monitor station clocks are
simulated: cesium, active hydrogen maser (AHM),
fountain clock and optical fountain clock. Their
stochastic components (q’s) together with the RAFS are
specified in Table 1, and were computed as in [1].
Typical Allan deviations are shown in Figure 1. The
values for these q’s should not be taken as authoritative
by any means, nor should the associated Allan
deviations be assumed as anything but a rough
approximation of the clocks.

Cesium
AHM

q2 RWFM
[s2/ s3]
4.44e-37
1.1e-35

q3 RRFM [s2/
s5]
5e-53
4.4e-51

Fountain
Optical Ftn
RAFS

2.5e-26
4.4e-27
1.0e-24

1.1e-37
1.1e-37
1.1e-35

1.1e-55
1.1e-55
2.8e-46

1018
q2
864003

  ns 2
1018
q

3
864005   d

ns 2
d3

ns 2 
d 5 

(3)

B. Composite Clock Algorithms – Brown and Greenhall

Two composite clock algorithms [5,6] are applied to
estimate the three states of the satellite and control
station clocks with respect to its implicitly defined time
scales. Since N clocks involve maximal N-1 linearly
independent measurements, each composite clock
algorithm includes a method to prevent the formal
covariance of the solution parameters from growing
without bound.
1) The Brown Composite Clock
It can be shown [5] that no measured quantity is
affected if the “Brown” Kalman Filter covariance
estimates B(C(t)) are reduced at each iteration step as
follows:

TABLE 1. CLOCK NOISE MODELS.

q1 WFM
[s2/ s]
2.50e-23
2.8e-26

 1018
q

1 1
 86400

B(C (t ))  C (t )  H ( H T C 1 (t ) H ) 1 H T

(4)

with
 1N

H   0N
0
 N

0N
1N
0N

0N 

0 N   R 3 Nx 3 and
1N 

1
 
1N      R N
1
 

(5)

.
0 N is a vector of N zeros. Each of the nine NxN

submatrices Cij with i, j   x, y, d  is subtracted by a
NxN matrix with a common element defined by cij
 C xx

C   C yx
C
 dx

C xy
C yy
Cdy

 C xx
C xd 


C yd   B (C )   C yx
C
Cdd 
 dx

C xy
C yy
Cdy

C xd   1N , N cxx 1N , N cxy 1N , N cxd 
 

C yd    1N , N c yx 1N , N c yy 1N , N c yd 
Cdd   1N , N cdx 1N , N cdy 1N , N cdd 

with

Figure 1. Allan deviation of one individual clock simulation of each
modeled type. It is assumed that the necessary resources are expended to
keep the masers and the optical fountains within their environmental
specifications, and that the receiver’s white phase pseudorange noise is
diluted by 8 independent simultaneous satellite measurements.

857

 cxx

( H T C 1 (t ) H ) 1   c yx
c
 dx

cxy
c yy
cdy

cxd 

c yd 
cdd 

and

(6)

1N , N

1  1


   R NxN
 
1  1



C xx*  C xx  1N (1TN C xx11N ) 11TN
(7)

The Brown reduction results in a series of reduced
covariances which are called:

CB (tk )  B( F (CB (tk 1 )))

Xˆ B (t0 )  0

and

CB (t0 )  1e10Q( )

CG (tk )  G ( F (CG (tk 1 )))

and

 x   xˆB 
 
X B   y    yˆ B 
d   ˆ 
   dB 

Xˆ G and X G .
C. Three Ground Segment Models

Table 2 outlines three different ground segment models
for the stability of the monitor station clocks.

(10)

TABLE 2. MODEL DEFINITION.

Model C

2) The Greenhall Composite Clock

Model M
Model F

The reduction method by Greenhall is similar; however,
it works only on the submatrix Cxx of the phase states
[6]. Using the auxiliary matrix
A 0

S   0 IN
0 0


Model O

0

0
I N 

(16)

Analogous to the Brown filter, the Greenhall estimates
and estimation errors or corrected ensemble are denoted

(9)

The resulting ensemble estimate and estimation error
(corrected ensemble) are denoted:

 xˆB 
 
Xˆ B   yˆ B 
ˆ 
 dB 

Running the Kalman filter with this reduction method
changes the phase estimates, but not the frequency and
drift estimates. The reduced covariance of the Greenhall
composite clock is defined by:

(8)

where the matrix function F models the Kalman filter
iteration. The initial values are

(15)

(11)

Cesiums at every station except for
AHMs at Schriever and USNO
AHMs at every station
Cesiums at every station except at
Schriever and USNO, where USNO
will maintain rubidium-based atomic
fountains
As in Model F, except that the “optical
fountains” have a factor of 2.4 less
WFM noise

with

A  ( I N  1N1TN (1TN C xx11N ) 1 )

Model C describes the current situation in GPS, Model
F represents the rubidium atomic fountains which the
USNO is planning to install at its two facilities in the
near future, and the other models represent possible
future scenarios.

(12)

the Greenhall reduction is defined by

G (C (t ))  SC (t ) S T

(13)

The matrix operation only affects the submatrixes
involving the phase-parts:

 Cxx

C   C yx
C
 dx

Cxy
*
*

 Cxx*
Cxd 


*   G (C )   Cxy AT

 Cxd AT
* 


ACxy
*
*

ACxd 

* 
* 

D. Time Scales

Both composite clocks define their time scales within
the Kalman filter. In case of the Greenhall composite
clock, the time scale weights are given by

(14)

wGT (t )  (1TN CG1, xx (t )1N ) 11TN CG1, xx (t )
with

with
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(17)

 CG , xx (t ) CG , xy (t ) CG , xd (t ) 


CG (t )   CG , yx (t ) CG , yy (t ) CG , yd (t ) 
 CG ,dx (t ) CG , dy (t ) CG ,dd (t ) 



(18)

and its time scale is

sysG (t )  wGT (t )( x(t )  xˆG (t ))

(19).

In contrast, the time scale of the Brown composite clock
is the phase of the implicit ensemble mean (IEM).
Using the Brown time state weight of all states
T

wBT (t )  (( H T CB1 (t ) H ) 1 H CB1 (t ))(1,:)

Figure 3 shows the accuracy of satellite prediction as a
function of age of data. Lower curves are 700 ps
receiver noise; upper are 1 ps noise case; the apparent
discrepancy is due to the smoothing.

(20),

the IEM is defined by

 x(t )  xˆ B (t ) 


sysB (t )  w (t )  y (t )  yˆ B (t ) 


ˆ
 d (t )  d B (t ) 
T
B

Figure 3. Impact of receiver noise on prediction error.

IV.
(21)

Unlike the Greenhall model, the Brown time scale
includes the corrected frequency and drift states.

TIMESCALE RESPONSE ON PHASE JUMPS

In order to investigate the impact of a phase step on the
time scales a phase step test is performed:
 Monitor station step of 100 ns at 8 day (clock
type depends on model)
 Satellite clock step of 100 ns at 10 day

III. IMPACT OF RECEIVER NOISE

Figure 2. Impact of receiver noise on Kalman filter estimate.

It is well known that the Kalman Filter acts as a
smoother to balance the noise in the data against the
process noise in the parameters. The impact of this
smoothing upon impulse response is shown in Figure 2.

Figure 4. Phase step impacts on Model C.

Figure 4 compares the resulting IEMs of Model C to the
nominal scenario. The impact of the monitor step at day
8, which is a cesium, is almost insignificant (~<0.5 ns)
and at the receiver noise level. However, the result of
satellite clock step is around (~2 ns). The different step
size is due to the different weighting of the clock
phases. Both algorithms act in a similar manner.

859

wBT (t )  ( wBT , x (t ) wBT , y (t ) wBT ,d (t ))

(24)

In case of PPN, the frequency and drift weights are
zero:

wBT , y (t )  wBT ,d (t )  0TN

Figure 5. Phase step impact on both IEMs of Model M.

Figure 5 shows the phase step impact on Model M. The
monitor station step (AHM) is significant and of size ~6
ns which is reflects the weighted step size
100ns/17=5.88ns using the fact that the 17 AHM carry
all the weight. Vice versa, the satellite clock step is
less, and ~0.5 ns. The Model M situation is switched
relative to the Model C situation which again is due to
the different weighting of the ensemble clocks. In the
case of Model M the monitor stations carry the most
weight, which is not the case for Model C.
V. COMPARISON OF BROWN AND GREENHALL ASSUMING THE
PPN CASE AND ITS INITALIZATIONI DEPENDENCY

Our previous paper [1] empirically showed that the two
covariance reduction methods of Brown and Greenhall
can be commutatively combined without affecting the
clock difference, frequency, or drift estimates. Within
[5] Brown studied a special type of ensemble which is
called the proportional process noise (PPN) case. Each
clock noise covariance can be expressed by a scalar
value and a 3x3 covariance:

Qi  si Q0

(22)

It is shown [5] that the phase of the Brown IEM is
identical to

(25)

By simulation the impact of the PPN case on the
Greenhall and Brown algorithm is studied. Identical Qi
values of the clock process noises are used, but with a
smaller system. The ensemble consists of seven clocks
and two clocks of the ensemble observe the remaining
five clocks at each measurement epoch. Different
initialization values of the ensemble covariance are
tested. The starting values are multiplies of the
ensemble noise covariance

C (t0 )  kQ

with

(26)

k  1e2,1e4,1e6,1e8,1e10,1e12

(27)

Figures 6 and 7 show the time and frequency state
weight of a observed clock 1:

wBT , x ,1 (t )

and

wBT , y ,1 (t ) .
The time state weights fall on each other for k <=1e8.
However, in case of k=1e10 and k=1e12 the weights
converge to the same final value (Figure 6). Focusing
on the frequency state weight (Figure 7), these values
are close to zero for k<=1e8, however there are biases
for k=1e10 and k=1e12. Recalling that the frequency
weights are zero in the PPN case,
we see large
differences for k=1e10 and k=1e12. In contrast, the
Greenhall time weight of observed clock 1 is not
affected by the different initial covariances. Figure 8
shows the difference of an observed clock 1 between
the time estimates of both algorithms. The time
differences are numerically zero for k<=1e8, while the
remaining two values (k=1e10 and k=1e12) result in
biased differences.

 x(t )  xˆB (t ) 
1

  1
1
T
sysB (t )  wB (t )  y (t )  yˆ B (t )       xi (23)

  i si  i si
ˆ
 d (t )  d B (t ) 
However, the Brown method weights corrected time,
frequency and drift states as well:
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The results suggest that both algorithms generate
identical estimates using proper initial values of the
covariance (k<=1e8).
VI. CONCLUSION

Figure 6. Weight of observed clock 1 time in Brown IEM phase, for 7-clock
ensemble.

The improvements due to improved station clocks are
minimal if the “Greenhall” algorithm is used for the
composite clock. Greenhall is generally superior,
although the two algorithms respond differently to
unanticipated clock variations. It is also noted that
several other timescale algorithms have great merit, but
have not been tested in this work. The study of the PPN
case shows the sensitivity of the Brown algorithm to the
initial values. It is suggested that the PPN case results in
identical estimates of both algorithms. Simulations
verify this behavior for a smaller ensemble using proper
initial covariances.
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Abstract— By strongly confining atoms in a two-dimensional
optical lattice, we have suppressed collisional frequency shifts in
a 87 Sr optical lattice clock.

I. S UPPRESSION OF COLLISIONAL FREQUENCY SHIFTS
Optical clocks based on atoms confined in optical lattices
provide a unique opportunity for precise study and measurement of quantum many-body systems. The state-of-theart optical lattice clock has reached an overall fractional
frequency uncertainty of 1 × 10−16 [1]. This uncertainty
is dominated by two contributions – atomic collisions and
blackbody radiation-induced frequency shifts. The densitydependent frequency shift arises from collisions between initially identical fermionic Sr atoms that are subject to slightly
inhomogeneous optical excitations during clock operation [2].
We have recently implemented a seemingly paradoxical solution to the collision-shift problem: with a strong atomic
confinement in one-dimensional tube-shaped optical traps, we
dramatically increase the atomic interactions. Instead of a
naively expected increase of collisional frequency shifts, these
shifts are increasingly suppressed [3]. The large atomic interaction strength creates an effective energy gap in the system
such that inhomogeneous excitations can no longer drive
fermions into a pseudo-spin antisymmetric state, and hence
their collisions and the corresponding frequency shifts are
suppressed. We demonstrate the effectiveness of this approach
by reducing the density-dependent frequency shift to the level
of 10−17 , representing more than a factor of ten reduction from
the previous record [2, 3]. In addition, we have observed wellresolved interaction sidebands separated from the main peak
of the clock transition, giving direct evidence for the removal
of the interaction energy from the clock carrier transition [4].
Control of atomic interactions at the level of 1 × 10−17 is
a testimony to our understanding of a quantum many-body
system and it removes an important obstacle for building a
high accuracy optical atomic clock based on such systems.
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Abstract— We present here experimental result showing that
an collisional shift that cannot be explained by mean-field effects.
We demonstrate that the latter results from subtle interaction
scheme in our cold atomic cloud, mathematically equivalent to
a fermionic collisional shift. We show agreement between theory
and experiment, and extract the relevant energy scales implied
in the collision process.

second Ramsey pulse. We find excellent agreement between
model and data. Thereby the data give evidence for the
predicted fermion collision shift and suggest that it should be
considered when designing future primary clocks.

A new definition of the SI second will built on optical
transitions. The interrogation of neutral fermionic atoms is
performed to increase the clock stability while controlling
the collisional shift. Theoretical efforts have been made in
order to predict and model a fermion collisional shift [1] [2]
[3]. For Ramsey interrogation, K. Gibble predicts a non-zero
collisional shift due to an energy-dependent Rabi frequency of
the driving pulse [2].
We apply his formalism to atoms in a harmonic trapping
potential and extend the theory to the case of a positiondependent Rabi frequency. The case of an energy-dependent
Rabi frequency can be viewed as the sideband-resolved limit of
our calculation. We numerically solve the equations of motion
for a complete Ramsey sequence. Just like in [2], we show
that during the first Ramsey pulse, the inhomogeneous Rabi
frequency coherently populates singlet and triplet states. Their
populations beat at the frequency corresponding to the singlet
state interaction energy. The time varying populations manifest
themselves through the so-called spin waves [4]. The second Ramsey pulse reveals signature of multiple interfometers
paths, whose beating is governed by this interaction energy
alongside with the trap frequency and its multiples in the
non-resolved sideband regime. This multiple path interference,
direct consequence of the Rabi frequency inhomogeneity,
results in a significant non-intuitive collisional shift when
varying the second pulse area. Furthermore, the shift is highly
non-linear at high atom density.
We verify our model by measurements of the
|F = 1, mF = −1i to |F = 2, mF = 1i transition in
magnetically trapped 87Rb atoms [5]. Because all scattering
lengths coincide within 5%, this boson is mathematically
equivalent to the fermion case. Spatial inhomogeneity of the
Rabi frequency is obtained by using the evanescent field
150m above a microwave stripline. We indeed observe spin
waves and a collisional shift that depends on the area of the
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Abstract—This paper describes an acoustic tweezers consisting
of a multi-foci Fresnel lens on 127 µm thick PZT sheet, designed
to capture micron-sized particles. The multi-foci Fresnel lens
was designed to have similar working mechanism as that of an
axicon lens to generate an acoustic Bessel beam and,
correspondingly, to generate negative axial radiation force
capable of trapping one or more microparticle(s). The
fabricated acoustic tweezers successfully trapped lipid particles
ranging in diameter from 50 to 200 µm and microspheres
ranging in diameter from 70 to 90 µm at a distance of 2 to 5 mm
from the tweezers without any contact between the transducer
and microparticles.

I.

INTRODUCTION

Contactless particle trapping is an emerging research topic
in biology, physical chemistry and bio-medical research.
Among the various approaches of contactless tweezing
techniques, optical tweezers is the most well developed and
most commonly investigated technique [1].
However,
particle trapping using optical manipulation has several
limitations: first, the high energy of a highly focused laser can
damage living cells. Secondly, optical tweezers cannot trap
large particles due to the short wavelength of the light source.
The size of the largest particle which can be trapped by an
optical tweezers is limited to tens of micrometers or smaller.
Finally, the use of optical tweezers is confined to optically
transparent objects or shallow region of opaque medium.
Ultrasonic tweezers is a relatively young field, and seeks
to provide an alternative to optical tweezers. Ultrasound is
more attractive than light, because it imparts much higher
energy (or impact force) and also offers greater spatial range,
consequently providing the ability to capture larger particles
over a wider range. However, ultrasonic tweezers is not well
established or researched, possibly due to lack of good
focusing technology. Control and manipulation of
microparticles offer a wide range of applications ranging from
the study of cells and molecules to the construction of labs on
a chip, from cancer treatments to DNA studies.
Limited ultrasonic manipulation of microparticles has
already been achieved. The systems used for the said
manipulation, however, are not as versatile as are optical

978-1-61284-110-6/11/$26.00 ©2011 IEEE

tweezers. One such system is the “acoustical tweezers”
pioneered by Wu [2], a device capable of stably capturing
latex particles of diameter 270 μm. The tweezers utilized two
counteracting acoustic transducers to create a force potential
well that could capture and manipulate different
microparticles. Another device used for ultrasonic
manipulation of microparticles used one highly focused
transducer to hold a lipid droplet that was already confined to
a mylar sheet in water [7].
This paper describes microparticle trapping in a 3-D space
by a single ultrasonic transducer. We designed and fabricated
transducers that could generate a Bessel beam containing a
region of a negative axial radiation force [3]. In general,
Bessel beams are generated by an axicon lens [4]. However,
fabricating an axicon lens in small size can be challenging due
to the steep lens angle required. Thus, we fabricated both an
axicon lens and a Fresnel lens employing an air-reflector [5]
that has wide tolerance to manufacturing imprecision. Both of
the fabricated lenses were shown to generate a Bessel beam
through particle trapping. The trapping by the Fresnel lens
device was strong and stable, that there was no limit to
moving range of the trapped particles in plane of the water
surface.
II.

THEORY

When a Fresnel lens is designed to have multiple focal
points, the acoustic waves passing through the lens produces a
Bessel beam with a micron sized region where the radiation
force is negative, and microparticles can be trapped. The wave
equation ψB for a scalar-wave Bessel beam is an axisymmetric
solution of the free-space wave equation [3].
, ,

exp

μ

(1)

where ψo, κ, Jo, and µ are the wave amplitude, axial wave
number, zeroth-order Bessel function, and radial wave number,
respectively.
Marston mathematically proved that negative axial
radiation force exists in a Bessel beam under certain
conditions [3]. To explain the condition for the negative axial
radiation force, Marston defined parameter domain (k, a, β)
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We fabricated the multi-foci Freesnel lens as follow. After
delineating the top and bottom electtrodes on a 127 µm-thick
PZT sheet, we patterned Fresnel leens with photoresist as a
sacrificial layer, on which 3.5 µm-th
hick parylene D layer was
deposited as a lens structural layer. The
T sacrificial photoresist
β arccos /
arcsin μ/
(2) was then released through release ho
oles to form air gaps, and
The square of the wave number k, i.e., k2, iis equal to κ2+µ2, additional 7 µm-thick parylene D laayer was deposited to seal
and also equal to (ω/c0)2, where ω andd c0 are angular the release holes. Finally, a bulk miicro-machined silicon was
frequency and the phase velocity of the acooustic wave in the glued to the transducer as a structurall support layer.
liquid, respectively.
where k and a are the wave number and rradius of trapping
particle, respectively, while β is a cone angle. The cone angle
β is an important parameter in the characterization of a Bessel
beam, and linked to the parameters of Eq. (1)) by

III.

DESIGN AND FABRICATTION

Observing the working mechanism of ann axicon lens, we
can see that the wave closer to the lens centter is focused at a
shorter distance from the lens. In the otheer end, the wave
farther from the lens center is focused at lonnger distance from
the lens as shown in Figure 2. A Bessel beam
m is formed in the
region where the focused wave is uniformly ddistributed.

Figure 4. Side-view schematic of th
he Multi-Foci Fresnel
Lens.
Figure 2. Ray trajectories of the acoustic w
waves going
through an axicon lens.
To simulate the behavior of an axicoon lens described
above, a multi-foci Fresnel lens with an air-reflector was
designed. The Fresnel lens has 7 rings in ttotal. The 2 inner
most rings, the next 2 rings, and remaining 3 rings have focal
lengths of 830 µm, 860 µm, and 890 µm, resspectively (Figure
4). As a control experiment, an acoustic tweeezers with Fresnel
lens having only one focal length of 800 µm and same number
of rings was fabricated. When the controol transducer was
actuated, particles above the control transducer were
immediately expelled from the region due to positive axial
radiation force and the stirring effect, andd no particle was
trapped.
An acoustic tweezers with an aluminum alloy axicon lens
also designed and fabricated to compare thee performance. To
have the cone angle β=60°, the axicon lens aangle α was set to
63° (Figure 3)

Figure 3. Top-view (left) and side-view (rright) schematics
of the Aluminum-Alloy Axicon Lens.

Figure 5. Brief fabrication steps of the acoustic tweezer
built on a 127 µm-thick PZT sheet with Multi-Foci
Fresnel Lens.

bricated aluminum-alloy
Figure 6. (Left) Photo of the fab
axicon lens. (Right) Top-view and
d bottom-view photos of
the acoustic tweezers built on thee aluminum-alloy axicon
lens.
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manipulating both the lipid droplets (50 - 200 µm in diameter)
and the polystyrene microspheres (70 - 90 µm in diameter) at
a distance from of 2 to 5 mm from the lens surface without
any contact between the transducer and microparticles.

Figure 7. (Left) SEM photo of the fabricated multi-foci
Fresnel lens on a PZT sheet. (Right) Photo of a packaged
acoustic tweezers with the multi-foci Fresnel lens.
IV.

MEASUREMENT SETUP AND RESULTS

For a low energy in trapping microparticles, a pulsed 17.9
MHz sinusoidal signal, instead of continuous sinusoidal signal,
was applied to the fabricated acoustic tweezers with 10 – 20
kHz pulse repetition frequency. The pulse width was 2 µsec,
and the sinusoidal signal had 160 Vpeak-to-peak amplitude. The
tweezers submerged in water was fixed to a manual XYZ
moving stage, and lipid particles or microspheres were freely
floating on and in the water. The movement of the
microparticles was observed through a CCD attached a long
range microscope, and the images and videos captured by the
CCD were recorded with a computer (Figure 9).

0 sec

125 msec

250 msec

375 msec

The fabricated tweezers, both the one based on the multifoci Fresnel lens and the aluminum-alloy axicon lens were
tested to trap lipid particles ranging from 50 – 200 µm in
diameter and microspheres ranging from 70 – 90 µm in
diameter. As the actuated tweezers produced acoustic waves
and stirred the water as well as the microparticles in/on the
water, the microparticles circled around the tweezers. Once a
lipid particle hit the location where the Bessel beam was
generated, the lipid particle firmly trapped to the spot and held
there even when another lipid particle hit the trapped lipid
particle (Figure 8). And we were able to move the trapped
particle by moving the transducer over a wide range (limited
only by the movable range of the transducer in the test
apparatus).
Of the two devices tested, only the multi-foci Fresnel lens
device demonstrated consistent success in capturing and

200 µm

Figure 8. (Left) Photos taken at different times showing
that a 72-μm-diameter lipid particle was being trapped by
the multi-foci Fresnel transducer that was situated below
the square opening. Another lipid particle (circled for
clarification) that was being drifted by the stirring effect
of the transducer hit the trapped lipid at 250 msec, but
the trapped lipid was unmoved by the impact from the
other lipid, as shown in the photo taken at 375 msec.
(Right) Photo of a large 200-μm-diameter lipid particle
being trapped by the same Fresnel transducer.
V.

Figure 9. Schematic of the setup to observe the trapping
of microparticles by the fabricated acoustic tweezers.

200 µm

DISCUSSION

Axicon Lens Tweezers
The reason for the axicon lens transducer’s ineffectiveness
as a tweezers was the level of imprecision that was
undeniably present in the making of the axicon lens. The
machine shop which constructed the axicon lens was not able
to build it to the high level of precision, and the performance
of the axicon lens transducer was compromised. The interior
surface of the lens had many imperfections and rough
patches, which although very small, impacted the axicon lens
transducer’s performance. The axicon lens transducer was
indeed able to capture one particle at the beginning of our
tests, but quickly lost the particle and was not able to retain it
for any significant period of time. With better fabrication at
the machine shop, the axicon lens transducer should be able
to produce consistent trapping and manipulation of
microparticles. One major reason of going through this
approach, and possibly continuing this approach, in spite of
the success of the multi-foci Fresnel tweezers, is that the
axicon lens is so much simpler in design and construction
(than the multi-focus array) that the tests with it provides a
very clear and solid understanding of principles behind the
ultrasound-based particle trapping/cooling.
Multi-foci Fresnel Lens Tweezers
The multi-focus annular ring array was very successful in
capturing particles, as it focused the waves very well over a
multiple spots along the focal axis. This device merits further
research, in an effort to possibly optimize the design and
increase its capabilities in handling multiple particles on
demand, moving the particles without involving the
transducer movement, etc.
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VI.

[2]

CONCLUSION

A single ultrasonic transducer has been shown, for the
first time, to capture microparticles (both lipid and
polystyrene) in 3-D space. The microparticle trapping by a
single focused-ultrasonic-beam transducer is very exciting,
since the transducer (or an array of multiple such transducers)
can pick up solid particles (ranging from a few microns to
several hundreds in diameter), and move and place them at
precise locations for diagnostics, construction, etc.
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[4]
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and structures (Figure 1) enabled by soft materials and tissues
– this causes some of the fundamental issues that are
challenging the devices and instruments to be interfaced with
heart for diagnosis and treatment.
The prevalent
electrocardiography (ECG) today is easy to use but only
retrieves crude signals of overall heart function. Magnetic
resonance imaging (MRI) is a powerful tool for studying heart
structural and motional details and disease mechanisms.
However today’s MRI systems are bulky, highly complicated,
and expensive, and often suffer from limitations in speed and
resolution. We have been exploring a new, low-cost approach
of directly probing heart wall motion by using distributed,
surface-mount, and miniaturized (e.g., micro and nanoscale)
electromechanical devices for regional strain/stress and
motion sensing. Here we report our initial effort toward this
goal, and describe our first experimental results.

Abstract — We report on an experimental exploration of ex vivo
measurements and real-time monitoring of the motions of heart
wall for perfused rat hearts, by employing a surface-contact type
of electromechanical probes based on piezoelectric transduction.
In a hybrid experimental apparatus consisting of a conventional
heart perfusion system and external electromechanical probing
devices and circuitry, prototyped piezoelectric cantilever devices
are calibrated and tested. We demonstrate that the external
piezoelectric cantilevers are capable of monitoring the dynamic
behavior of the isolated heart ex vivo, by measuring the motions
of the heart wall. For typical rat hearts with heart rates in the
range of ~150−250bpm (beats per minute), cantilevers with
dimensions of t × w × L ≈ 130µm × (0.3−8)mm × (1−19)mm yield
electrical signal of ~50−400mV. Measured data can also help
identify signatures of various regimes (e.g., from healthy to
fatigued, to expiring) in the dynamical evolution during the
perfused heart’s lifetime. Preliminary tests on parallel multichannel monitoring with probes positioned at multiple locations
on heart surface prove to be valid and useful in obtaining
information of regional displacement of heart wall.

I. INTRODUCTION
Heart is the foundation of advanced lives including human
being. Heart health and function monitoring are critical,
especially for patients who suffer from heart diseases. Heart
diseases are the top one cause of death in the United States
and several other countries (e.g., a total death of ~600,000 per
year in 2007–2009 in US means one death due to heart disease
every ~50 seconds) [1], and are the top reason for diseasebased deaths throughout the world. This drives researchers to
push the limits in advancing heart healthcare technology. We
perceive at least the following major challenges: (i) early
detection of alarms of heart diseases for apparently healthy
people – it is desirable to develop devices that are wearable or
implanted (with very low pain), especially for old people,
athletes, and those who may have family history of heart
diseases; (ii) post-surgery chronic heart monitoring for
patients who are already receiving surgery and other treatment
– what is desired includes low-pain implantable solutions that
are small, light, enduring, and compatible with telemetry.

(a)

Figure 1. A glance of the heart structures and functions from an engineer’s
viewpoint. (a) Illustration of the anatomy of the heart, showing the heat
chambers, vessels and valves. (b) Illustraton of the pacemaker and distal
conduction system.

II. HEART WALL MOTION
The heart is an electromechanical organ with great
structural and functional complexities. Its wall motion is
depending upon the compromised coronary arterial supply.
Myocardial wall motion defects are essential and sensitive
markers for coronary artery disease and myocardial ischemia.
The capability of directly probing regional or highly localized
heart wall motion may also have critical impact on arrhythmia,

To date it has been well recognized that regional strain and
stress on heart wall are related to development of disease [2],
and studying the electromechanical properties and monitoring
heart wall motion can help for heart diseases diagnosis [3].
From an engineering perspective, the heart is an amazing
electromechanical device with exquisitely elegant functions
978-1-61284-110-6/11/$26.00 ©2011 IEEE

(b)
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restoring synchronization between asynchronous chambers or
regions, early alarm of regional muscle fatigue or failure, etc.

for a PZE cantilever device to interface with a beating heart:
(i) making contact between the free end of the cantilever and
regions of interest on the heart wall, while keeping the other
end of cantilever clamped on a solid (not moving) substrate;
(ii) mounting the base (clamped end) of the cantilever on the
beating heart’s surface and having the cantilever body free to
move and vibrate. The former is suited for ex vivo studies; the
latter is attractive for packaged implanted systems.

Base

(a)

Figure 3 illustrates a generic cantilever device based upon a
~65µm-thick PZE lead-zirconate-titanate (PZT) thin film
sandwiched between two metal electrodes, a bottom ~65µmthick brass layer, and a top ~1−5µm silver coating. We exploit
the d31 coupling in such structures – transverse (out-of-plane)
motion of the cantilever tip (free end) induces in-plane strain in
the PZT layer and causes surface charge and electrical potential
between the two electrodes which is read out for monitoring of
motion. Within the scope of this work – cantilever tip in
contact with heart wall with quasi-DC movements (beating
frequency much lower than the fundamental resonance of the
cantilever), the displacement, force, and the voltage signal are
in convenient linear relationship, i.e., VPZE ∝ d31⋅δ ∝ d31⋅F/keff,
in a simple lumped parameter model [8].

Apex

(b)

Figure 2. Simplified illustration of the complexity of the heart wall muscle
structure and organization – the basket-weaving arthitecture of cardiac muscle
cells and the myrocardial fibers. (a) A perspective view of the weaving fibers
in layers at various depth in the heart wall. (b) A simplified model showing
the weaving structure and orientation.

There are several types of muscle cells that participate in
and coordinate the complex motions in concert. The most
important of these include: (i) the cardiac muscle cells
making the weaving myocardial fibers (see Figure 2a), (ii) the
vascular smooth muscle cells (abundant in the coronary
arterial tree), (iii) the conduction system muscle cells (e.g., in
the pacemaker region shown in Figure 1b). For this ‘weaved
basket’, advanced MRI techniques including tagging,
harmonic phase, and diffusion tensor MRI (DTMRI) have
been developed for regional wall motion and strain assessment
[4-7]. This work describes our initial effort and preliminary
results toward a convenient electromechanical monitoring and
diagnosis system using piezoelectric (PZE) devices, which,
with computer aid, can automatically detect and monitor local
heart wall motion ex vivo.

Material

PIEZOELECTRIC MATERIALS OF INTEREST

Piezoelectric Coefficients
[pm/V or pC/N]
d33~100−600, d31~50−300
d15~100−800
d33~10, d31~4, d15~3
d33~5.6, d31~2.6, d15~2.5
d33~20−30, d31~20, d15~10−40

PZT
ZnO
AlN
PVDF

Young’s
Modulus
[GPa]

Density
[g/cm3]

~40−150

~7.5−7.8

~30−140
~330−410
~2−15

~5.6
~3.26
~1.76

y
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z
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Figure 4. The first generation of our prototyped piezoelectric (PZE) devices
based upon flexural-mode cantilevers using PZE thin film materials (e.g., PZT
and PVDF). (a) A vibration energy converter in plastic package with
complementary dual PZT layers, easily generating ~10V level voltage signals
from human body movements. (b) A PZT-based device with on-board energy
conversion and harvesting circuit. (c) A much thinner PZT-based device. (d)
A PZE cantilever based on flexible PVDF material. Scale bars: 1cm. (e)
Measured time-domain voltage waveform (peak voltage ~2V) due to ringdown oscillations of a ~30Hz resonanst mode. (f) Voltage (peak voltage
~32V) measured from ~110Hz oscillations. Legend: initial tip deflection.

Brass Electrode

Figure 3. Piezoelectric (PZE) cantilever devices for electromechanical signal
transduction. (a) Illustration of a prototypical composite cantilever with an
active PZT layer sanwiched between two thin electrodes (metallic coating
layers). (b) Simplified illustration of cantilever bending upon application of
external force at the cantilever tip.

III. PIEZOELECTRIC CANTILEVER SENSORS

B. Materials of Choice
We choose PZT as the active material for its large PZE
coefficient and easy availability for this study. Table I displays
a short list of materials that we find interesting for employment
in our studies. We have also been exploring devices made of
polyvinylidene fluoride (PVDF) because of its attractive and
promising properties for implants on flexible substrates. Other

A. Piezoelectric Cantilevers
We explore piezoelectric (PZE) device technology because
of the direct electromechanical coupling effect in PZE
transducers. A PZE device as simple as a singly-clamped
cantilever beam (Figure 3) can be conveniently maneuvered to
probe static deflections and dynamic motions of other
mechanical systems. We have been exploring two scenarios
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materials of potential interest include zinc oxide (ZnO) and
aluminum nitride (AlN), particularly for recent developments
in engineering them into micro and nanoscale functional
devices that could be integrated and packaged in implanted
microsystems.

then extensively tested in pulse and resonant modes. Early
generations of cantilevers are on the few-mm- to 1cm-scale in
size, with fundamental flexural resonance frequencies in the
~0.1kHz to ~1−100kHz ranges, and easily generates voltage
signals up to ~10V. Our preliminary data and estimation show
that these devices and their performance can be suited for both
quasi-DC and resonant-mode applications, operating at
atmospheric pressure, either in customized macroscopic plastic
packages, or in micro polymeric thin film packages.

C. Prototyped Devices
We first demonstrate several prototyped PZE cantilevers
using PZT and PVDF. The prototyped devices (see examples
in Figure 4) are first calibrated in DC/static operation, and are

(a)

(b)
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(II)

(c)
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Atrium

Right
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Mitral
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Motion
Recording

Heart
Function
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Left
Ventricle
Right
Ventricle

(I)

Figure 5. The heart perfusion system for ex vivo experimental studies with the isolated live rat heart. (a) Picture of a prototypical perfused rat heart with surfacemount external bulky electrodes for physiological measurements (e.g., see http://vflab.org). (b) Highly simplified schematic of our experimental approach – using both
the external piezoelectric (PZE) devices on heart wall, and the conventional approach for heart function recording system in a canonical rat heart perfusion system. (c)
Illustration of the scheme of using a balloon (i.e., simiar to balloon valvuloplasty) and its associated external perssure sensor for heart function recording. (I) and (II)
are two specific options for implanting the balloon; we use option (II) in all the tests presented in this work.

constant pressure in the Langendorff-type perfusion system.
The perfusate was maintained at 37°C and equilibrated with 95%
O2-5% CO2.

IV. EXPERIMENTAL TECHNIQUES
In this early-stage effort of our exploration, as illustrated in
Figure 5, we combine the piezoelectric (PZE) cantilever
monitoring technique with well-established (commercially
available) heart function recording systems. This helps to
reliably evaluate the new approach and calibrate the
measurements and the devices, both qualitatively and
quantitatively, against today’s standard protocols.
A. Heart Perfusion System and Heart Function Recording
The conventional real-time heart function recording is
realized in a heart perfusion system, as illustrated and shown
in Figure 5 and Figure 6. The system is based on the classical
Langendorff technique for isolated heart perfusion [9]. This
allows for convenient and prompt ex vivo studies, and many
‘brute-force’ (e.g., Figure 5a) experiments, on isolated hearts.
In the particular case of this study, the perfusion system
greatly facilitates the continuous tests with the piezoelectric
cantilever probes in a considerably long time (depending on
the heart lifetime in the perfusion system, ~1-3 hours
typically). It provides not only the live heart, but also a
parallel monitoring option as a control experiment.

(a)

(b)

Figure 6. Pictures of the rat heart perfusion system employed in this work.
(a) The overall Langendorff perfusion system with rat heart, pump, circulation
lines, the implanted balloon sensor and its data acquisition system (vendor:
ADInstruments). (b) Close-in view of the rat heart in the perfusion buffer.

Embedded in the heart perfusion system, as shown in
Figure 5c, we insert a water-filled latex balloon into the left
ventricle (i.e., similar to balloon valvuloplasty). The balloon is
connected to an external pressure transducer to record the left
ventricular developed pressure (LVDP) and heart rate (HR).
The heart’s rate-pressure-product (RPP), i.e., the product of
LVDP and HR, is then calculated as an index of the workload.

Male Sprague-Dawley rats of 10−12 weeks old are
heparinized (1000 units/kg, i.p.) and anesthetized by sodium
pentobarbital (85 mg/kg. i.p.). The heart is excised, cannulated,
and perfused with Krebs-Henseleit (KH) buffer containing (in
mM) 118.5 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 1.5 CaCl2,
11.1 glucose, and 25 NaHCO3. Isolated hearts are perfused at a
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The measured rat heart rate can typically be in the range of
~150−250 bpm (beats per minute) at the beginning of the
experiment (with a fresh and healthily perfused rat heart). The
heart rate decreases gradually as the time elapses. The
temperature of the perfusion buffer is a critical factor for
keeping the heart alive. When temperature deviates, the heart
function could degrade, and the amplitude of heart wall
movement may decrease dramatically. Figure 6 demonstrates
pictures and details of the rat heart perfusion system we have
been implementing in this study.

(all micropackaged with ~5µm parylene C thin layer) are
immersed in the fluid. Basic parameters of two generations of
devices tested in this work are summarized in Table II.
V. EXPERIMENTAL RESULTS AND DISCUSSIONS
Extensive experimental observations and measurements
have been performed. First, the heart function is recorded
using the balloon implanted in the left ventricle, which
provides a reference and calibration for the performance of the
perfused rat heart. Then the piezoelectric cantilevers are
applied to make contact to the heart wall for direct
electromechanical probing.

B. Piezoelectric Cantilever Monitoring System
We have built a convenient desktop apparatus for
interfacing the piezoelectric cantilever probes with the rat heart
in the operating perfusion system. Cantilever probes can be
positioned and adjusted by moving the arms (to which the
cantilevers are clamped) on the stage with control in all three
directions. Figure 7 demonstrates a picture of an early
generation of the implementation.

dp/dt (mmHg/s)

LVDP (mmHg)

A. Heart Function Recorded by Balloon in Left Ventricle
Without engaging any piezoelectric devices, real-time heat
function is recorded by the left ventricular balloon and its
associated pressure sensor. Typical data traces of LVDP and
left ventricular pressure changing rate dp/dt are recorded for
~1−2 hours or even longer, throughout the whole lifetime of
the perfused heart. Figure 8 shows the measured data in a very
short 12s time interval. Table III summarizes the results from a
few repeated measurement runs by only using the implanted
balloon for monitoring and recording.

Figure 7. Picture of first-generation exprimental implementation of ex vivo
monitoring of rat heart wall motion, by using surface-contacting piezoelectric
(PZE) cantilever probes. For each cantilever, its one end is clamped, and the
other end (tip) is in contact with the heart wall muscle. In paralle, the
perfused rat heart’s basic function is also being monitored using the balloon
valvuloplasty technique. In this particular picture, the free ends of a pair of
cantilevers are gently contacting the left and right ventricle of the heart.
TABLE II.
Cantilever Device
ID
(I)-A
(I)-B
(II)-A1
(II)-A2
(II)-A3
(II)-B1
(II)-B2
(II)-B3

Width
[mm]
7.0
7.3
0.3
0.4
0.3
0.4
0.3
0.4

150
100
50

0
1000
500
0
-500
-1000

0

2

4

6
Time (Sec)

8

10

12

Figure 8. Representative data of the perfused rat heart under healthy
condition, measured in real time by only the balloon implanted in left
ventricle (no any external cantilever probes touching the heart wall). (a) Left
ventricular developed pressure (LVDP, in mmHg) as a fundtion of time. (b)
Measured pressure changing rate dp/dt as a function of time.

PARAMETERS OF SELECTED TESTED DEVICES
Length
[mm]
18.0
19.0
1.5
1.3
1.4
1.6
1.5
1.4

200

TABLE III.

Resonance
[Hz]
222.0
214.0
–
–
–
–
–
–

Test Run
ID
1
2
3

MEASURED HEART PARAMETERS WITHOUT CANTILEVERS
Heart Rate (HR)
[beats per minute, bpm]
153 ± 3
150 ± 3
184 ± 5

LVDP
[mmHg]
135 ± 2
120 ± 2
102 ± 2

RPP
[mmHg·bpm]
20655 ± 710
18000 ± 666
18765 ± 890

B. Measurements with Piezoelectric (PZE) Cantilevers
Prior to using the cantilevers for perfused heart wall motion
probing, we first perform a ‘dry-run’ test by using air-filled
balloons to mimic simplified heart motions. Because the
fundamental flexural-mode resonance frequencies of the PZT
cantilevers in this work are usually in the range of ~200Hz to
~100kHz range, the rat heart motions are well in the close-toDC or quasi-DC range. Because in all our tests, the cantilevers
are in contact with the air balloon (i.e., heart model) or
perfused heart at the cantilevers’ tips, the tip motions closely
follow the contractions and heart beat cycles. The heart motion
does not drive the cantilever into its flexural-mode resonance.

As we expect these cantilever devices to operate while
interfacing with perfused hearts in physiological solutions, we
need to package the devices so that their electromechanical
performance would not be compromised by any corrosion or
contaminants. Prior to testing, every device is coated by a thin
layer of parylene C (thickness on the order of ~5µm).
We note that in Figure 7 the liquid solution for nurturing
the heart is temporarily moved away. In the present generation
of setup, both the heart and all the cantilevers and device arrays
871

0.2
0.0
-0.2
2

3

4
Time (Sec)

5

6

0.1
-0.1
-0.2
3

(b)

-0.2

Device (I)-B
Device (I)-A

4

5

6
7
Time (Sec)

8

0.0

0.2

0.4

0.2

0.6
0.8
Time (Sec)

1.0

1.2

1.4

Just Touching Heart Wall
Touching & Gently Pushing Wall
Pushing Harder on Heart Wall

0.0
-0.2
0.0

0.2

0.4

0.6
0.8
Time (Sec)

1.0

1.2

1.4

Figure 10. Voltage signal measured from a pair of smaller cantilever devices
with varying the depth of the cantilever tip touching the heart wall. (a) Data
from device (II)-B1. (b) Data from device (II)-B2. The data shown are
truncated from much longer traces. For each device, data for three contact
conditions are taken at three time intervals in series. Throughout these time
intervals, the implanted balloon recording ensures that the heart functions are
normal and stable. The offsets on the time axes are not adjusted among the
different traces.

0.2
0.0

Just Touching Heart Wall
Touching & Gently Pushing Wall
Pushing Harder on Heart Wall

0.0

(b)

(a)
Voltage Signal (Volt)

Voltage Signal (Volt)

Device (I)-B
Device (I)-A

0.4

0.2

(a)

Voltage Signal (Volt)

Voltage Signal (Volt)

Such quasi-DC operations of the cantilever probes lead to a
simple linear relation between the piezoelectric voltage output
and the detected displacement of heart wall motion. The ‘dryrun’ test (using air balloon to simulate a beating heart)
indicates that for the early generations of devices (relatively
large), e.g., both (I)-A and (I)-B (listed in Table II), have high
conversion responsivity (i.e., gain), ~3V/mm (voltage per unit
cantilever deflection at its tip). In both the ‘dry-run’ with heart
models and the perfused heart tests, the output voltage signals
are directly recorded and monitored by the oscilloscope using
Labview/DAQ software.

In case of just touching but not pressing the heart wall,
larger devices (group (I) in Table II) yield larger Vpp, which is
evident from Figure 9 and Figure 10. As cantilever tips get to
press against the heart wall gradually, the signals first increase
as expected, and then there is no more appreciable signal
increase observed with further pressing of the devices against
the heart surface. Such information can help us better
understand the strength of the heart wall motion, especially
with more advanced future generations of devices. We also
note that the data traces from larger devices (gently touching
heart wall, Figure 9) appear to be proportional to the dp/dt
data in Figure 8, while the voltage signals from the smaller
devices (under all contact conditions, see Figure 10) seem to
have the shape similar to that of the LVDP curve in Figure 8.
We are currently making more effort to investigate this
intriguing phenomenon.

9

Figure 9. Voltage signal measured from a pair of PZT cantilevers touching
the heart wall. (a) The free ends (tips) of the two cantilevers touching the
heart wall of the left and right ventricle, respectively. (b) The free ends of the
cantilevers are touching the base and apex of the heart wall, respectively.

Figure 9 demonstrates the voltage signals representing the
local heart wall motions, probed by a pair of PZT cantilevers.
In all these cases, the free ends of the cantilevers just barely
touch the heart wall. When the cantilevers tips make contact
to the left and right ventricles (Figure 9a) respectively, the
extracted heart rate is HR~229bpm. Measured voltage signal
is Vpp~150mV, and ~350mV, for device (I)-A and (I)-B
respectively. The asymmetry in the data amplitude from this
pair of devices is due mainly to the fact that one cantilever
device has been pre-bent (with a transverse crack developed
but not yet broken, at ~1/3 length near the clamped end), and
thus has much less strain developed given the same
displacement at the tip. When the devices’ tips are placed
against the base and the apex at a later time, the data show a
lower HR~43bpm, and lower Vpp~50mV and 150mV,
respectively, mostly due to the heart degradation during the
time of transition.

As we aggressively miniaturize these devices by using
micromachining techniques, their apparent signal levels
decline. Nonetheless, with significant volume reduction they
become better suited with flexible substrates [10,11] and
packages that are more amenable to ‘harsh’ environments for
implants in living bodies. We envision that it is also possible
for us to take advantage of the resonant operations of the PZE
devices, combined with air-cavity packages possible in
flexible substrate, cantilever- and membrane-structured
micro/nano resonators in various frequency ranges can be
exploited for local heart wall motion monitoring. Further, the
same types of PZE devices in micropackages can also be
employed for energy conversion from heart beats [12], which
could be exploited for self powering low-power implants.
Moreover, for miniaturized devices and chip-scale implants,
the signal transmission could be not only wired but also
wireless. As all these technical components are getting ready,
the approach of using miniaturized PZE devices explored in
this work can lead to both external heart function monitoring
systems in research and clinic labs (e.g., supplementing the

The effects of probing the heart wall motion by making
contacts with different depths and strengths are also explored.
A second generation (group (II) listed in Table II), smaller
cantilevers, in small parallel fingers-alike arrays, are used.
With control of the positioning arms, the devices are first
carefully placed to just barely touch the heart wall, and then
gradually move toward the heart center to start gently pressing
the heart wall. Figure 10 displays the measured data from a
pair of small cantilevers, (II)-B1 and (II)-B2, in contact with
the heart wall under three different depth/strength conditions.
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conventional implanted balloon recording), and implanted
systems for surgery and patients’ chronic heart monitoring –
and in all these applications, capable of offering high
sensitivity and high spatial and temporal resolutions for
parallel readout of heart wall motion at various locations.
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VI. CONCLUDING REMARKS
In summary, we have shown that using external surfacecontact or surface-attached piezoelectric (PZE) cantilevers can
probe the rat heart wall motion and the heart function ex vivo.
The cantilevers in the present work are made of PZT thin films
with strong PZE effect. The d31 coupling effect in the
cantilever is exploited to transduce the flexural mechanical
motion of the cantilever into electrical signal for readout. The
cantilevers have been limited to quasi-DC operation (heart
beating rate much lower than cantilever’s resonance frequency)
with their tips closely following the movements of the regional
heart wall. Devices with sizes in the mm-scale and sub-mmscale are tested. The preliminary tests verify the feasibility of
monitoring heart wall movements with good resolutions in the
time domain, and at different locations on heart surface. The
heart wall displacement extracted from the measurement is
typically ~0.1−0.3mm, which is consistent with MRI
measurement. The output power level of typical PZE
cantilevers we have tested is in the range of ~1−10μW.
Combined with advances in PZE materials at micro and
nanoscale, implantable and flexible materials, and
micropackaging techniques, this approach is expected to have
the potential of being implanted, as well as offering very high
spatial and temporal resolutions by employing further
miniaturized devices.
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Among the most promising sensing platforms are resonating
microcantilevers due to their high
sensitivity and wide
application range. A k
ey parameter of the
device
implementation is the predicted value of the resonant frequency
that depends on the mod eling and considerations of relevant
physical phenomena. In fact, the estimatio n based on the
conventional, perfectly clamped, Bernoulli-Euler cantilever
beam does not lead to sati sfactory accuracy in certain ca ses.
Hence this work investigates two system characteristics that may
affect the re sonant frequency (a support effect and a so-called
rim effect) and provides solutions for a straightforward
estimation of r im dimension using res onance behavior of the
cantilevers.

I.

INTRODUCTION

Among the most promising sensing platforms are resonating
microcantilevers due to their high sensitivity and wide
application range for chemical sensing. A key parameter of the
device implementation is the predicted value of the resonant
frequency, which depends on the modeling and considerations
of relevant physical phenomena. The classical expression used
for the first transverse resonant frequency of a clamped-free
microcantilever is obtained from the solution of the EulerBernoulli equation for a cantilever in vacuum [1]:
f0 =

λ 02 h
E
2
2π L 12 ρ

1−
fr = f0

1
2Q 2

g
1+ 2
mL

;

(2)

with mL the cantilever mass per unit length and Q the quality
factor defined by [3]:

(1)

With λ0 = 1.875 , h the cantilever thickness, L the cantilever
length, E and ρ the Young’s modulus and mass density of the
cantilever material, respectively. In fact, when compared to
measurement, this equation does not lead to a satisfactorily
accurate result in certain cases. For example, in the case of a
silicon cantilever 504µm x 100µm x 20µm, with the
cantilever length parallel to the <110> direction of the silicon
<100> wafer, the measured resonant frequency is 94.4kHz,

978-1-61284-110-6/11/$26.00 ©2011 IEEE

whereas the theoretical resonant frequency using (1) with the
mechanical properties of silicon in this configuration
(E = 169GPa, ρ = 2330kg/m3) leads to 108.3kHz (15% higher
than the measured value). Assuming that the geometry of the
cantilever and the boundary conditions are not the error
sources, two possible reasons for the difference between the
theoretical and measured resonant frequency may be
envisioned: the presence of the air as the surrounding medium
instead of vacuum and the shear strain which is not
considered in the Euler-Bernoulli equation.
The presence of the surrounding medium can be taken into
account by considering the hydrodynamic force per unit length
exerted by the air on the cantilever. This force per unit length
is composed of both a viscous part proportional to the
cantilever velocity (term noted g1) and an inertial part
proportional to the cantilever acceleration (term noted g2) [2].
Equation 1 has to be modified by taking into account this
force, resulting in [3]:

Q=

2π 1 + g 2 / mL
g1 / mL

f0

(3)

Using these equations and appropriate values for g1 and g2
[3], the resonant frequency in air (107.1kHz) is smaller than
in vacuum but the difference is not sufficient to predict the
measured resonant frequency.
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The Timoshenko beam theory [4] allows taking into account
the shear strain and rotational inertia effects which are not
considered in Eq.1. Again, these effects are not significant
enough to account for the decrease in the resonant frequency
that is seen in the measurements.
This leads one to consider that frequency discrepancy may be
due to variations in the geometry and/or the boundary
conditions. As detailed in the following section, the
fabrication process may result in cantilever and support
geometry that is not exactly the same as the one considered in
the solution of the Euler-Bernoulli equation for a perfectly
clamped cantilever. In this context, the work presented in this
paper investigates two system characteristics that may affect
the resonance mode and associated resonant frequency: the
elasticity of the support which doesn’t clamp ideally the
supported end of the cantilever and the effect of a fabricationinduced silicon undercut that can occur during the release
process of the suspended structures by Deep Reactive Ion
Etching (DRIE).
II.

MOTIVATION

Classically, silicon microcantilevers are fabricated by means
of silicon standard micromachining techniques using a
process in which release of the structures is based on a
backside etching of the wafer. For this, Silicon-On-Insulator
(SOI) substrates are commonly used in which a thin silicon
dioxide layer insulates the backside silicon etching, either
using a wet or dry etching process. This results in freestanding microcantilevers clamped on a thick silicon support.
An example of silicon microcantilevers with silicon support
is shown on figure 1. From this figure, a free-standing
microcantilever is clearly visible, but a silicon undercut at the
clamped end of the cantilever is also visible, due to silicon
over-etching during backside etching. (In the present case,
silicon backside etching is provided by means of DRIE.) A
consequence is a loss of rigidity at the supported end of the
cantilever, resulting in possible mechanical deformation of
the undercut part, which in this paper will be referred to as
the “rim” (Fig. 1).

Figure 1: SEM picture of a microcantilever released by DRIE
on a SOI wafer. Visualization of the silicon support and overetching (rim).

In the present analysis, two origins in the discrepancy
between theoretical and experimental values of resonant
frequency of microcantilevers have been identified: a support
compliance effect and an effect due to silicon over-etching,
i.e., the so-called rim effect. First, the impact of both effects
on the resonant frequency has been simulated using
COMSOL. For this, a cantilever with ideal clamping (no rim,
rigid support) has been simulated and the results compared to
resonant frequency predictions for the case in which the
structure is supported by an elastic rim attached to a rigid
support block (rim length = 35µm in the simulation). Then,
the impact of both effects (combined) has been simulated.
The comparison of results is indicated in the schematic
diagram of figure 2. This figure shows that the combined
effect of rim and support is significant: the simulated resonant
frequency is 11.3% lower than for the ideally-clamped
cantilever. The results also show that the rim effect dominates
the support compliance effect since a decrease of resonant
frequency of 10% is due to the rim and thus, 1.3% due to the
support elasticity. In this context, the systematic and direct
(i.e. without the need of a backside observation of the chip)
estimation of the rim length is of particular interest. This will
lead to an appropriate use of the structures in the broad range
of applications covered by resonant microcantilevers. The
objective for the present work is thus to develop a method for
using the resonance behavior of microcantilevers to
determine the rim length at the supported end of the
structures. Future work will include the development of an
analytical expression for the cantilever resonant frequency
which takes into account the rim effect.

Figure 2: Microcantilever geometries and resonant
frequencies obtained by COMSOL simulation in the case of
a) ideal clamping, b) rim effect, c) support effect, d)
combination of effects.
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III.

EXPERIMENTAL SECTION

A. Cantilever fabrication
Free-standing microcantilevers have been fabricated by
standard micromachining techniques. Cantilevers are
rectangular shaped with a length of 500µm and a width of
100µm. Each cantilever can be actuated individually by
means of a Laplace force by incorporating both a patterned
gold layer allowing a local current flow and an external
magnet.
The main steps of the fabrication process are as follows. The
starting substrate is a 100 mm-diameter, <100>, N-type
Silicon-On-Insulator (SOI) wafer, with a 1 µm-thick buried
oxide and a 20 µm-thick top silicon layer (resistivity of 4-6
Ω.cm). A first step consisted in the deposition of 300 nm of
Plasma Enhanced Chemical Vapor Deposition (PECVD)
silicon dioxide on the entire SOI wafer before the sputtering
of Ti/Au (100 nm / 700 nm) for the electrode used for
electromagnetic actuation. The film was lifted off with an AZ
nLOF negative photoresist to define the electrode
characterized by a width of 10 µm. A passivation silicon
oxide film (300 nm thick) was then deposited by PECVD.
Contact pads were opened by wet etching of oxide using HF
buffer. To finish, the microcantilever shapes were defined by
a front Reactive Ion Etching of silicon, followed by vertical
sidewalls etching on the backside of the SOI wafer using the
Deep Reactive Ion Etching technique to release the structures.
The 1 µm-thick SiO2 acts as an etch stop layer for the dry
silicon etching. This layer was then removed by Reactive Ion
Etching. The cantilever chips were then mounted on a PCB
by gluing the silicon support (figure 1) with epoxy glue. Wire
bonding ensures communication between the chips and the
PCB.
Figure 3 shows a close-up view of one cantilever obtained by
dual-beam optical interferometry (Veeco NT9080). As shown
in this figure, the rectangular geometry of the cantilever is
clearly defined with respect to the design, as is the gold
electrode used for integrated actuation. Also, as shown in
figure 1, the release of the cantilever is clearly visible.

B.Rim pre-estimation by means of optical profiler
Prior to the development of methods for estimating the rim
length using the resonant behavior of microcantilevers, the
value of rim dimension is estimated by means of a dual-beam
interferometry profiler. This optical tool was found to be the
best compromise to achieve a balance of simplicity, accuracy
and minimal time consumption. Concerning the measurement
set-up, the cantilever chips were placed vertically under the
objective of the profiler, so that the sidewall etching profile of
the backside of the SOI wafer could be studied. An example
of a profile acquired is shown in figure 4. From this figure,
one sees that the verticality of the sidewall is not perfect, and
the silicon over-etching is clearly visible. An undercut below
the top silicon layer is evident, from which the rim length
may be determined. For the different chips tested, the values
of rim length that were measured are summarized in table 1.
From this table, it can be seen that the rim lengths range from
15 to 35 µm. The values obtained are consistent with the
position of the chips on the wafer, since silicon over-etching
decreases as one moves from the center to the periphery of
the SOI substrate. (Chip A7 is at the periphery of the wafer
while chips A100 and A102 are close to the center of the
wafer.)

Figure 4: Sidewall etching profile measured by optical
profilometry.

Cantilever

Table 1: Measured rim length (optical profiler).
Chip # Measured rim length (µm)
A100
34.7 ± 0.8
A102
32.2 ± 1.1
A63
35.5 ± 1.4
A7
15.6 ± 0.5
A28
26.7 ± 3.2

Gold for
electromagnetic
actuation

Figure 3: Geometry of the chip obtained by optical
profilometry.

C. Rim length evaluation by means of cantilever resonance
In the present work, two methods based on the resonance
behavior of microcantilevers are proposed to estimate the
dimension of the rim, whose existence is primarily
responsible for the inaccuracy of the conventional method for
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IV.

does not include. A discrepancy between 14.4% and 30.8% in
rim length estimation is observed for three of the four chips.
The remaining chip (A28) has an 83.5% difference because
the measured values of the frequency and rim length do not
follow the trend of the other data (i.e., larger rim length
should result in lower frequency). Thus, this data point may
be suspect. Note that a slight loss of accuracy may result from
other parameters not considered in the simulation, such as the
exact thickness of the top silicon substrate or the thickness
nonuniformity of the gold electrode. However, with the
resonant frequency method, a simple and rapid estimation of
rim has been demonstrated.
45
40
35

Rim value (µm)

estimating resonant frequency (1). The first method uses the
value of the microcantilever resonant frequency, while the
second one uses the deflection profile at resonance (i.e., the
deformed beam shape) of the actual cantilever. For both
methods, the first out-of-plane flexural resonant mode has
been studied using a Polytec MSA-500 optical vibrometer.
Actuation of the structures is performed by electromagnetic
forces, while the deflection spectrum is acquired via the laser
vibrometer, allowing a precise determination of resonant
frequency (<1 Hz resolution). Also, the vibrometer system
allows a specific meshing of the vibrating structure, so that a
specific resonant mode shape can be studied quantitatively.
Making use of this capability, the cantilever deflection profile
at resonance has been acquired. A resulting ratio (R) between
deflection at the tip of the cantilever and the deflection at the
clamped-end (i.e. at the beam/rim interface) has been
calculated and compared to a calibration curve obtained via
Finite Element Modeling (FEM) using COMSOL. For the
resonant frequency method, a similar approach is proposed,
but the values that are compared are those of resonant
frequency. Using both methods, a rim value is determined by
comparison between experimental data and the calibration
curve.

30
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10
5
0

RESULTS AND DISCUSSION

92000

By utilizing the resonance behavior of the cantilevers, the two
methods outlined above have been employed to obtain
estimates of the rim length, i.e., without the need of a
backside (or side) observation of the chip. In the following,
the details of the methods are given in addition to the results.
A. Resonant frequency method
The resonant frequency method is based on the fact that the
resonant frequency clearly depends on the value of rim length
because the presence of the rim induces a different
mechanical rigidity at the supported end of the cantilever.
Indeed, in figure 5 a calibration curve has been established
via FEM where the simulated structure corresponds to the one
designed, composed of bare silicon, PECVD SiO2 and a gold
electrode. As expected, the figure shows a decrease of
resonant frequency when the rim length increases. This is
mainly due to the loss of rigidity at the clamped-end of the
cantilever when rim length increases. Also, in this figure has
been plotted the value of resonant frequency measured on
chips A7, A28, A100, A102., These chips, composed of
cantilevers characterized by the same geometry, provide
different resonant frequencies ranging from 92.5 kHz to 97.9
kHz. This indicates that different values of rim length are
present for the tested chips. Indeed, by comparison between
the calibration curve and the experimental values, rim length
values ranging from 20.4 µm and 49 µm, have been
determined. However, these values do not perfectly fit with
values determined with the optical profiler, as shown in table
2. Note that in all cases, the proposed method overestimates
the rim length, indicating that there exists other “softening
effects” (e.g., support compliance) that the proposed method

Calibration curve (FEM)
Chip A100
Chip A7
Chip A28

94000
96000
98000
100000
Resonant frequency 1st flexural mode (Hz)

Figure 5: Determination of the rim length value using the
resonant frequency measurement and the one obtained by
COMSOL simulation.
Table 2: Comparison of the rim length estimation using
resonant frequency measurement and the one obtained by
optical profilometry.
estimated rim length (optical profiler) (µm)
measured resonant frequency (Hz)
estimated rim length with resonant frequency (µm)

A100
34.7
94116.2
39.7

A7
15.6
97877.9
20.4

A28
26.7
92492.1
49

A102
32.2
94648.4
37

B. Resonant profile method
Since the rim influences the rigidity of the supported end of
the cantilever, the large deflection obtained at resonance can
induce a deformation in the rim structure and this
deformation will, of course, depend on the rim length. With
this in mind, the influence of the rim length on the deflection
profile of the cantilever at resonance has been studied. In
figure 6, the normalized resonant profiles of cantilevers for
different values of rim length have been simulated by FEM.
From this figure, the dependence of the resonant profile on
rim length is evident, so that the ratio between tip deflection
and deflection at the clamped-end (rim/cantilever interface) is
proposed as a metric for rim length estimation. By
comparison with the calibration curve obtained by FEM,
values of rim length have been estimated, ranging from
18.3 µm to 26.7 µm as shown in table 3. With this method, it
is observed that the rim length tends to be underestimated (in
contrast to the frequency method) with the discrepancies
being larger (between -30.7% and 17.3%) than those obtained
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Normailzed deflection profile

0,05
0,045
0,04
0,035
0,03
0,025
0,02
0,015
0,01
0,005
0

behavior of a microcantilever/rim system. We envision the
successful development of these types of models as being of
paramount importance when using single or multiple
(coupled) cantilever devices in sensing applications.
60
50

Rim value (µm)

with the resonant frequency method (Again, the largest
difference (-30.7%) corresponded to Chip A28).
However, given the simplicity of the method and the possible
error sources, mainly the difficulty in determining the exact
position of the clamped-end of the cantilever for the
determination of the deflection ratio, the values of rim length
obtained give an approximate estimation of this important
parameter.

Rim=20µm
Rim=25µm
Rim=30µm
Rim=35µm
Rim=40µm
Experimental (A100)

40
30
20
10
0

Clamped edge

A100

A7

Chip

A28

A102

Figure 7: Summary of rim length estimation for the different
methods investigated.

1,50E‐04 1,70E‐04 1,90E‐04 2,10E‐04 2,30E‐04 2,50E‐04
Length axis (µm)

Figure 6: Deflection profile at resonance obtained for
different values of rim length (COMSOL simulations).
Table 3: Comparison of the rim length estimation using the
resonant profile method and the one measured by the optical
profiler
estimated rim length (optical profiler) (µm)
measured deflection ratio (w_tip/w_clamp)
estimated rim length with ratio (µm)

Rim estimated (optical profiler)
Rim determined by the resonant frequency method
Rim determined by the deflection ratio method
Average rim by combination of methods

A100
34.7
151.24
26.7

A7
15.6
220.87
18.3

A28
26.7
213.2
18.5

A102
32.2
176.6
22.7

C.Summary
The values of rim provided by optical profilometry (reference
method) and the ones obtained with the alternative methods
proposed for the four tested chips are summarized in figure 7.
From this figure, it can be seen that the resonant frequency
method tends to overestimate the rim length, while the
resonant profile method tends to overestimate it (the
exception being chip A7). Thus, by combination of both
methods, a rim length range for each chip can be determined,
while the average value gives an approximate value of rim
length with a discrepancy magnitude as low as ~4%, as
obtained for the chip A100. These results are encouraging in
that they provide some motivation for (a) further
development of a combined method based on the resonant
frequency and resonant profile methods, and (b) development
of analytical models that show how various system
parameters, including rim length, influence the resonant

V.

CONCLUSION

In the present work, two straightforward methods based on
resonance behavior of microcantilevers have been proposed
and evaluated for the systematic determination of rim length
due to silicon over-etching that can occur during DRIE.
Using both the cantilever’s observed resonant frequency and
its deflection profile at resonance, the rim length was
determined via comparisons with calibration curves obtained
via FEM simulations. By combining both methods, good
estimates of the rim length value have been achieved.
However, due to the time-consuming nature of performing
the requisite FEM simulations, the development of analytical
solutions to the problem is desirable. Such analytical models
are now under development, so that a better understanding of
the complex interplay of system parameters may be obtained
for resonating microcantilevers having non-standard support
conditions.
[1]

[2]
[3]

[4]
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Abstract—In this work, we develop a radio-frequency oscillator
operating near the 434MHz-centered ISM band to validate the
temperature compensated capability of HBAR based on
combining LiNbO3 and Quartz single crystal plates for such
purposes. Electrical and thermoelectric characterizations have
shown QF product in excess of 1013 and a third order frequencytemperature behavior. A phase noise better than -160dBc/Hz at
100kHz has been measured as well as a -165dBc/Hz level at
1MHz from the carrier. First results showing that the resonator
stability is better than 10-9 under room conditions. Further work
is expected to lower that level well below 10-10.

I.

INTRODUCTION

Radio-Frequency (RF) oscillators can be stabilized by
various resonating devices. Their stability is mainly
conditioned by the spectral quality of the resonator even if the
oscillator loop electronics must be optimized to lower the
generated noise as much as possible. For mid-term stability,
temperature compensation as a key point and allows for
notably improving the corresponding figure of merit. In a
previous work [1], we have shown the possibility to build
temperature compensated High overtone Bulk Acoustic
Resonators (HBARs) combining LiNbO3 and Quartz single
crystal plates for the excitation of high order modes exhibiting
cubic frequency-temperature behavior. In this work, we
develop a radio-frequency oscillator operating near the 434
MHz-centered ISM band to validate the capability of the
above-mentioned HBAR for such purposes. The composite
substrate have been built using a 3-inch (YXl)/163° LiNbO3
cut wafer bounded and thinned down to 15 µm onto a 350µm
thick (YXlt)/34°/90° quartz base.
Single-port resonators operating near 434 MHz (exploiting
the third harmonic of the thinned niobate plate as the HBAR
transducer) have been then manufactured. Electrical and
thermoelectric characterizations have shown quality factor of
the resonance in excess of 25000, yielding a QF product in
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excess of 1013 and a third order frequency-temperature
behavior. A SAW filter was used to select the ISM band and
to filter the high spectral density HBAR response. The
oscillator then has been measured using a phase noise
automatic bench (R&S FSUP26 spectrum and phase noise
analyzer). A phase noise better than -160dBc/Hz at 100kHz
has been measured as well as a -165dBc/Hz level at 1MHz
from the carrier. Mid term stability also have been achieved,
first results showing resonator stability better than 10-9 under
room conditions. Further work are expected to lower that level
well below 10-10.
The first section of the paper discusses the design of the
resonator based on thermoelastic computation of the
temperature coefficients of frequency (TCF) of each mode of
the structure. The basic theory is first recalled and general
relations are provided to select the material stack thicknesses
for a given mode order/frequency operating condition. A very
brief description of the device fabrication is provided and
experimental characterization of the resonators is reported.
The oscillator architecture is depicted and the stability
measurements detailed. As a conclusion, comparison with
SAW-based oscillator is achieved and possible improvements
of the oscillator is discussed
II.

DEVICE ANALYSIS AND DESIGN

A. HBAR Temperature Coefficient of Frequency (TCF)
The celebrated Campbell&Jones method [2] is used here
for predicting the TCF of any mode of a given HBAR. As it
has been reported hundred times in previous papers, only the
main basic equation is reported below:
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which means that the frequency changes due to temperature
variations are computed as the difference between the
development of the velocity and of the stack thickness vs
temperature. As discussed in [1], Lithium Niobate and Quartz
have been associated for the fabrication of shear-waver based
HBARs. LiNbO3 provides crystal orientations for which very
strongly coupled shear waves exist (kt2 in excess of 45%)
whereas AT cut of Quartz allows for compensating second
order frequency-temperature effects [3]. Although this idea
was already proposed using other material combinations [4],
no real design process was presented until now and therefore
the possibility to actually determine structures allowing for
high frequency operation with first order TCF smaller than
1ppm.K-1 was quite hypothetic. Second order compensation
was even not imagined in [4]. Figure 1 shows the evolution of
the TCF1 of almost all the modes of thinned (YXl)/163°
LiNbO3 layer atop a (YXlt)/36°/90° Quartz plate for various
Niobate/Quartz thickness ratios, always assuming a Niobate
layer much thinner than the Quartz substrate (which allows
for neglecting the differential thermoelastic stress within the
stack). One can see that depending on the harmonic number,
the TCF1 changes from +1 to -14ppm.K -1. Furthermore,
depending on the harmonic of the transducer alone, the TCF1
may notably change and thus it cannot be considered as a
simple periodic function vs harmonic number. Therefore, it is
mandatory to accurately consider all the actual feature of the
structure for an accurate design of a resonator, i.e. the
operation frequency, the harmonic number and the thickness
ratio for a given structure. To complete this, one should also
account for the actual thickness of the device as this
parameter will control the possibility to select one
(frequency/harmonic number) couple. Finally, it clearly
appears that the analysis of such HBAR TCF requires a
numerical analysis and that if an intuitive approach allows for
a first order definition of crystal orientations, the complicated
distribution of energy within the stack vs all the structure
parameters induces more intrication in the design process.

As an illustration of these considerations, the evolution of
the TCF of the most strongly coupled mode of the structure
(coinciding with the fundamental mode of the niobate plate
alone) has been plotted vs niobate thickness (Fig.2). A TCF1
vs Niobate/Quartz ratio law has been derived from this curve,
yielding the following expression:
TCF 1=42. 5× Rt 3 . 2×log  200 Rt 

(2)

where Rt is the Niobate/Quartz ratio, thicknesses and TCF1
being expressed in µm and in ppm.K-1 implicitly.
Considering now the TCF1 evolution vs quartz cut angle θ
(rotation around X axis), one can set the following
complementary law:
TCF 1=  θ −35 .  ×5 . 10−6

(3)

Using these relations allows one to show that the most
coupled mode of the structure is temperature compensated for
Rt=1/50 for the (YXlt)/34°/90° quartz cut, whereas the (YXlt)/
33°/90° and (YXlt)/32°/90° cuts will be selected for Rt
respectively equal to 2.5/50 and 5/50.

Figure 2.
Plot of the TCF of a HBAR built on a (Yxl)/163°
LiNbO3 thinned plate bonded on (Yxlt)/36/90 Quartz substrate for various
Niobate/Quartz thickness ratio (Quartz thickness arbitrary fixed to 50µm)

Figure 1.
Plot of the TCF of a HBAR built on a (YXl)/163°
LiNbO3 thinned plate bonded on (YXlt)/36/90 Quartz substrate for various
Niobate/Quartz thickness ratio (Quartz thickness arbitrary fixed to 50µm)

B. 434 MHz resonator design
The design of the 434 MHz centered resonator has been
done considering our capability to thin down LiNbO3 wafers.
A typical thickness of 15µm±2µm then must be considered,
the Quartz thickness being deduced along the theoretical
analysis presented above. Assuming a phase velocity of the
shear mode in the LiNbO3 layer near 4000m.s-1, the third
harmonic of the fundamental mode then is easily excited at
the expected frequency. To achieve the temperature
compensation of the mode, the quartz cut angle and plate
thickness then has to be fixed. A Rt value of 2.5/50 is
considered as a trade-off between the spectral density of
modes and the ease to manufacture the material stack.
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added to isolate the oscillating loop and provide sufficient
signal for the oscillator characterization. Figure 6 shows the
characterization of the oscillator output using a spectrum
analyzer, showing the definition of the resonance and also
proving the possibility to actually select the ISM band by
filtering.

Figure 8.

Allan Variance of the oscillator output signal, yielding
a relative stability near 2×10-10 over 2 seconds of integration at room
conditions

IV.
Figure 6.

Spectrum of the oscillator output signal, close to the
ISM center (433.7MHz)

Figure 7 shows the phase noise of the oscillator. The noise
floor is at -165dBc/Hz and the phase noise at 10kHZ is
-140dBc/Hz.

CONCLUSION

In this work, we develop a radio-frequency oscillator
operating near the 434MHz-centered ISM band to validate the
temperature compensated capability of HBAR based on
combining LiNbO3 and Quartz single crystal plates for such
purposes. Electrical and thermoelectric characterizations have
shown QF product in excess of 1013 and a third order
frequency-temperature behavior. A phase noise better than
-160dBc/Hz at 100kHz has been measured as well as a
-165dBc/Hz level at 1MHz from the carrier. First results
showing that the resonator stability is better than 10-9 under
room conditions over 2 seconds. Further work is expected to
lower that level well below 10-10. To achieve this objective,
excitation of resonator will be increase, test will be done under
controlled temperature condition, and electromechanical
coupling coefficient will be increase. Towards ultimate
stability allows us competition with SAW based oscillators.
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Abstract— This work presents high frequency fullymicromechanical self-sustained oscillators. It has previously
been demonstrated that interactions between mechanical strain
and thermally generated actuation forces in micromechanical
structures through the piezoresistive effect, can result in a
positive feedback loop leading to self-sustained oscillation
without the need for an electronic amplifier. In our previous
work we demonstrated self-sustained oscillation of singlecrystalline silicon dual-plate structures with frequencies up to
6.7MHz [1]. This work demonstrates higher frequency thermalpiezoresistive self-sustained oscillators with frequencies up to
36MHz using I3-shaped resonant structures. Due to the highly
nonlinear (mixed flexural-extensional) deformation of
actuator/piezoresistors in such structures, they can provide two
dominant output frequency harmonics. The dominant harmonic
can be selected by changing the resonator bias current.

I. INTRODUCTION
Micromechanical oscillators have a lot of potential as
replacements for conventional mechanical frequency
references in electronic systems. They can also be utilized as
highly sensitive resonant mass sensors for chemical and
biomedical applications. Such oscillators can provide lower
cost, smaller size and compatibility with integrated circuit
technologies. In order to use a micromechanical resonator as
the frequency reference for an electronic oscillator an
amplifying positive feedback loop is required. . In case of
conventional electrostatic [2] and piezoelectric [3]
micromechanical resonators which have been widely studied
and developed over the past decade, an external amplification
circuitry is required to provide such a feedback.
The other category of MEMS resonators, thermally actuated
resonators with piezoresistive readout, have not been studied
as intensively and thoroughly as the other conventional
MEMS resonators. This is mainly due to the generally
presumed disadvantages of thermal actuation, i.e. being a
power hungry transduction mechanism and also its established
reputation of being suitable for DC or very low frequency
applications only. However it has been lately demonstrated
that not only such devices can operate at very high
frequencies, but also their performance can get better at higher
This work was supported by National Science Foundation under grants
MRI-RAPID #1061489 and MRI #0923518.
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frequencies providing that proper design considerations are
met [4]. It is also shown that the power consumption for such
structures can reach well below 1mW as their dimensions are
scaled down to reach higher frequencies [1]. Furthermore,
what is usually ignored is that the power consumption in
thermal-piezoresistive resonators makes them active devices.
Such devices are capable of absorbing DC power from a
source and acting as an AC energy pump initiating and
sustaining mechanical oscillations (i.e. playing the role of
transistors in electronic circuitry). This concept has been
recently demonstrated in [5] showing self-sustained oscillation
capability for a thermally actuated flexural mode silicon
microstructure oscillating at 1.26MHz. This is enabled by the
active nature of such devices and an internal positive feedback
loop resulting from the sequential interactions of electrical,
thermal, and mechanical events upon passing a constant DC
bias current through their structure.
In our previous work we demonstrated self-sustained
oscillation of single-crystalline silicon dual-plate structures
[1] with frequencies up to 6.7MHz. Furthermore, in order to
reduce the power consumption of such resonators, thermal
actuators were aggressively narrowed down. Although this
method improves the power consumption of the oscillators
but it also raises new concerns regarding their performance.
Considering the fact that the in-plane extensional stiffness of
the dual plate or I2-BAR structures is determined by their
thermal actuators, narrowing them down causes a decrease in
the resonance frequency of the structure. Furthermore,
defining such narrow features with very high precision is
quite challenging leading to significant frequency mismatch
between devices in the same batch.
This work demonstrates self-sustained oscillation for higher
frequency extensional mode resonators.
II. OSCILLATION MECHANISM AND DEVICE STRUCTURE
The utilized structure in our previous work [1] that is shown in
Fig. 1 resonates in its in-plane extensional mode. Since in this
resonant mode, the two plates vibrate against each other and
not against the anchors, most of the acoustic energy remains in
the resonator. In addition, due to the in-plane vibration of the
structure, the air damping is minimized. Moreover, the
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extensional resonance mode provides relatively high stiffness
that keeps a lot of energy in the device and makes the energy
loss through air negligible. Therefore, high quality factors and
high motional conductances can be measured for such
structures. This makes these devices capable of self-sustained
oscillation under both vacuum and atmospheric pressures.

frequency variations between similar devices of this types
will be highly suppressed.

Fig. 2. Sequence of phenomena causing an internal positive feedback loop in
thermal-piezoresistive resonators biased with a constant current that lead to
self-sustained oscillation.

Fig. 1. COMSOL modal analysis, showing the fundamental in-plane
resonance mode shape for the dual-plate 4.5MHz resonator which is bias with
a constant DC current. Red and blue colors show locations with the largest
and smallest vibration amplitudes respectively. The two narrow beams in the
middle of this structure are also act as thermal actuators. The used electronic
circuitry is to test the oscillation behavior of such resonators

The series of events that leads to self-sustained oscillation can
be explained as follows: upon application of a DC bias
current, the thermal actuators heat up and expand. Due to the
mass (inertia) of the plates, the beams experience an overexpansion after pushing the plates and undergo tensile stress.
Since the piezoresistive coefficient has a negative value, the
tensile stress decreases the electrical resistance of the actuator
beams. When biased with a constant DC bias current, this
lowers the ohmic loss in the thermal actuators forcing them to
contract. After structural over-contraction (due to the mass of
the plates), the actuators will be under compressive stress and
will have increased electrical resistance. This translates into a
higher thermal power forcing the structure to expand again. If
the resulting driving force (due to heating and cooling) in each
cycle is large enough to compensate for mechanical losses of
the structure, the same sequence is repeated over and over in a
self-sustained manner and the vibration amplitude keeps
increasing until it is limited by nonlinearities. The 90º phase
lags (Fig. 2) resulting from the mechanical and thermal
response delays lead to a perfect timing for the
abovementioned sequence of physical phenomena to continue.
In order to improve the performance of such oscillators, in
this work a wider third bar has been added to the I2-shaped
3
structures (Fig. 3). In the resulting I -shaped structures the
stiffness of the resonator is mainly determined by the wider
middle bar. Therefore higher resonance frequencies can be
achieved while maintaining very narrow actuator beams. For
the same reason fabrication induced changes in the
dimensions of the narrow thermal actuators will not have a
significant effect on the frequency of the resonator.
Therefore, it is also expected that fabrication induced

Fig. 3. Modal analysis results showing the fundamental in-plane resonance
mode shape for an I3 resonant structure. In this structure a third wider bar has
been added in the middle of the structure to further increase the resonance
frequency of the resonator. Red and blue colors show locations with the
largest and smallest vibration amplitudes respectively.

III. FABRICATION AND MEASUREMENT RESULTS
Single crystalline silicon I3-shaped structures were fabricated
using the standard single mask SOI-MEMS process [3] on a
low resistivity N-type SOI wafer with device layer thickness
of 10µm. Since longitudinal piezoresistive coefficient of
silicon reaches its maximum value along the <100> direction
[6], the resonator actuator beams were fabricated along that
direction for optimized transduction. Figure 4a shows the
SEM view of a fabricated resonator as well as the schematic
view of the required bias current and electrical connections
for oscillator operation and measurement.
For this resonator a series of thermal oxidation steps followed
by oxide removal in hydrofluoric acid were carried out to
narrow down the thermal actuators. Instead of current sources
relatively large resistors with values a few times (up to 10X)
larger than the electrical resistance of the resonator, were
used to provide the resonator bias currents. The AC output
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was connected to a high frequency digital oscilloscope. By
gradually increasing the bias current, after passing a
threshold, the waveform in Fig. 4b with oscillation frequency
of 36.54MHz emerged on the oscilloscope. As it can be seen
R = 1250Ω

in Fig. 4b, the output signal shape is far from a sinusoidal due
to existence of different frequency harmonics. Since the
tested resonator has its first in-plane resonance mode at

a)

b)

f = 36.54MHz
Idc = 8.128mA
Vpp = 71.2mV

c)

f = 17.56MHz
Idc = 8.432mA
Vpp = 93.6mV

d)

f = 17.51MHz
Idc = 9.451mA
Vpp = 102.4mV

e)

f = 17.48MHz
Idc = 10.324mA
Vpp = 85.6mV

f)

f = 17.39MHz
Idc = 11.885mA
Vpp = 53.2mV

Fig. 4. a) SEM view of a fabricated dual-mode silicon I3 resonator with oscillation frequencies of b) 36.54MHz at Ibias=8.128mA, c) 17.56MHz at
Ibias=8.432mA, d) 17.51MHz at Ibias=9.451mA, e) 17.48MHz at Ibias=10.324mA and f) 17.39MHz at Ibias=11.885mA both under atmospheric pressure. All the
waveforms have the same time interval
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17.4MHz, it can be concluded that the second harmonic is the
dominant component. The first harmonic shows itself as
uneven level of the consecutive peaks in the output waveform.
In addition, the small ups and downs in the waveform can be
blamed on higher frequency harmonics. It was noticed that by
further increasing the bias current, the output voltage
waveform constantly changes and at some point the first
frequency harmonic with frequency of ~17.5MHz becomes
dominant. Figures 4c-4f show how the output waveform
changes by increasing the bias current. Figure 4f shows a
close to sinusoidal waveform at the same frequency as the
mechanical resonance frequency of the structure.
A closer look at the mode shape for the fundamental in-plane
resonant mode of the structure reveals that the deformation of
the narrow actuator beams is a combination of both
extensional and flexural deformations. Figure 5 shows that as
the resonator moves from its fully extended state to its fully
compressed state in half of the resonance cycle, the narrow
support beams go from a fully bent state to their normal
straight shape and back into another bent state. Each time the
beams flex there will be an increase in their length leading to
a frequency component at twice the vibration frequency of
the resonator.
As shown in Fig. 4, by changing the applied DC bias current
each of these frequency components can become the
dominant component determining the output frequency of the
oscillator.

structures. This design also lowers the fabrication induced
frequency variations. Such devices have monolithic crystalline
silicon structures and can be fabricated using a very simple
CMOS compatible process.
Future work includes further characterization of other versions
of such devices and understanding of the factors limiting their
oscillation amplitude and long-term as well as short-term
frequency stability. Achieving lower power consumptions and
higher frequencies are among other future goals.
Although relatively large bias currents were needed leading to
relatively high power consumptions for the oscillators,
however the power consumption of such structures could be
easily lowered to values below 1mW. To do so the resonators
should be fabricated on SOI wafers with thin device layer
thicknesses rather than using a 10µm thick structure, which is
the case in this paper. In addition, the thermal actuators can be
further narrowed down to lower their power consumption.
Regarding the stability of such oscillators, phase noise and
jitter characteristics could be measured. It is believed that the
main source of instability would be the short-term fluctuations
in the resonator temperature due to the electronic noise in the
bias current and the used bias resistor. Therefore, even higher
oscillator stabilities are expected to be achievable via passive
temperature compensation of the resonators (e.g. using
degenerate doping) [7, 8].
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Abstract— Recent advances in temperature-compensation for
FBAR (Film Bulk Acoustic Resonators) have brought this
technology forward as a serious contender in the oscillator
marketplace. As with any mechanical resonator oscillator, a
cost-effective hermetic package combined with circuit
technology are critical for commercial application. Billions of
FBAR duplexers have been fabricated using Avago
Technologies' wafer-scale packaging process, whereby a silicon
lid wafer is Au-diffusion-bonded to a base FBAR wafer to make
a robust, hermetic package. This paper presents a method for
integrating circuitry into the lid wafer to form a sub-0.1 mm3,
sub mW, 1.5 GHz temperature-compensated chip-scale
oscillator. Circuit integration, testing and performance will be
discussed.

I.
INTRODUCTION
For over 20 years, FBAR or SMR-BAW (Solidly-Mounted
Resonator – Bulk Acoustic Wave) with its high f•Q product
has been proposed as an attractive alternative to conventional
approaches for timing applications [1,2]. Like other mm-scale
mechanical resonators, FBAR requires a hermetic package in
order to maintain frequency stability. The FBAR is also not
readily integrated with circuit technologies for the simple
reason that the processing that produces the FBAR – high
resistivity, high impedance electrodes; high dielectric constant
for the piezoelectric material, and highly variable thicknesses
depending on the frequency target – does not produce a viable
electronic device. Although integrating a Bulk Acoustic
resonator or filter on the same substrate as an IC has been
demonstrated [3,4,5], there are three problems with this
approach: 1) compromises between technologies must be
made to eliminate interference between processing steps (e.g.
temperature limitations), 2) the economics for integrating the
two technologies on the same wafer is unfavorable [6], and 3)
none of the previous work addressed the issue of how to create
an open-air cavity around the BAW device while
simultaneously providing a hermetic and robust package.

those advancements. We now present a technique for
integrating active circuitry into the lid of the wafer-scale
hermetic FBAR package while the FBAR resonator, ZDR, or
filter resides on the base wafer. Both sides of an opened and
“unfolded” module are shown in Figure 1. The 285μm x
330μm active circuit area is clearly visible, as is the location
for the FBAR resonator. This strategy is IC technology
“agnostic”. Besides an area limitation, there are no special
circuit design rules required for our technique, and process
modification for the lid/IC wafer is minimal compared to a full
SOC (system-on-a chip) implementation.
II.

The wafer fabrication uses existing processes where
possible, which has the advantages both of simplicity and of
maintaining native device performance. In the Avago
microcap process, the FBAR is fabricated on one wafer while
a second “lid” wafer contains through-wafer vias, Au pads,
sealing structures, and a recessed air cavity above the FBAR.

Our previous work demonstrated the potential value of an
FBAR [7], a wafer scale hermetic package [8], and a modified
FBAR demonstrating temperature stability comparable to
quartz (referred to as Zero Drift Resonators, or ZDR [9]). We
have also demonstrated low noise sub-mW oscillators using
FBAR [10]. The work presented here is the culmination of
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Figure 1. Photograph of disassembled hermetic oscillator package
containing A) FBAR die B) lid with integrated active circuitry.

Figure 2 contains a simplified process flow for a standard
FBAR/micro-cap part. On the FBAR wafer side, the cavity
under the FBAR (“swimming pool”) is defined and filled with
a sacrificial oxide, the resonators are processed, followed by
the patterning of the Au interconnect and sealing material and,
finally, the removal of the sacrificial oxide. The Si micro-cap
lid is then Au-diffusion bonded to the FBAR wafer and pads
patterned on top. The lid wafer is manufactured with standard
micromachining processes and through-wafer vias are etched
to make external pad connections. Both the FBAR and lid
wafers are high-impedance Si to minimize cross-talk and
capacitive losses.

count would be ten or less. In this work, we have six external
pads and two internal connections from the lid electronics to
the FBAR resonator.

Figure 3A contains a schematic flow of the circuitcontaining lid wafer. The process flow proceeds as normal
with minor modifications for pattern density. Inter-layer
dielectric is left in the field until the devices are complete,
after which they are removed down to Si. At that point the lid
micro-machining can be completed. The cavity etch that
leaves a gap above the FBAR removes any remaining epi-Si
between contact pads. The final oscillator die with integrated
circuitry is shown in Figure 3B. We retained the Au-Au wafer
bond that has proven to provide a robust hermetic seal [6]. The
circuitry on the lid aligns with a corresponding depression in
the FBAR wafer to provide clearance for wafer bonding. Since
the depression is patterned along with the depression under the
FBAR, no additional masking steps are required. Once the lid
is bonded to the FBAR wafer, the lid Au metallization forms
the interconnect between the circuitry and the FBAR. Figure
3C contains a SEM cross-section of a bonded die showing the
relative position of the FBAR and the lid circuitry (reversed
from the schematic). For this demonstration, our circuits used
Avago’s HP25 silicon bipolar process.

Figure 2. Schematic description of normal FBAR/micro-cap process flow.

III.

CIRCUIT IMPLEMENTATION

The concept of integrating active circuitry into the lid has
the economic advantage of reusing the lid wafer area for the
electronics' pads and from eliminating external connections
between the FBAR and the circuit. The size can be further
reduced by placing the FBAR directly above the circuitry,
which we hope to demonstrate in future iterations. Further
economic advantage is gleaned by forcing the circuit size and
the resonator (or filter) size to be comparable. The number of
external connections is limited by via size; a reasonable via

A)

B)

C)
Figure 3. A) Schematic circuit lid flow, B) micro-capped oscillator die,
C) cross-section SEM of FBAR/bipolar process showing completed die.

Figure 4A shows the Pierce oscillator and divider that are
integrated into the lid. All bias circuitry is integrated and
derived internally. The oscillator and bias consume 150µA
from a 2V supply. Emitter/Base diode varactors are used for
tuning, and a temperature-sensing diode is included for on-die
temperature monitoring. The oscillator is AC-coupled to an
on-chip divide-by-64 circuit comprising six cascaded stages of
divide-by-two bipolar current mode logic (CML). The
oscillators operate at 1.5 GHz, yielding a divided clock source
of 23.4 MHz. Each divide-by-two circuit includes two crosscoupled D-latches, with the clock input of each latch driven by
a level shifter to set the proper DC bias of the input transistors.
The maximum operating frequency of the divider-by-two
circuit is a function of the D-latch delay and level-shifter
delay. The bias currents of the latch and of the level shifter are
set accordingly. Because each stage works at half the
frequency of the previous one, the bias current of subsequent
stages are scaled to reduce power consumption without
degrading maximum operating frequency.
A fully-differential Colpitts oscillator was also designed
and fabricated in this process. Figure 4B shows the simplified
schematic. The Colpitts oscillator has superior cyclostationary
noise properties and is thus a good candidate for low jitter
reference clocks. However, the Colpitts oscillator requires a
higher initial loop gain for oscillator startup. We utilize a gmboosting technique to reduce power consumption by
improving the oscillator startup characteristic. As shown in
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shorten the feedback cycle time and improve temperature
compensation accuracy. To test the aging of the wafer-scale
packaged resonator, the oscillator frequency shift was
measured after 168 hours at 125˚C and again after 336 hours
at 125˚C. Less than 1ppm of frequency drift was observed.

Figure 4. A) Schematic of Pierce oscillator with divider.
B) Differential Colpitts oscillator with gm-boosting

Figure 4B, the FBAR resonator is connected between the
bases of the top transistor pair. The center point of the FBAR
resonator can be viewed as a virtual ground. Differential
operation is sustained when the two sides oscillate at opposite
phases. By cross-coupling the oscillator output and ACcoupling the signals to the base of the foot transistor pair, the
effective loop gain of the oscillator is increased to reduce the
bias current requirement.
Frequency-dependent emitter
degeneration is used to suppress a parasitic mode of oscillation
that is not present in typical LC versions of this topology. The
differential architecture minimizes common-mode noise
introduced power supply and substrate coupling, and thus can
further reduce the overall phase noise of the oscillator.
IV.

Figure 5. Measured signal at 1.5 GHz RF output (top) and 23.4 MHz
divide-by-64 output (bottom)

EXPERIMENTAL RESULTS

A. Oscillator Performance
Figure 5 shows the measured transient waveforms from
the oscillator at the RF carrier and the divided output. The
measured oscillator phase noise at the 1.5 GHz carrier is -118
dBc/Hz @ 100 kHz offset. Although we typically achieve
quality factors (Q) of over 2000 for temperature compensated
resonators [8], our first devices had a fixable design error
limiting the Q of these devices to about 500 to 800. The
differential Colpitts oscillator consumes 300µA from a 1.8V
supply and provides a phase noise of -124 dBc/Hz @ 100 kHz
offset.
These chips integrate temperature compensated FBARs
(zero drift resonators, or ZDR) which remove the linear
temperature drift around a fixed turn-over temperature (TOT),
yielding a residual 2nd order temperature dependence on the
order of -15 ppb/˚C2. The ZDR in these devices have a TOT of
approximately -120˚C, which will be moved to 50˚C in
subsequent runs. To improve oscillator temperature stability to
below 100ppm (over a 100˚C temperature range), a feedback
loop measuring temperature is necessary. The on-die temp
sensing diode provides a nearly instantaneous read-out of the
temperature that closely matches the FBAR temperature. Fig.
6 shows the temperature and frequency as measured by the
integrated diode thermometer and a reference sensor placed 10
mm away from the oscillator. A 2W resistive heater on the
board was activated for roughly 1 minute to simulate a PA or
other heat source. Clearly, the integrated diode will greatly

Figure 6. Measured temperature response as measured by the ZDR
frequency response, an integrated diode thermometer, and a reference
diode placed 10 mm away from the oscillator.

The on-die varactor is used to pull the resonant frequency
of the oscillator to compensate for temperature drift as well as
any frequency variation due to processing uncertainty. Figure
7 shows the measured pulling range of the oscillator using the
integrated varactor (+/- 500 ppm).

Figure 7.

Measured tuning curve of FBAR oscillator.

We used bipolar devices in our first demonstration of this
process for three reasons. First, this process has a higher fT
than comparable legacy inexpensive CMOS processes.
Secondly, the lower 1/f noise of BJTs provides a significant
improvement (6-8dB) in close-in phase noise. Finally, the
gm/Id ratio is 2-3x higher than a MOSFET biased for high fT.
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The properties of this bipolar process thus complement the
CMOS circuitry of any accompanying chip.
Different applications of this technology will lead to
different optimal partitioning. For example, a highperformance PLL could use the FBAR/bipolar chip as a low
noise VCO while the digital functionality were integrated onto
a separate CMOS chip. Table 1 is a performance summary of
both oscillators implemented in this process. Figure 8 shows
the measured phase noise profile of both oscillators.
TABLE I.

Figure 9. Wafer map showing functional oscillators (in green) from one of
the first chip-scale packaged oscillator wafers.

TABLE 1. DESIGN AND PERFORMANCE SUMMARY

Pierce
Differential
ISSCC ’06 [3]
Integrated FBAR
Yes
Yes
Yes
Hermetic
Yes
Yes
No
Freq (GHz)
1.5
1.5
5.4
Icc (µA)
150
300
1700
Vcc (V)
2.0
1.8
2.7
Tempco
(ppm) +/- 200
+/- 200
> +/- 1000*
(0-80˚C)
L(100 Hz) dBc/Hz
-49
-51
-33
L(1 kHz) dBc/Hz
-76
-80
-63
L(10 kHz) dBc/Hz
-98
-104
-93
L(100 kHz) dBc/Hz
-118
-124
-118
*Based on theoretical uncompensated BAW tempco of ~-27ppm/˚C

150 μA Pierce oscillator was realized, which achieves a phase
noise of -118 dBc/Hz at 100kHz offset. A low noise
differential Colpitts oscillator was also implemented,
achieving a phase noise of -124 dBc/Hz at 100kHz. The
single-chip hermetic package contains all necessary
components for a miniaturized frequency reference, including
oscillator, high Q resonator, dividers, temperature sensing
diode, and frequency tuning varactor.
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Abstract— A low phase noise, 5 MHz, quartz BAW oscillator has
been developed for space applications. Considerable effort has
been made to optimize the quartz resonator design used in this
oscillator. Both SC and LD resonator cuts have been studied.
Although promising results have been achieved with LD cut
resonators, the best results have been achieved with 5 MHz, fifth
overtone, SC cut resonators. Single sideband phase noise of 133/f 3 dBC/Hz for offsets from 0.1 to 2 Hz (equivalent to σy(τ) =
7E-14, for τ = 1 sec) has been achieved. This performance is
within a factor of two of what is generally accepted as the
theoretical phase noise limit for BAW quartz oscillators at this
frequency. Details of resonator design, and circuitry are
discussed, and phase noise data are presented. Although the
results presented have been achieved using commercial
electronic parts in the oscillator, the fundamental oscillator
architecture is such that it can be implemented using readily
available space qualified parts.

I.

INTRODUCTION

The work described here is inspired by a desire to push the
envelope of short term frequency stability performance of
precision quartz oscillators; with an ultimate goal of
implementing this improved performance in quartz oscillators
designed for space applications. In order for any results of
this effort to be applicable to space applications, it is in
general necessary that:
1.

2.

All circuit components must be capable of
meeting space quality and reliability guidelines
(e.g. hermetically sealed packages, space
radiation tolerant, etc.)
Oscillator and all components must be capable of
surviving
launch
vibration
and
shock
environments

Specific space applications typically impose additional
design constraints, however, it is not the purpose of the work
described here to meet specific space program requirements,
but rather to develop oscillator capability which does not
involve any circuit components or mechanical structures
which would preclude use in space applications.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

With these constraints in mind, the focus of this effort is
improvement of short term frequency stability, as defined by
the Allan deviation, for averaging times of 0.1 to 100 seconds.
Based on the material properties of quartz, the best
performance in this domain is expected from oscillators
utilizing quartz resonators with the lowest feasible resonant
frequency, f0, since Sφ(f) ∝ f04 ( σy(τ) ∝ f0 ) [1], [2], [3]. In
practice, 5 MHz is the lowest feasible frequency, because
lower frequency resonators which can meet the above criteria
for space applications are difficult to manufacture. For this
reason, the work described here focuses on 5 MHz quartz
oscillators and resonators.
More specifically, this work has focused primarily on
oscillators using SC cut quartz resonators, given the proven
track record and many advantages of such resonators [4].
Accordingly, most of the results shown below are for
oscillators employing SC-cut resonators.
Recent work,
however, has suggested some potential advantage to LD-cut,
or Low isochronism Defect, quartz resonators.
These
resonators are in the same doubly rotated family as the SC cut,
but with a somewhat larger φ angle, shown to result in a
minimum sensitivity to resonator drive current (amplitudefrequency effect) [5], [6], [7]. Therefore some preliminary
effort has been devoted to investigation of oscillators using
LD-cut quartz resonators, the results of which are reported
below.
For well designed oscillators at this frequency, the quartz
resonator in general determines the output noise, and hence
the frequency stability. Therefore, this effort has focused
mainly on the design of the quartz resonator. Some effort is
required to insure that the noise of the sustaining amplifier can
be maintained below the level at which it contributes to the
oscillator noise within the resonator bandwidth, but the
primary effort is to improve the resonator noise performance.
One of the impediments to progress in this arena is the
relatively long time required to make meaningful
measurements. The introduction of the SC-cut actually
improved this situation, since it requires considerably less
warm-up/stabilization than comparable performing AT-cut
resonators. Nonetheless, given the necessity of tight oven
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control, stabilization times of several hours to several days are
required to get meaningful results regarding the underlying
performance of these devices out to 100 seconds averaging
time. The authors have found that it is generally most
efficient to gauge performance of such devices by measuring
the phase noise at 1 Hz offset, with attention to the slope of
the phase noise vs offset frequency plot.
The frequency stability of the best 5 MHz quartz
oscillators, for averaging times of 0.1 to 100 seconds, is
determined almost exclusively by 1/f frequency noise [3].
This being the case, the phase noise is proportional to 1/ ,
and is related to the Allan deviation, σy(τ) (which is
independent of averaging time for 1/f frequency noise), by [8]:


f

1 sec .

(1.)

Thus a phase noise plot exhibiting a slope of 1/ at an
offset frequency of 1 Hz represents a fairly reliable indication
of underlying performance capability throughout the τ = 0.1 to
100 second range. Since equipment capable of measuring
phase noise very efficiently now exists, it is possible in this
way to obtain a good indication of oscillator performance in a
matter of hours rather than days.
II.

OSCILLATOR DESIGN

A block diagram of the basic oscillator used for these
studies is shown in Figure 1. The device is designed to allow
relatively easy access for removal/replacement of quartz
resonators. It utilizes a double oven enclosure for the quartz
resonator, with the oscillator circuitry contained within the
outer oven. Although the device is not intended for use in
space, care has been taken to utilize only oscillator circuit
components which are generally acceptable for use in space
applications. A photograph of the device is shown in Figure
2.

Figure 1. Block diagram of oscillator used for resonator tests

(a.) Side View

(b.) Top View

Figure 2. Oscillator used to test quartz resonators

III.

SC-CUT RESONATORS

The work reported here has so far involved the testing of over
one hundred 5 MHz, fifth overtone, SC-cut quartz resonators
in oscillators like the one shown in Figure 2. These resonators
have been made to a variety of specifications in which φ
angle, contour, electrode diameter, and electrode metallization
are varied as a means of optimizing performance. In order to
draw meaningful conclusions from this work it is necessary to
accumulate considerable statistics, as inevitably a number of
un-controlled variables can obscure the real cause and effect
associated with performance observations. This is an ongoing effort, with initial results being reported here.
Although no definitive, simple recipe leading to improved
noise performance has been identified to date, some useful
preliminary conclusions are possible, and performance within
3 dB of what is generally considered to be the material limit of
quartz has been observed in some resonators.
The
manufacturing yield for resonators with this level of
performance is low, but reproducible.
A. Activity Dips – “Sweet Spot”
One working hypothesis at the start of this effort was that
noise performance can be limited by the presence of activity
dips, a problem more closely associated with AT-cut crystals.
The idea is that at the oven set point temperature (typically the
turn-over temperature or zero-slope of frequency vs.
temperature) one or more competing modes may get partially
excited in addition to the desired c-mode, and that this
excitation is highly temperature dependent in comparison to
the dominant c-mode [4]. It is postulated that it could be
possible to improve the noise performance significantly in this
case by offsetting the temperature slightly; thus strongly
attenuating the competing temperature dependent modes,
while affecting the dominant mode only slightly. In fact it has
been suggested that “sweet spot” temperatures may exist at
which the noise is dramatically improved over that observed at
the presumed optimum (turn-over) temperature. In some
cases it is indeed observed that SC-cut resonator series
resistance shows significant variations near the turn-over
temperature, and this could well be due to the presence of
activity dips. The question is, in cases where little or no
measured resistance variations near the operating temperature
are observed, can performance be improved by slight changes
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in oven operating temperature. Although documentation
regarding this is sketchy, claims to this effect do exist, and
therefore some effort was devoted to studying this idea.
Typical results are shown in Figure 3. , which shows phase
noise at 1 Hz and 10 Hz offsets as a function of quartz
resonator oven temperature, over a narrow window of 5°C
around the turn-over temperature. Some small variations in

phase noise are observed, but these are within the error bars of
the measurement. This measurement has been repeated with a
number of different resonators. In spite of concerted effort, no
evidence of the existence of a “sweet spot” temperature has
been found.

Figure 3. Single side band phase noise measured at 1 and 10 Hz offsets as a function of inner oven temperature near the resonator turn-over temperature

B. Edge Quality
The most consistent result to date has been the correlation
between the visual quality of the quartz resonator edge (which
is attached to the mounting structure) and noise performance.
Those resonators which have edges relatively free from chips
and scratches consistently outperform those with more
noticeable edge defects.

The critical observation was that with a large number of
reprocessed resonators, re-made with a variety of different
electrode materials, diameters, and thicknesses, and different
contours, including some resonators which were re-made with
identical design to their previous configuration; uniformly
worse noise performance was observed after reprocessing. A
post-mortem of these devices showed that one consistent
result was that the quality of the resonator edges had been
degraded during the reprocessing activity.

This was first observed as a result of reprocessing various
resonators. Reprocessing resonators is an excellent way to
study the effects of different contours and electrode
configurations, while keeping the quartz material involved
constant. The influence of variations in crystal lattice defects
and impurities on the measured noise characteristics is thereby
reduced or eliminated.

As a result of this observation, resonators were fabricated
with greater attention to the quality of the resonator edges.
This yielded consistently better performing resonators, largely
independent of other variables. Phase noise results from three
such resonators are shown in Figure 4. In preparing the figure,
pair-wise measurements were made, one comparing each
resonator to each of the other two. The results were used to

898

perform a three-cornered hat calculation of the individual
noise contributions from each resonator. The results of this
calculation are displayed in Figure 4.
It is evident from the figure that the phase noise of all three
resonators is well described by a 1/ function between 0.1

and 2 Hz; the best measuring -133 dBC/Hz at an offset of f = 1
Hz. From (1), this corresponds to:
7.4

10

(2.)

This is within 3 dB of what is generally presumed to be the
material limit for quartz [1], [2], [3].

Figure 4. Single sideband phase noise calculated from individual measurements of three 5 MHz, fifth overtone, SC-cut quartz resonators. Displayed results
are based on a three-cornered hat calculation of the individual noise contributions of each resonator, derived from pair-wise measurements.

IV.

LD-CUT RESONATORS

The noise performance of quartz oscillators outside the
bandwidth of the resonator is generally determined by thermal
noise in the circuit elements [3]. This determines the white
noise floor, for large offset frequencies, in the phase noise
response. This noise can be reduced by increasing the power,
or drive level in the oscillator. Unfortunately, this has the
undesired effect of increasing the phase noise inside the
resonator bandwidth because of the amplitude-frequency
effect. This effect is the observed tendency of the frequency
vs power function to exhibit an increasingly steep positive
slope as power is increased. The result is that AM (white)

noise in the oscillator circuit is converted into PM noise inside
the resonator bandwidth.
It was discovered several years ago that for doubly rotated
quartz resonators, the slope of the amplitude-frequency effect,
as a function of φ angle, changes sign at approximately φ =
27° [5]. Therefore it is expected that resonators manufactured
at this angle would not suffer from the undesirable effects
described above when driven at higher power levels.
This comes at a price, however, since the stress
compensation condition of the SC-cut (φ = 21.95°) is no
longer met, and in addition the inflection temperature is
increased from ~90°C for the SC cut to ~150°C. Operation
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near 150°C is undesirable because the failure rates for
semiconductor devices are much higher than for operation
near 90°C. LD resonators can easily be manufactured with
turn-over temperatures ~90°C, however, because this is further
from the inflection temperature, the slope of frequency vs.
temperature changes much more rapidly in the vicinity of this
temperature than for an SC-cut resonator with the same turnover temperature [6]. Therefore, oscillators using LD-cut
resonators must maintain better temperature control than
comparable oscillators using SC-cut resonators.
Nonetheless, the potential for eliminating the undesirable
effects of the resonator sensitivity to drive level is worth
investigating. To this end, a number of resonators with φ
angles in the vicinity of the LD-cut have been manufactured
and tested in oscillators. In Figure 5, the amplitude-frequency
effect is plotted for several of these resonators, with a typical
SC-cut resonator shown for comparison. Although these “LDcut” resonators do not exhibit zero slope, they clearly exhibit
reduced slope compared to SC-cut resonators.

Figure 6. Phase Noise at 1 Hz and 10 kHz offsets as a function of drive
current for an LD-cut resonator.

V.

SUMMARY

An on-going effort, targeted at satellite applications, to
improve frequency stability performance of precision 5 MHz
quartz oscillators has been described. This effort has focused
on the quartz resonator as the main performance limiting
factor. Performance within 3 dB of the theoretical material
limit of quartz has been obtained with several SC-cut
resonators, where particular attention was paid to the quality
of the resonator edges.
Preliminary attempts have also been made to manufacture
and test LD-cut resonators. The results of these preliminary
tests are promising, but further work is necessary in order to
optimize the trade-off between stress compensation,
temperature sensitivity, and frequency dependence on drive
current.
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Abstract—

The Whispering Gallery Mode Maser Oscillator
(WHIGMO) uses paramagnetic Fe3+ ions in HEMEX sapphire
at low temperature, and has been described in many previous
publications [1-7]. The fractional frequency instability has been
demonstrated to be as low as σ y(1s<τ<100s) = 10-14. This
instability is normally measured at the frequency-temperature
turnover point of the sapphire where the effects of temperature
fluctuations on frequency are nullified to first order [8-9].
Usually the temperature is determined by the relative
concentrations of several paramagnetic ions such as Cr3+, Mo3+,
and Ti3+. In this paper, we show that Fe3+ ions have a strong
effect on the turnover point. We compare the behavior of two
crystals – “Pinocchio” (concentration of active Fe3+ ions =
10ppb) and “Geppetto” (100ppb).
We also report the
observation of an upper limit for maser operation above 30K.
This limit is explained using a Boltzmann distribution for the
active ion, and we show that the populations of the energy levels
are so close at this temperature that the effect of the pump at 31
GHz used to create the maser at 12 GHz is ineffective.

I.

an Electron Spin Resonance (ESR) at 11.4 GHz, Mo3+ (100
GHz) and Ti3+ (1 THz). The ions are substitutionally included
in the crystal lattice and for purest sapphire result from the
crystal growing process and occur unintentionally. We show
in this paper how we can control the temperature annulment
point of the Fe3+-WHIGMO by manipulating the amount of
ions involved in the maser process.

Figure 1. Principle of operation: We apply a signal at 31.35 GHz,
coinciding with a WG mode, to pump the ions from the lowest energy level
|1/2> to the third |5/2>. The ions then (non-radiatively) relax to the second
energy level |3/2>. A population inversion is obtained between the two
lowest energy levels, and stimulated emission can be obtained at 12.04GHz,
which is enhanced by another WG mode coincident in frequency.

INTRODUCTION

To build an ultra-stable oscillator in the X-band, it is
desirable to use crystals with low loss and high Q-factor. The
best material for this purpose is HEMEX grade sapphire,
which demonstrates Q-factors of order 109 when cooled to
4.2 K. The resonant frequency of the Whispering Gallery
mode of interest is fixed when operated at a particular
temperature, the ‘turnover point’, where temperature
dependent frequency fluctuations are cancelled to first order.
Many publications describe the application of this selfcompensation technique. [8-17], and all show that the
turnover temperature is dependent on the presence and
relative concentrations of paramagnetic ions such as Cr3+ with

II.

The maser scheme is based on the three energy levels of
the Fe3+ ions at zero applied DC magnetic field in a WG
sapphire resonator (Figure 1). The concentration of ions used
to create the effect is about 10-100ppb, whereas the total
concentration is on the order of 1ppm. The bandwidth of the
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ESR is ΔνFe3+ ≈100MHz, where the WG mode width is only
ΔνWG ≈10Hz at 4.2K.
The maser signal frequency νop is fixed at the frequency νWG
of the WG mode involved in the process. It’s well known that
the frequency νWG is strongly sensitive to temperature
variations and needs to be precisely controlled. In this kind
of resonator, νWG possesses a temperature turnover point
above 4.2 K. The frequency variations can be described by
[8]:

ν WG − ν 0
= AT 4 + C(T)
ν0

€

network analyzer and shows a turn over temperature Tinv
around 7.8 K, with no dependence on the input power level
applied to the crystal.

(1)

where ν0 is the mode frequency at 0 K without ions, and AT4
is the thermal sensitivity due to the sapphire dilation (A≈1012 -4
K for our modes). The other term C(T) is thermal
sensitivity due to the paramagnetic ions and is defined by
(2):
2

2πτ 2(i ) ) ν i (ν i − ν )
(
1
C(T) = Σηi (ν )χ 0
2
2i
1+ ( 2πτ 2(i ) ) (ν i − ν )2

€

(2)

where η is the magnetic filling factor of the mode describing
its magnetic field distribution compared to paramagnetic ions
in the crystal, and χ0 is the DC magnetic susceptibility of the
ion.
III.

MEASUREMENTS

To characterize the maser signal we amplify it first (30dB)
and then compare it to a signal from a synthesizer referenced
to a hydrogen maser. The beat note is then amplified and
band pass filtered before being counted (Figure 2). The
accuracy of the temperature control at resonator cavity is
about 2 mK.

Figure 3. Evolution of the maser frequency (for “Pinocchio”) at 12.037
GHz with temperature for different pump power levels. The turnover
temperature stays constant around 8.3K The red curves are for a pum power
at 17dBm, the blue at 16dBm and the green at 15dBm.

We vary the frequency of the pump signal used in the
process, and observe the evolution of the maser frequency
with temperature. For each pump we change its frequency in
steps of 250 Hz and at varying power levels. As Figure 3
shows, Tinv is completely independent of the input power
level, and the value of the pump frequency Tinv stays
sensitively around 8.3K.

Figure 2. Experimental setup: The crystal is a cylindrical HEMEX sapphire,
30mm height and 50mm diameter, placed in a cylindrical cavity and cooled
to 4.2K using a cryocooler .

A. “Pinocchio” behaviour
The maser signal characterized in this section is oscillating at
the WGH17,0,0 mode frequency of 12.038 GHz, and can be
excited using a pump signal corresponding to any of several
WG modes around 31.3 GHz. The frequency of the WG
mode which enhances the maser signal is measured with a

902

Figure 4. Evolution of the maser signal frequency with temperature for
different pumps at 31.3xxGHz and different input power levels

Despite the fact that Tinv is independent of the input power
and frequency of the pump signal (for a particular choice of
pump mode), its value does change when a different pump
WG mode is selected, as shown in Figure 3. The turnover
point is inversely proportional to the pump frequency in the
range 31.320–31.339 GHz. No turnover point is observed at
higher frequencies. Note that for each pump mode, Tinv stays
independent of power. The turnover point can be calculated
for each pump by a simple second order polynomial equation.
B. “Geppetto” behaviour
For the second crystal, the maser operation is different. The
concentration of the active ion is higher, resulting in a higher
maser output power of –40dBm, compared to –56dBm for
Pinnochio. In addition, maser signals are observed not only at
the WGH17,0,0 frequency, but also at different modes at
frequencies within the ESR bandwidth[6]. Like Pinnochio, all
the pump modes for which a maser signal can be excited in
Geppetto have a temperature turnover point independent of
the applied power.

depending on its coupling and spatial field distribution in the
crystal. Strong coupling allows an optimum exchange of
energy with the ions, and field distributions occupying more
volume in the crystal increase the interactions with different
classes of ions. Considering the inhomogeneous broadening of
the line at 31 GHz in addition to these factors, we can
understand why Tinv is different from one pump to another.
The Fe3+ spins act as individual packets selected by the pump
WG mode corresponding to the applied pump signal. The
pump signal selects a different quantity of ions depending on
their ESR frequency.

Characterizing the turnover point for this crystal reveals more
complex effects than Pinocchio. Figure 5 shows the signal at
12.037 GHz oscillating for a pump applied at 31.349 GHz. It
represents the maser frequency dependence for pump
frequencies in the range 31.349,782,015 – 31.349,782,715
GHz in steps of 100 Hz. Here, the maser frequency shows a
strong dependence on the pump tuning. We note that when the
frequency is in the range 31.349,782,115 – 31.349,782,315
GHz, there are three Tinv – one near 6 K, the second around 8
K and the third at approximately 10.5 K. For the range
31.349,782,415 – 31.349,782,715 GHz, there is only one Tinv
around 8 K and the system behaves in the same classical
fashion as the first crystal.

Figure 5. Evolution of the maser signal frequency at 12.037GHz with
temperature for different value of the same pump at 31.349GHz

The behaviour of another maser signal oscillating
simultaneously at 12.014 GHz when pumped at 31.310 GHz
is shown in Figure 6. We again observe a strong dependence
of Tinv on the pump frequency. When the pump frequency is
swept in the range 31.310,667,885 – 31.310,678,485 GHz, we
see Tinv moving from 9K to 8.7K and subsequently
disappearing. The maser frequency also shows that more than
one Tinv exists depending on the frequency tuning of the
pump. For example, at 31.310,677,985 GHz the maser has
two turnover points (Tinv1 = 9 K, Tinv2 = 11 K), at
31.310,678,185 GHz it has three (Tinv1 = 8.7 K, Tinv2 = 10.1 K
and Tinv3 = 11 K), and at 31.310,678,285 GHz there is no Tinv
observed at all.
The temperature turnover point depends on the distribution of
the ions and the population difference between their energy
levels. When we measure Tinv for the WGH17,0,0 mode using a
network analyzer, no change is seen due to the small
population difference at this frequency (5% of the total active
population). However, when the maser is operating, i.e. being
pumped, the configuration of the ions is completely different:
population inversion exists between the |1/2> and |3/2> levels,
and saturation is seen at 31 GHz where the population of the
states |1/2> and |5/2> are equal. The population inversion rate
is determined by the choice of pump mode near 31 GHz. For
each pump, we can have strong or weak maser signal

Figure 6. Evolution of the maser signal frequency at 12.014GHz with
temperature for different value of the same pump at 31.310GHz

For Geppetto the case is more complex because Tinv is not
only different from one pump to another for the same maser
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signal, but is different for the same pump mode when the
frequency is tuned. The maser frequency shows more than one
temperature turnover point for some pump frequencies, and no
inversion for others.
The characterization of the maser frequency with temperature
was performed at a fixed pump frequency. However, the
pump WG mode is temperature dependent as well as the WG
modes near 12.04 GHz. To optimize the maser operation, it is
necessary to tune the pump frequency for each operating
temperature.
This optimum frequency corresponds to
maxima or minima of the maser frequency depending on the
Tinv being measured. Figure 7 shows how the maser
frequency varies with temperature for different pumps modes.

At high temperature (20-30K) the number of ions pumped at
31.3 GHz is lower than at 4.2 K, leading to a smaller
population inversion ratio. This directly affects the maser
power and causes it to drop as temperature rises. In addition,
the absorption at 31.3 GHz is a result of a mixing between the
|1/2> and |5/2> ion states and occurs with very small
probability [18-20]. The population difference at 31 GHz is
high enough to create the maser signal with this probability at
low temperatures (<30K), but not at high temperatures
(>30K).

Figure 8. Evolution of the maser signal frequency with temperature for
different pumps. The pump frequency is adjusted for each temperature in sort
of having an extrema on the maser frequency.
Figure 7. Evolution of the maser signal frequency with temperature for
different pumps.

The signal at 12.14 GHz has a turnover point at 10K, the one
at 12.029 GHz is at 10.3K, and the one at 12.037 GHz shows
no turnover temperature at all. The measurements were
performed at different power levels, which were found to
have no effect on the turnover temperature.

At higher temperatures still, characterization of the WG
modes around 12.04 GHz showed absorption effects up to
140 K. This strength of the absorption decreases when we
increase the temperature. However no maser operation has
been observed at these temperatures.
CONCLUSION

IV.

MASER TEMPERAURE OPERATION LIMIT

In order to characterize the upper temperature limit for maser
operation, we adjust the pump frequency for each
measurement as per the last section. The dependence of the
maser frequency is shown in Figure 8. The 12.037 GHz
maser signal oscillates until 28 K when pumped at 31.349
GHz, and 30K when pumped at 31.352 GHz. The power of
the maser signal is observed to decrease as the temperature is
raised. This is due to the fact that, at thermal equilibrium, the
populations of the Fe3+ energy levels follow a Boltzmann
distribution. At higher temperatures, the difference in
population between levels is reduced, resulting in less
efficient masing.

We have demonstrated how Fe3+ ions in a sapphire maser
influence the frequency-temperature turnover point of the
maser signal. We compared the behavior of two crystals, one
with a low ionic concentration and the other with a high
concentration. The first crystal showed classical behavior
where Tinv is independent of the pump power and frequency,
but was different between pump modes due to different
packets of ions being accessed for each pump. The ions that
create the maser are affecting a change in the intrinsic mode
Tinv. The crystal with higher Fe3+ concentration showed a
more complex behavior where Tinv was different not only
from one pump mode to another, but showed many turnover
points for some choices of pump, and in some cases none at
all.
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Abstract— On-board atomic clocks represent the key
technology for the success of any satellite navigation system
mission and their development has been continuously supported
by ESA. The PHM (Passive Hydrogen Maser) has been selected
as master clock of the Galileo Navigation Payload and the
almost three years of continuous observation on board of
GIOVE-B satellite have confirmed the outstanding performance
in terms of frequency stability and negligible drift [1]. The
results coming from ground life testing have given important
feedbacks on the PHM technology capability to comply with the
required 12 years of lifetime. The above was the starting point
for the development of a Miniaturized PHM (mPHM) carried
out in the frame of the ESA European GNSS Evolutions
Programme. The main target was to preserve the excellent PHM
frequency stability performance with reduction of the overall
mass and instrument sensitivity to the environmental conditions
(in particular to temperature). This paper presents an overview
of the main results achieved by the design, manufacturing and
testing of a MPHM elegant breadboard (EBB); the 30% of mass
reduction already achieved on the Physic Package gives the
concrete possibility to have a complete instrument with a mass
of 12Kg.

I.

INTRODUCTION

The PHM is the best performing on-board clock ever
produced for the navigation market. However the constraints
associated to its state of the art performances in terms of mass
and power consumption, represent a critical point to be
investigated and possibly reduced in order to meet the
requirements for the next generation navigation systems. Over
the last year, various innovative techniques and technologies,
especially for the Physic Package (65% of the PHM mass),
have been identified for significant improvement of mass,
volume and power consumption without affecting electrical
performance, in particular frequency stability. In the frame of

978-1-61284-110-6/11/$26.00 ©2011 IEEE

the ESA European GNSS Evolution Programme, several
modifications have been introduced, with benefits in terms of
mass and volume. In addition to Physic Package
miniaturization, also a considerable dc power saving has been
achieved, considering that almost the 40% of the PHM power
consumption is presently used for heating and thermal
regulation of some critical parts (H2 pressure, microwave
cavity assembly, RF sensitive sub-modules). In parallel some
activities have been focused for correction and improvement
of some performance of the PHM present design. The
excellent frequency stability demanded to the passive
hydrogen maser makes it very sensitive to environmental
parameters, first of them temperature, which leads to very
severe operating constraints. The reduction of such sensitivity
would reduce also the constraints, leading to the simplification
of the navigation payload thermal design.

II.

PHYSIC PACKAGE MINIATURISATION DESCRIPTION

The actual design, as developed in the frame of Galileo
Programme, was the starting point of the activities (Figure 1).
The overall Physic Package (PP) performs the function of a
very narrow-band microwave amplifier and frequency
discriminator, featuring an extremely stable central frequency.
Main items composing the PP are the Microwave Cavity and
Shield Assembly (MCSA), that includes the storage bulb, the
microwave cavity, its magnetic shielding and the thermal
control devices. A low vacuum enclosure is built over the
MCSA to simulate actual in space thermal exchange
conditions. Other fundamental items are the Hydrogen Beam
Assembly, that includes the hydrogen purifier, the dissociator
bulb, the beam collimator and the state selector. The hydrogen
supply is assumed by the HSA (Hydrogen Storage Assembly),
that is composed by a solid-state hydrogen storage vessel, with
relevant pressure and temperature devices. The high vacuum
is assured by the ion pump and the getters.
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Ion Pump

HSA

Figure 1. Galileo PHM Physic Package

The goal of the PHM improvement for the next Galileo
generation was to reduce the mass by 30%, without affecting
its frequency stability performance. As the core of the Physics
Package, the microwave cavity is the key component for the
mass, size and the electrical performance of the whole PP. The
magnetron cavity structure has been maintained in order to
preserve a correct distribution of the electric field. However
several modifications have been simulated in order to achieve
the best compromise between size reduction and quality
factor.
The final solution has allowed a volume reduction of the
cavity close to 30%; all structures enclosed the cavity such as
magnetic shields, low vacuum chamber and mounting
structure have been reduced by a similar ratio.
Other area of improvements have been explored and
different solutions adopted. They can be resumed as
following:


Removal of the third thermal regulated stage



Improvement of the magnetic field homogeneity



Hydrogen tank thermal control simplification



Getter high vacuum chamber redesign

Figure 2. mPP vs PP comparison

III.

ELECTRONIC PACKAGE

The LNA and Interrogation sub-module of the EP have
been recognized as those with significant margin for
improvement from an electrical standpoint and therefore to be
submitted to an optimization activity, in the frame of the
development phase. No mass reduction has been foreseen for
the Elegant Bread Board (EBB) phase, since the electronic
package gives a minor contribution to total mass. In addition it
was preferred to proceed step by step, without modifying the
electrical and mechanical interfaces with the PP.
Major objectives of the RF
modification have been the following:

The initial goal of 30% of mass reduction has been finally
achieved (Figure 2), without affecting the storage bulb
dimensions and hydrogen flux. This was, since the beginning,
the necessary condition in order to minimize the risk of signal
to noise ratio reduction. Of course degradation of the atomic
gain quality factor was expected, as effect of the microwave
cavity losses increasing. This has not been considered a
limitation factor to achieve the frequency stability
requirements, considering the margin existing in the PHM
Physic Package and improvements planned on the RF
receiver.

interrogation

chain



Improvement of the phase modulation symmetry



Reduction of the modulator thermal sensitivity



Reduction of the phase noise contribution due to
the multiplication chain (flicker PM in particular)

The first objective was related to the possibility to reduce the
instrument atomic gain variation sensitivity. A parallel study
has been carried out by KyTime in order to provide an
assessment of this aspect. The outcomes have been translated
into requirement specifications, which have been fully
achieved with the adoption of a new design of the phase
modulator.
Result of the redesign is a reduction of a factor 10 of
instrument frequency sensitivity to the atomic gain variation.
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IV.

MPHM EBB INTEGRATION RESULTS

Both the Electronic Package (EP) and the Physic Package
(PP) have been independently verified using reference PP and
reference EP. This development philosophy has given
sufficient degree of confidence that no issues were present
before integration. The Programme objectives have been
carefully verified by test.
A. REDUCTION OF TEMPERATURE SENSITIVITY

Figure 3. Frequency sensitivity to interrogation power with the new phase
modulator

Figure 3 shows the results of a test giving the indirect
verification of the sensitivity. The test consists in changing the
power level of the interrogation signal, which simulates a
variation of the atomic gain. The typical PHM sensitivity
value is around 2*10-13/dB, now reduced to few parts per 10-14.
The remaining two objectives (thermal sensitivity, phase
noise) have been achieved reaching the reduction of a factor of
10 of the modulator thermal sensitivity (<1*10-14/°C without
temperature compensation) and improvement of more than 10
dB on the added phase noise.

The EBB-MPHM thermal sensitivity has been verified in
vacuum conditions applying several temperature transitions
between +15°C and -5°C. Very low sensitivity to temperature
variation has been observed, giving confirmation of the
promising results obtained at EP and PP level. A detail of the
instrument actual temperature sensitivity is provided in
Figure 6.
The measured temperature coefficient is well below 1*1014
/°C, which is enough to comply with the Galileo Allan
Deviation (ADEV) requirement, even considering a 20°C
peak to peak temperature variation (refer to Figure 7).

Activity has been also devoted to the receiver noise figure
(NF) improvement. Moreover matching technique has been
adopted to have a tunable coupling between microwave cavity
and RF receiver. The final result is the availability of an
additional degree of freedom in order to obtain the best
compromise between reduction of the white frequency noise
(due to receiver NF) and minimization of the cavity pulling
due to receiver load variation.
Finally a general review of the Electronics Package
structure has been carried out for mass reduction and
optimization/adaptation of the Hydrogen Dissociator
Oscillator (HDO) housing to the new Mini PP interface.
Tailoring of the current thermal control circuits to the new
thermal interface requirements of the miniaturized physics
package has been implemented as well.

Figure 5. Thermal Vacuum chamber

Figure 4. Main Electronic Module
Figure 6. EBB-MPHM output frequency vs basplate temperature transition
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It is worth noticing that the above measurement has been
obtained after a few days of stabilization time and at the first
attempt. The reduction of the added phase noise in the RF
interrogation chain is noticeable from the good ADEV value
achieved also at short term (i.e. 6.5*10-13 @ 1 sec). The long
term measurement has given the opportunity to evaluate, from
the EBB mPHM telemetry, the cavity drift. As expected the
redesign of the microwave cavity and C-field coil has reduced
the microwave cavity drift [2] by one order of magnitude with
respect to the PHM typical cavity drift for the same
observation time.

C. MASS AND POWER CONSUMPTION
The initial mass breakdown of the PHM is reported in the
following table.
Figure 7. ADEV using frequency data during thermal cycle. In green the
GALILEO requirement

TABLE I.
Item
Electronic Package
Physic Package
Total

B. FREQUENCY STABILITY PERFORMANCES
Measurements of frequency stability has been performed
with a total duration of almost 1 month. The measured
frequency drift is lower than 2*10-15/day. This value is
perfectly in line with the typical PHM frequency drift [2] [3].
The measured frequency stability is reported in figure 8

PHM MASS BREACKDOWN
Mass (Kg)
6.2
12.4
18.6

Percentage
33.33%
66.67%
100%

The mass reduction achieved at PP level has reduced the
relevant mass of 30%. The EBB mPHM resulting mass
breakdown is detailed hereafter.

TABLE II.
Item
Electronic Package
Physic Package
Total

EBB MPHM MASS BREACKDOWN
Mass (Kg)
6.2
8.08
14.28

Percentage
43.42%
56.58%
100%

The next step will be the reduction of the Electronic
Package mass in order to achieve the target at instrument level
of 12 Kg.

Figure 8. ADEV over 28 days of measurement. In red the GALILEO
requirement.

Power saving with respect to the PHM declared
consumption has been obtained and further area of
improvements have been identified.
10W power saving along the operating temperature range is
expected starting from the actual measurements on the EBB
mPHM.
The following table summarizes the expected
improvements of the mPHM with respect to the PHM. Most of
the parameters have been already verified on the EBB,
providing a good degree of confidence on their feasibility.
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TABLE III.

REFERENCES

PHM VS MPHM SUMMARY TABLE. IN GREEN THE
IMPROVED PARAMETERS

[1]

PHM

mPHM

Remark

Mass (Kg)

18.6

12

with mEP

Power Consumption (W)

64

54

@ 10°C

1

1.8*10-12

6.5*10-13

10

3.2*10-13

1.4*10-13

100

7*10-14

6.3*10-14

Measured on
EBB
Measured on
EBB
Measured on
EBB

1000

2.2*10-14

2.2*10-14

Parameter

[2]

[3]

ADEV (sec)

15

10000

7*10-

50000
Frequency drift (/day)
Temperature coefficient
(/°C)

V.

7*10-15

< 1*10-14

<1*10-14

-14

<1*10-14

< 1*10

2*10-14

1*10-15

Measured on
EBB

CONCLUSIONS

The outputs from the EBB Phase provide good confidence
that a lighter PHM, with same frequency stability
performances, but reduced constraints from integrator point of
view, will be available in the close future.
It is worth noticing that the Mini-PHM shall be considered
an evolution of the present PHM, because no new technology
is developed, preferring an optimization or refining of existing
solutions. This is basically the reason that makes the mPHM
one of the most interesting clocks for future Space application,
where outstanding frequency stability requirements are
demanded in combination with stringent reliability figure.

Figure 9. Elegant Bread Board of the mPHM
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Abstract— HORACE is a compact cold caesium (Cs) atom clock
using isotropic light cooling technique directly inside the
spherical microwave cavity. It has been designed for onboard
and space applications. Ultimate stability as low as 2.2 10-13 τ-1/2
had been demonstrated, limited by atomic shot noise and
quantum projection noise. Influence of Dick effect has been
studied and a compact and simple frequency synthesizer using
off the shelf quartz has been realized and characterized. As
atoms remain in the cavity during Ramsey sequence, long term
stability evaluation focused on cavity pulling effect. This
proceeding presents both the microwave synthesizer
development and cavity pulling study using a tricky technique to
tune the microwave cavity.

I.

INTRODUCTION

HORACE is a compact cold atom clock designed at SYRTE
for onboard and space applications. In this clock all the
interactions between atoms and light or RF magnetic field are
performed inside the microwave cavity. Technical details
about the setup can be found in Figure 1 and in [1].
The clock sequence is divided into four successive steps:
•
•
•
•

Cooling of up to 2 108 atoms using the isotropic light
technique.
Preparation of the atomic sample in a pure hyperfine
state.
Ramsey interrogation performed while atoms are
falling down inside the cavity.
Optical detection of atomic population with a signal to
noise ratio (SNR) up to 1000.

With this sequence, the clock cycle duration is about 85
ms. Comparison between atomic transition frequency and
clock signal generated by microwave synthesizer is then
performed every 85 ms. During time between two consecutive
comparisons, the frequency fluctuations of the local oscillator
(LO) induce a noise on the clock signal frequency, called Dick
effect [2].
During all the interrogation time, the atoms remain still
inside the microwave cavity. This difference with usual
fountain clock justifies a detailled study of cavity pulling
identified as one of the main systematics on HORACE clock.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Figure 1: Cut-scheme of the experiment with the vacuum chamber
surrounded by the cavity and the 2 magnetic shields. Inner walls of the cavity
are optically polished to act as an integrating sphere. This cooling zone is fed
by 6 multimode fibres. Detection of atomic populations is made with a retroreflected vertical beam. The time of flight zone above the cavity is used for
atomic temperature diagnostic.

II.

NEW MICROWAVE SYNTHESIZER

In previous measurements presented in [1], the
interrogation microwave signal was based on a 100 MHz very
low noise signal generated from a Cryogenic Sapphire
Oscillator (CSO) [3]. This CSO is 1 m3 size and for obvious
reasons is not adapted for onboard and space applications. In
order to have a stand alone working of the clock, we need to
use a portable LO. In addition, this new LO should not induce
noticeable degradation of the short term stability of the clock.
Therefore a new microwave synthesizer has been developed
based on a suitable LO, designed to minimize the impact of
Dick effect.
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In order to determine the characteristics of the new LO,
some simulations have been performed, which estimate the
impact of Dick effect on the short term stability directly from
noise frequency spectrum of a LO. Assumptions made for
these simulations are a cycle rate of 10 to 15 Hz and an
interrogation time of 35ms, corresponding to typical values
where interrogation time is limited by free fall of atoms in the
cavity.

mixed with a 2x 104 MHz signal coming from a DDS
synchronized with the 100 MHz reference signal.
The advantage of this new synthesizer is a simplicity that
also characterises the whole clock:
•
•

No secondary oscillator is used (like DRO or YIG).
The output signal is generated from a NLTL [4].
Instead of using a microwave switch, the RF
component of the signal is toggled on/off to produce
the 9.192 GHz signal.

Despite the use of RF filters in every stage, the output
signal is polluted by spurious frequencies. Hopefully, the
microwave cavity acts as a very narrow band filter that
reduces by a factor of 40dB the parasite frequencies, as shown
on Fig. 4.

Figure 2: Frequency noise characteristics of the Wenzel Blue Top quartz. It
presents a minimum around 15Hz, corresponding to the HORACE cycle rate.

With the objective to reduce impact of Dick effect above
2 10-13, simulations lead to the selection of Wenzel Blue Top
quartz. Its specifications are presented on Fig. 2 and show a
frequency noise minimum around the clock cycle frequency.
Considering the sequence parameters of HORACE and the
characteristics of the Blue Top quartz, the expected
contribution of the Dick effect is about 10-13, which leads to a
slight degradation of the short-term stability from 2.2 10-13 to
the level of 2.4 10-13.
Figure 4: Filtering effect by the microwave cavity. The black line is the
spectrum of the output signal of the new synthesis. The red line is the
spectrum of the signal transmitted by the cavity.

Figure 3: Scheme of the structure of the new synthesis. In red is the generation
of the 9.4 GHz signal with a NLTL. In green is the RF signal produced by a
DDS. To facilitate the characterization, the synthesis can be fed either by the
Blue Top quartz, either by the reference based on CSO.

A new microwave synthesizer based on the Blue Top
quartz has been build to generate the 9.192 GHz interrogation
signal. The architecture of this synthesizer is shown on Fig. 3.
The 10MHz signal generated by the Blue Top quartz is
multiplied by ten to generate a 100 MHz reference signal. This
signal feeds a NonLinear Transmission Line (NLTL), which
the output RF frequency comb is filtered to keep the 94th
harmonic. To obtain the clock signal, the 9.4 GHz signal is

The main objective of this new synthesizer is to reproduce
the characteristics of the LO at 9.192 GHz. In other terms, the
phase noise contribution of the synthesis must be negligible
compared to the one of the Blue Top quartz, estimated at
9.192 GHz. The measurement has been performed using a
similar synthesis, both fed by the same reference signal. Then
the same measurement has been done using the Blue Top
quartz as LO for the new synthesis, and the CSO signal for the
other synthesis. The results are shown on Fig. 5.
To validate the new microwave synthesizer, short-term
stability of HORACE clock has been measured using the CSO
then the microwave synthesizer. Unfortunately, when these
measurements have been performed, the signal to noise ratio
was degraded due to extra instrumental noises, and the shortterm stability with the CSO was of 3.3 10-13. With the
microwave synthesizer based on Blue Top quartz the short
term stability increased to 3.7 10-13, leading to a Dick effect
induced by the synthesizer of 1.7 10-13.
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Although there is an extra noise compared to the expected
10-13 level Dick effect, this measurement validates the
performances of this new microwave synthesizer as LO for an
onboard HORACE clock.

Figure 5: Phase noise of the new synthesis. The black line is the phase noise
measurement of the new synthesis. The red line is the phase noise data of the
Blue Top converted to 9,192 GHz. The blue line is the phase noise
measurement of the new synthesis fed by the Blue Top against a similar
synthesis fed by SYRTE reference signal. The excess of noise around 400 Hz
is due to the comparison with CSO reference signal [5].

III.

LONG TERM STABILITY: CAVITY PULLING

Contrary to the case of atomic fountain, in the case of
HORACE the atoms remains still into the cavity during
Ramsey interrogation, therefore the cavity pulling effect
becomes the predominant systematic. As a first approximation
model of cavity pulling in HORACE clock, we start from the
one developed for atom fountain [6]:

remain the same. As presented on Fig. 6, the safe region
allows a detuning of the cavity frequency of ± 600 kHz.

Figure 6: Variation of the normalized quality factor of the cavity (green
squares) and of the normalized transmitted power by the cavity (blue
squares), with the position of Pyrex cylinder. The same goes for the copper
cylinder. The O position of the cylinder corresponds to the maximum of
insertion into the cavity. The degradation of each factor does not excess 1%,
for a position higher than 1500µm (corresponding to a 600 kHz tune). The
useful zone is circled in red.

By fixing 2 of the 3 different parameters with a relative
stability of 1% at one day for the cold atoms number, and
uncertainty of 10 mK for the temperature of the cavity, we
verified the influence of 2 of the 3 parameters:
•

the τ/T dependency, with a slope of 1,9 10-12 which
confirm the interest in using a Ramsey interrogation,
instead of a Rabi interrogation, to minimize the
amplitude of the effect (Fig. 7).

(1)
In Eq. 1, the frequency shift depends on 3 parameters: the
cold atoms number into the cavity (Nint) participating to the
microwave interrogation, the ratio between the duration of
each microwave pulse (τ) and the effective interrogation time
(T), and the difference between resonant frequency of the
cavity (ωc) and the atomic frequency (ωat).
In order to estimate the influence of the 3 parameters,
some instrumental improvements have been done on the setup.
First, electrical environment has been clean up. Then magnetic
and thermal controls of the microwave cavity have been
implemented to enhance the reliability of the experiment.
With these upgrades, the long-term stability of HORACE
clock has reached the 3 10-15 level within 2 104 seconds of
integration.
We present an ingenious method to easily change the
detuning of the microwave cavity. Instead of modifying the
temperature of the cavity, as it used to be done in atomic
fountains, we introduce some dielectric directly inside the
microwave cavity. As shown on Fig. 1, there is a small air
space between the quartz bulb and the inner walls of the
cavity. Two small apertures allow the insertion of small rods:
first one in copper to increase the frequency, second one in
Pyrex to decrease it. In order to validate the method, the
quality factor of the cavity and the transmitted RF power must

Figure 7: Linear dependency of the cavity pulling with the ration between the
duration of a between the duration of each microwave pulse and the effective
interrogation time.
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•

the cavity detuning dependency, with a maximum
amplitude at νc = νat ± Γ/2 with Γ as the line width of
the resonant frequency of the cavity (Fig. 8).

[4]

[5]

[6]

Figure 8: Relative clock frequency shift as a function of the cavity detuning,
with τ = 2.5ms and T = 29ms.

Concerning the dependency with Nint, it appears that the
effect decreases first with Nint, then increase again at low Nint.
This can be related to one of the main issue in the experiment,
concerning the lack of knowledge about the shape and the
evolution of the cloud of cold atoms, and then the density of
cold atoms and its evolution. The model used for the
depedency need to be reviewed to adapt to the particularity of
the clock.
IV.

CONCLUSIONS AND PERSPECTIVES

With an expected contribution of Dick effect at 1 10-13
and a measured contribution at 1.7 10-13, further
investigations need to be done to understand this difference.
Concerning cold atoms density and its evolution,
investigations are under progress, in order to refine the model
of cavity pulling and to estimate the last main systematic
measure: the shift due to cold collisions.
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Abstract—We demonstrate a 10 GHz photonic oscillator based
on optical frequency division of a high-stability optical reference
with a modelocked fs laser. Characterization with a second
independent photonic oscillator reveals a close-to-carrier phase
noise that is < 100 dBc/Hz, reducing to a shot noise floor of -156
dBc/Hz at a 1MHz offset.

I.

INTRODUCTION

A photonic approach to microwave generation that uses
high quality factor (Q ~ 1011) optical cavities and optical
frequency division can enable high-stability and low timingjitter signals without requiring cryogenic temperatures [1-3].
Stabilization of the light from a continuous wave (CW) laser
to a high-finesse, passive optical cavity can yield a fractional
frequency instability of Δf/f≤ 1×10-15 for short averaging times
[4, 5]. Ideally, transfer of this stability to the microwave
domain with a modelocked fs laser preserves the frequency
stability of the reference while reducing the optical phase
noise by the division factor squared. Using this technique, we
demonstrate a 10 GHz microwave signal with a fractional
frequency instability < 1×10-15 and with a phase noise that is <
100 dBc/Hz at a 1 Hz offset. The integrated timing jitter of the
phase noise spectrum from 1 Hz to 1 MHz is < 1 fs.
II.

We generate 10 GHz microwave signals via
photodetection and of the tenth harmonic of the repetition rate,
fr, of a 1 GHz Kerr-lens modelocked Ti:Sapphire laser [6] that
is phase-locked to an high-Q optical reference [4, 5].
Stabilization of an optical frequency comb divider (OFCD) to
an optical reference transfers the stability of that reference to a
timing stability in the OFCD laser pulse train. Photodetection
of this pulse train produces photocurrent that yields a
microwave spectrum of harmonics of fr up to the
photodetector (PD) cut-off bandwidth. A spectrally pure 10
GHz microwave signal is extracted via electronic filtering and
amplification of the photocurrent signal. As seen in Figure 1, a
second similar but fully independent photonic oscillator is
used to characterize the frequency stability and phase noise of
the generated 10 GHz microwave signals. Details of the
measurement methods can be found in [1].

GENERATION OF 10 GHZ MICORWAVE SIGNALS VIA
OPTICAL FREQUENCY DIVISION

Figure 2. Single sideband phase noise on a 10 GHz carrier contributed by two
oscillators. a) red solid trace – phase noise resulting from the comparison of
two independent photonic oscillators. b) blue filled trace - phase noise
contribution, scaled to 10 GHz, of the optical references, and the optical
frequency comb dividers. c) blue solid trace – phase noise of the digital phase
noise measurement system. d) black solid trace – phase noise contributed by
the electronic amplifiers. e) Shot noise floor from two photonics oscillators. f)
black dashed line – sum of the noise contributions from b), c), d) and e)
Figure 1. Generation and characterization of 10 GHz signals via optical
frequency division. SMF denotes single mode fiber.

U.S. Government work not protected by U.S. copyright

Figure 2 shows the phase noise on a 10 GHz carrier that is
generated via comparison of two photonic oscillators. Also
shown is the optical phase noise, scaled to 10 GHz, which is
contributed by the optical references and the residual noise of
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the OFCDs. Fig 2b represents the microwave phase noise that
would be possible ignoring the noise that is contributed by the
measurement electronics and photodetection of the laser
repetition rate. Figure 2c is the calculated noise that results
from contributions of the electronic amplifiers, the phase noise
measurement system, the shot noise floor, the optical
references and the residual noise of the OFCD. The good
agreement between the calculated and the measured phase
noise demonstrates that we have properly identified the
current limitations to the purity in the 10 GHz microwave
signal.
In conclusion, we have produced 10 GHz microwaves with
sub-femtosecond timing jitter. The demonstrated phase noise
produced is comparable to, or better than those achieved with
cryogenic dielectric oscillators [7-9]. Future work will aim at
reducing the phase noise contributions of the electronics and
photodetection. At frequencies > 10 kHz photodetector
nonlinearities result in a saturation of the photocurrent at -8
dBm for 12 mW of incident optical power [10]. In the future,
the shot noise limited floor can be decreased with more optical
power provided the high-speed photodetector remains linear.
Additionally saturation effects in the PD can be mitigated by
repetition rate filtering with a Fabry-Perot cavity [Kirchner]. A
still lower noise floor would require photodetectors with
increased power handling or an alternative hybrid approach
with a dielectric sapphire oscillator locked to our photonic
oscillator.
The fundamental limits to the achievable phase noise of
our photonic approach are given by thermally-excited noise in
the glass spacer, mirror substrates and optical coatings of the
FP reference cavity [Numata], as well as the photodetector
shot noise mentioned above. The lowest reported thermal
noise for a FP reference cavity corresponds to approximately
L(f) = -117 dBc/Hz at 1 Hz offset when converted to a 10
GHz carrier.
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Abstract— This paper reports on high frequency
micromechanical resonant silicon microbalances capable of
detection and concentration measurement of volatile organic
compounds in gas phase. In this work, regular gasoline has been
used as the source of organic compounds in gas phase and 1813
photoresist has been used as the absorbent coating on the
resonator surfaces. A new technique for formation of thicker
polymer coatings on resonator surfaces has been utilized
allowing frequency shifts as high as 2200ppm to be achieved for
the resonators upon exposure to gasoline vapor. This is
equivalent to an effective thickness of ~40nm for the absorbed
organic compounds. Measured response time constants are
around 40 seconds. Faster and more sensitive responses are
expected to be achievable by maximization of the absorbing
surface area using porous resonator structure coatings.

I.

INTRODUCTION

Sensors capable of detection of organic compounds in gas
phase could have several applications in oil and gas industry
among others. Examples of such applications include rapid
estimation of oil content of oil sand samples and early
detection of hazardous leaks. Such sensors can help save
plenty of time and resources during oil exploration by
avoiding the costly and time consuming process of using offsite laboratory analysis. Sensors for detecting volatile organic
compounds using surface acoustic wave (SAW) resonators
and quartz crystal microbalances (QCM) have previously been
demonstrated [1-4]. The detection mechanism in such sensors
is based on a frequency shift caused by the added mass from
the absorbed molecules.
MEMS resonators, as smaller versions of such resonant
devices, are interesting candidates for development of more
sensitive and highly integrated chemical and biological
sensors. Arrays of such sensors can be batch fabricated at
high quantities at a very low cost. As a result, a variety of
microscale electromechanical resonators have been
considered for sensory applications lately [5,6].
MEMS resonators mostly make use of electrostatic
(capacitive) [7] or piezoelectric [8,9] electromechanical
transduction with both methods having their respective
advantages and disadvantages. Electrostatic excitation suffers
from relatively small actuation forces available from

electrostatic actuators and the need for very thin transduction
gaps complicating fabrication of such devices. Furthermore,
narrow transduction gaps are also very vulnerable to
contaminants in environmental sensing applications.
Another popular type of MEMS resonators are the piezoelectrically actuated resonators which have better robustness
in comparison to electrostatic resonators but piezoelectric
transduction requires integration of piezoelectric thin films
and metallic electrodes with the micromechanical elements
which makes the fabrication somewhat challenging. Such
devices usually have lower quality factors in comparison to
capacitive devices.
Thermally actuated resonators are the third group of MEMS
resonators [10-12]. In addition to having a very simple
fabrication process, they are very suitable for sensory
applications. Their monolithic structures have shown excellent
robustness when in direct contact with the surrounding
environment Frequencies up to 60MHz have been
demonstrated for thermally actuated micromechanical
resonators [13] and much higher frequencies can be achieved
by shrinking the resonator dimensions [14]. Power
consumption is usually a concern for thermally actuated
devices but it has been shown that if the devices are small
enough, power consumption can be in the sub-milliwatt range
[14]. In addition, power consumption makes such devices
active components capable of self sustained oscillation
without the need for additional electronic circuitry [15].
II.

The standard single mask SOI process was used for
fabrication of the thermal-piezoresistive resonators used in this
work [15]. This process starts by growing a thin (∼200 nm)
layer of silicon dioxide on the substrate. The silicon dioxide
layer is patterned to define the resonator structures. The
silicon structures are then carved into the SOI device layer by
deep reactive ion etching (DRIE) of silicon all the way down
to the buried oxide layer (BOX). Finally, the underlying
buried oxide is removed in hydrofluoric acid (HF). At the
same time the remaining oxide mask on top of the structures is
also etched away. The whole procedure is shown in steps a to
c of Figure 1. The result is suspended single crystalline silicon
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resonant
structures
with
integrated
thermal
actuator/piezoresistive sensors.
In a previous work, polymer coatings were formed by dipping
the resonator sample in a highly diluted polymer solution in
acetone leading to very thin polymer coatings [16]. The
resonators were spun and hard baked in order to get rid of the
excess solvent (step d of Figure 1). Even though the results in
[16] showed that the coated resonators were responding to
organic vapors, the sensitivity was not very promising and a
maximum frequency shift of only 200 ppm was obtained for a
highly saturated gas sample. The reason for such low
frequency shift was suspected to be the small polymer
thickness on the surface of the devices. Much higher
sensitivities are expected to be achievable for thicker polymer
coatings.

Excessive polymer
residues
Figure 2 SEM view of a device in which high polymer thickness has
resulted in excessive polymer residues in the gap between the resonators and
the SOI handle layer which has left the devices non-operational.

SEM view of a 24MHz I-shaped bulk acoustic resonator
polymer coated using the abovementioned technique is also
shown in Fig. 3. This resonator has been fabricated on a SOI
substrate with both device layer and BOX thickness of 5µm.

Previous coating procedure used:

Figure 1. a-c) Thermally actuated resonator fabrication process flow and d)
polymer coating.

Using higher concentration polymer solutions in this
technique to achieve higher polymer thickness generally
results in excessive polymer residues in the gap between the
resonators and the SOI handle layer leaving the devices nonoperational as can be seen in the SEM picture in Figure 2.To
overcome this problem, a new procedure was utilized in this
work for polymer coating of the devices (Fig. 3). Steps a and b
which are not shown in Fig. 3 are identical to the fabrication
process shown in Figure 1. However, in this approach the
polymer solution (a much higher concentration solution) is
added and spin coated before the devices are undercut.
Undercut is done in hydrofluoric acid after coating with
polymer (steps c and d of the fabrication process shown in
Figure 3. Therefore, using this approach there will be no
polymer residue underneath the device structures.

Figure 3. New procedure for coating of the thermally actuated resonators in
which the polymer is added before the devices are undercut and undercut is
done in hydrofluoric acid after coating with polymer. Also, an SEM picture
of a 24MHz IBAR resonator used in this work along with its electrical
connections is shown.
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III.

IV.

RESONATOR DESCRIPTION

Figure 4a shows the schematic view of the resonant structures
used in this work referred to as dog bone or I-shaped
resonators. They can cover a wide range of frequencies from a
few MHz to tens of MHz. Such devices are very suitable for
thermal actuation and their operating principle has thoroughly
been explained in [13]. The resonators were operated in a oneport configuration with the thin actuator beams of the
structures acting simultaneously as both thermal actuators and
piezoresistive sensors. Actuation occurs by passing a
fluctuating electrical current through the actuator beams in the
middle of the structure.
Figure 4b shows the in-plane extensional resonant mode of an
I-shaped resonator. In this mode the masses on the two ends of
the beams vibrate back and forth in opposite directions. At
resonance, the resistance of the actuator beams is modulated
by the resulting alternating mechanical stress due to the
piezoresistive effect. This results in a detectable small signal
motional current in the device.

MEASUREMENT SETUP AND RESULTS

Figure 5 shows the camera picture of the setup used in order to
characterize the resonator sensory response as well as its
schematic diagram. In this setup, nitrogen bubbled through a
gasoline container is directed towards the resonator under test.

a)

b)

Figure 5. Schematic diagram and camera picture of the test setup used to
characterize the resonator sensory behavior in which nitrogen, bubbled
through a gasoline container, is directed towards the resonator under test.
Figure 4. a) Schematic view of the utilized thermally actuated resonant
sensor showing the qualitative distribution of AC temperature fluctuation
amplitude (red being the maximum and blue the minimum). The electrical
connections required for one-port operation of the resonator are also shown;
b) COMSOL eigen frequency analysis results showing the fundamental inplane resonance mode shape for an I-shaped structure.

Having a flow of the gas sample passing over the resonator
surfaces maximizes the contact between potential molecules
of interest in the gas sample and the resonator surface, hence,
maximizing the absorption probability.
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Figure 6 shows the change in the measured frequency versus
time for the resonator shown in Fig. 3 upon exposure to
nitrogen flow rich with gasoline vapor at room temperature.
As can be seen, upon exposure, the resonance frequency
reduces over time with a time constant of ~40sec. Restoration
of the resonant frequency to its initial value happens very
quickly as soon as the source is removed. It can be seen that
more than 10 times freq shift (in ppm) is achieved in
comparison to ~200ppm frequency shift obtained using the
previous coating procedure [16].
The mass sensitivity of the resonators can be theoretically
calculated as follows:
f =

1
2π

k
∂f
f
⇒
=−
m
∂m
2m

(1)

As expected, at lower temperatures the lower organic vapor
pressure leads to smaller frequency shifts. The shift increases
exponentially with temperature (as the vapor pressure
increases exponentially with temperature). At about 5ºC, the
sensor response starts to saturate and stays constant for
temperatures above ~15 ºC .
Gasoline is a mixture of different hydrocarbons with Toluene
being one of the main ones. Therefore, in order to
approximate the concentration of the detected gasoline vapor,
our calculations are based on the saturated vapor pressure of
Toluene. Based on the vapor pressure taken from [17],
assuming a temperature of -10C°, the minimum gasoline
concentration detected corresponds to ~4000 ppm whereas;
the minimum LOD measurable would be ~5.5ppm.

where k, m, and f are the effective stiffness, effective mass
and resonant frequency of the resonator respectively.
Knowing the dimensions and therefore the mass of the
resonators, the mass of the deposited organic molecules ( ∂m )
was estimated from the measured frequency shifts to be
~35pg. Assuming an approximate density of 720 kg/m3 for
the organic compound, the volume and consequently the
effective thickness of the absorbed organic compounds
(assuming a uniform distribution over all resonator surfaces)
was calculated. The observed maximum frequency shift of
2200ppm (0.22%) is equivalent to an absorbed organic layer
of ~40nm thick.

Figure 7. The resonator frequency shift as a function of the temperature of
the gasoline. The frequency shift increases with temperature as the organic
vapor pressure increases. The increase is exponential at lower temperatures,
until the sensor reaches saturation.

V.

Figure 6. Change in the measured resonance frequency for the 24MHz
IBAR resonator of Fig. 4 as a function of the cumulative exposure time
showing an overall frequency shift of ~54KHz (2200 ppm). The source was
removed after 200 sec. The return to a frequency very close to the initial
frequency is almost instantaneous.

The vapor pressure which is an indication of a liquid's
evaporation rate increases exponentially with temperature
according to the Clausius–Clapeyron relation. In order to see
how the sensor responds to different gas concentrations its
frequency shift was measured while varying the temperature
of the gasoline source. Fig. 7 shows the resonator frequency
shift as a function of the temperature of the gasoline sample.

CONCLUSION

A thermally actuated high frequency in-plane silicon
resonator was successfully used for estimation of
concentration of gasoline vapor in gas samples. Such a device
has a monolithic crystalline silicon structures which makes it
very robust towards contaminants and can be fabricated using
a very simple CMOS compatible process. The observed
maximum frequency shift of 54kHz (2200ppm) is
approximately 10 times the frequency shift measured using
the previous resonator coating procedure. This measured
frequency shift corresponds to a thickness of 40nm deposited
organic compound on the surface of resonator. Minimum
LOD was estimated to be ~5.5 ppm. Future work includes
further design optimization of the resonators and narrowing
down their thickness to achieve higher mass sensitivities.
Using more suitable absorbent polymer coatings and
maximization of the absorbing surface area using porous
resonator structure coatings could significantly improve the
sensitivity.
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Abstract—We present microscale silicon resonators with
nanoscale pores for increased surface area, which are capable of
providing enhanced sensitivity in vapor sensors. Increased
mechanical stability and detection performance are also
achieved by keeping parts of the resonating device nonporous
and adding a receptor coating. We demonstrate improvements
up to 165% and 654% in resonator sensitivity to isopropyl
alcohol (IPA) for partially-porous silicon resonators and
receptor-coated partially-porous silicon resonators, respectively,
as compared to nonporous silicon resonators.

I.
INTRODUCTION
MEMS/NEMS resonators are commonly used as chemical
or biological sensors, as surface-bound analytes change the
mechanical stress and total mass of the resonator, leading to
measureable shifts in resonant frequency. The sensitivity to
adsorbates can be enhanced by scaling devices down to the
nanoscale. Ultrasmall NEMS resonators have demonstrated
resolution on the order of attograms or less [1-2]. These
extremely sensitive resonant sensors, however, have additional
challenges, such as fabrication process and signal detection [34].
Rather than fabricating nanoscale devices, our approach
uses widely available microscale fabrication techniques to
achieve porous structures with nanoscale features, for the
possibility of microscale devices with nanoscale sensitivity.
By building resonators that have a porous silicon surface, we
take advantage of the increased area for molecular binding and
improve the sensitivity of the resonators to the vapor
concentration of interest. In addition, while achieving high
sensitivity by shrinking resonators to the nanoscale results in
the decrease of sensing area, the microscale sensors with
nanoscale porous of this work can simultaneously achieve
high sensitivity and a large capture cross section. This enables
the porous resonators to detect low concentrations of analytes
without the sample preconcentration that may be required for
nanoscale resonators.
We previously demonstrated initial results for silicon
resonators that were fully porous [5]. This work focuses on

silicon resonators with targeted regions of porosity and
functionalization, combining the advantages of increased
surface area of porous silicon with the structural strength of
nonporous silicon.
II.

RESONATORS

The nonporous silicon resonator consists of whole
polycrystalline silicon. Regions of the nonporous resonators
can be converted to porous by electroless metal-assisted
etching. We designed a fully-porous silicon resonator and a
partially-porous silicon resonator in order to compare their
performance. While both the center paddle and torsional
beams of the fully-porous structures consist of porous-etched
silicon, only the center paddle is porous-etched, and the
torsional beams remain nonporous-etched silicon for the
partially porous device as shown in Fig. 1(h). This is done in
order to maintain the stiffness of the torsional beams and
improve yield during the release process.
We have fabricated each type of resonator using surface
micromachining process as shown in Fig.1. Porous and
nonporous silicon resonators were fabricated on the same
wafer in order to quantify the enhancement in sensitivity. The
resonators were fabricated on 4-inch (100) silicon wafers as
the substrates, followed by depositions of 5.5-µm-thick silicon
dioxide serving as a sacrificial layer and 470-nm-thick
polycrystalline silicon by LPCVD. After the resonator
structures were defined by photolithography and deep reactive
ion etched, a standard photoresist (AZ 5214) was patterned to
serve as a mask for selective porous etching. The surface was
made porous using an electroless metal-assisted etching
technique, which involves randomly depositing gold clusters
as chemical catalysts [6]. A cathode reaction happens with
hydrogen peroxide on the top surfaces of gold clusters, and an
anode reaction happens with silicon and hydrofluoric acid on
the bottom surfaces. These reactions supply hole injection into
silicon and etch silicon molecules underneath gold clusters.
By changing the fabrication conditions, such as thickness of
gold clusters and etch time of porous silicon, porosification

This work was supported by the BRIGE program of the National
Science Foundation under award # 0926228 and the Center on Functional
Engineered Nano Architectonics (FENA).
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(a)

(e)
(a)

(b)

(f)

(b)
Fig. 2. SEM images of (a) the nonporous silicon resonator and (b) the
partially-porous silicon resonator with the receptor coating.
(c)

(g)

(d)
(h)
Fig. 1. Fabrication process for partially-porous silicon resonators. (a)
Deposition of SiO2 and polycrystalline silicon by LPCVD. (b)
Photolithography and polycrystalline silicon etching by DRIE for defining
body of the resonator. (c) Photolithography for opening of selective porous
region. (d) Random gold cluster coating. (e) Porous silicon etching and gold
layer removal. (f) Cr/Au deposition as linker of receptor material. (g) Liftoff
of Cr/Au. (h) Sacrificial layer etching and receptor coating.

can be controlled. The remaining gold clusters were
subsequently removed. After this, 25 nm-thick chromium and
gold films were deposited for adhesion of the receptor coating.
The electroless metal-assisted porous etching steps were
omitted for the nonporous silicon resonators and the second
photolithography for partial opening of the center paddle was
omitted for fully-porous silicon resonators. Followed by liftoff
of metal layers and sacrificial layer etch, the samples were
coated with receptor solution. 4-mercaptobenzoic acid was
used as a receptor material since it interacts with alcohol
through hydrogen bonds [7].
Fig. 2 shows the change in roughness due to the porous
etching process; this allows the porous silicon resonators to
have a larger surface area than the non-porous resonators.
According to the AFM root-mean-square surface roughness
measurements, the surface area of the nonporous silicon and
the porous silicon are 28.5 µm2 and 158 µm2, respectively, for
a scan range of 5 µm ൈ5 µm. Depending on the porous etch
time, the silicon surface becomes rough, and the total
thickness gets reduced, as shown in Fig. 3.
III. RESULTS AND DISCUSSION
The frequency spectra of the resonant vapor sensors were
measured by an optical beam deflection setup that consists of
a laser Doppler vibrometer (LDV) system (Polytec OFV5000), a custom-built vacuum chamber, and a network

(a)

(b)

(c)

(d)

Fig. 3. Cross sectional SEM images of porous-etched silicon layer for
different etch times: (a) 0 second (i.e. nonporous silicon), (b) 10 seconds, (c)
20 seconds, (d) 30 seconds.

analyzer (HP 8753D) as shown in Fig. 4. To induce
mechanical vibration, the resonator sample was mounted on
an external piezoelectric actuator (Thorlabs AE0203D08F)
controlled by the stimulus signal from the network analyzer.
Measurements were performed in a vacuum chamber in order
to avoid energy losses by air damping. A stainless-steel
reservoir that was filled with isopropyl alcohol (IPA) was
connected to the vacuum chamber via a metering valve to
control the vapor concentration. Resonator vibration was
detected by reflection of the laser. The reflected beams were
converted to an electrical signal by the LDV controller, and
the network analyzer recorded the resonant frequency of the
resonator mass sensor. Silicon resonators can detect IPA vapor
since IPA adsorb to silicon surface via oxygen atoms [8].
The first two modes of oscillation for the resonator are a
translational mode, corresponding to motion of a center paddle
normal to a substrate, and a torsional mode, corresponding to
rotation of the center paddle around axis of the torsional
beams. The LDV system measures the difference of motion at
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(a)

(a)

(b)
Fig. 4. (a) Schematic diagram. (b) Photos of the experimental setup for
mechanical actuation and readout using a laser Doppler Vibrometer.

(b)
Fig. 6. Measured (a) resonant frequencies and (b) quality factors for different
etch times and torsional beam lengths. The values of zero–second-etched
condition indicate the case of nonporous silicon resonators.

Fig. 5. A comparison of relative displacements of the translational mode and
the torsional mode of the nonporous silicon resonator. The insets show
schematics of the translational mode (left) and the torsional mode (right).

different two positions. One reflected beam for reference is
positioned on the nonmoving pad structure, and the other is on
the center of the paddle or edge to see the translational mode
or torsional mode. As shown in Fig. 5, experimental results
show the torsional mode has greater peaks than the
translational mode. It is because torsional mode minimizes
environmental damping, as the resonator undergoes less
volume change [9]. In addition, torsional mode is known to
be relatively insensitive to mechanical nonlinear effects due to
the increase in drive amplitude [10].

Fig. 6 shows the dependence of resonant frequency and
quality factor on the etch time for porosification (0-30 seconds)
for resonators with different lengths of torsional beams (45120 µm). As porous etch times increase, the resonant
frequencies of fully-porous and partially-porous silicon
structures have opposite tendencies because the partial porous
structures primarily have a decrease in mass, whereas the
fully-porous structures also have a large decrease in stiffness
due to the porous beams. Partially-porous silicon structures
with metal and receptor coating have the same trends with
uncoated partially-porous silicon structures except having a
frequency offset due to additional coating of metal and
receptor. The quality factor decreases due to the increase in
surface to volume ratio of resonators due to further porous
etch. Also, the quality factors of these devices are lower than
desired at ~1000. Enhancement of quality factors of these
devices is an area of ongoing research.
Fig. 7 illustrates the different responses of each type of
structure by the relative resonant frequency shift from
different IPA concentration. The resonator sensitivities are
calculated from the slopes of the normalized frequency shifts.
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Effect of a mass layer on SH Waves in
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Abstract-An analytical approach is taken to investigate SH
wave propagating in layered piezomagnetic/ piezoelectric
structure where a thin piezomagnetic film with a mass
layer bonded to a semi-infinite piezoelectric substrate.
The dispersion relations are obtained and the effect of the
thickness and the density of the mass layer on the
properties of the SH waves are figured and presented.
I. INTRODUCTION
It is well known that the composites made of
piezoelectric/piezomagnetic materials exhibit magneto-electric
effect that is not present in single-fields. Consequently, the
coupling nature of piezoelectric phase and piezomagnetic
phase has led to wide applications in adaptive material
systems, and they are extensively used as sensors and
actuators, acoustic devices, and transducers, etc. The
development of micro-acoustic sensors provide the need for
further investigations of the SH wave propagating in layered
piezomagnetic/piezoelectric structure with a mass layer.
Soh and Liu [1] obtained the existence of the interfacial
SH waves in transversely isotropic piezoelectric/
piezomagnetic structure, gave the conditions that the
materials should be satisfied when the SH waves exist. Du et
al. [2] introduced the SH waves propagating in a circular
cylindrical layered piezoelectric structure with initial stress.
Wang [3]and Liu [4] discussed a horizontal shear surface
wave in magneto-electro-elastic materials at the same time.
In this paper, the effect of the thickness and the density of
the mass layer on the properties of the SH waves propagating
in layered piezomagnetic/piezoelectric structure is
investigated analytically.
II. PROBLEM FORMULATION
Consider a layered piezomagnetic/piezoelectric structure
where a thin piezomagnetic film with a mass layer bonded to

Fig.1 A layered magneto-electric structure

a semi-infinite piezoelectric substrate. The piezomagnetic and
piezoelectric materials are polarized along the z-axis direction.
We here only consider the so-called anti-plane wave
propagation problem. The displacement components, the
electric potential and the magnetic potential are assumed as

u ( x, y ) = 0, v ( x, y ) = 0, w = w( x, y , t ),

(1)

ϕ = ϕ ( x, y , t ), ψ = ψ ( x, y , t ),
where u , v, w are the displacement components in
direction, respectively;
magnetic potential.

φ

x, y , z

is electric potential, and

ϕ

is

For linearly magneto-electric materials, the equilibrium
equations of elasticity without body forces and the Gauss’s
law of magneto-electrostatics without free charge are given as
follows

σ ji , j = ρ ui , Di ,i = 0, Bi ,i = 0, (i, j = 1, 2,3),

(2)

where σ ij , Di , Bi are the stress, electric displacement and
magnetic induction components, respectively. ρ is the mass
density. The subscript comma denotes a partial derivative
with respect to the coordinates, and a superimposed dot
represents the derivative with respect to the time.
For an anisotropic and linearly magneto-electro-elastic
solid, the coupled constitutive relation can be written as

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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σ i = cik γ k − eki Ek − f ki H k ,
Di = eikγ k + ε ik Ek + gik H k ,
Bi = f ik γ k + gik Ek + μik H k ,

layer, respectively.
(3)

III. SOLUTION OF THE EQUATIONS
A. Solutions in the piezomagnetic layer

where γ i , E i and H i are the strain, electric field, and magnetic
field components, respectively;

cij , ε ij and μ ij are the elastic,

dielectric, and magnetic
respectively; eij , f ij and

permeability coefficients,
g ij are the piezoelectric,

piezomagnetic,
and
magneto-electric
coefficients,
respectively. For a linearly transversely isotropic magnetoelectric-elastic medium with the poling direction along the zaxis, the coupling wave equations can be obtained as
*
c44
∇2w = ρ

∂2w
, ∇2ξ = 0, ∇2ζ = 0,
∂t 2

w( x, y, t ) = w( x) exp[ik ( y − ct )],
ξ ( x, y, t ) = ξ ( x) exp[ik ( y − ct )],

where k = 2π / λ is the wave number, i = − 1 , c is phase
velocity. Substituting (10) into (4), we can obtain
w′′( x) + k 2b 2 w( x) = 0,

*
where b 2 = ρc 2 / c 44
− 1 > 0 . The solutions are

w( x ) = Ae − ikbx + Beikbx ,

ξ = e15 w − ε11ϕ − g11ψ , ζ = f15 w − g11ϕ − μ11ψ .

ξ ( x) = Ce− kx + Dekx ,

∂ is the two-dimensional Laplacian operator in
∂
+
∂x 2 ∂y 2

ζ ( x) = Ee − kx + Fe kx .

2

2

the Cartesian coordinates.
The electric potential and
magnetic potential can be written as

ϕ=
ψ=

1

⎡( μ11e15 − g11 f15 ) w − μ11ξ + g11ζ ⎤⎦ ,

μ11ε11 − g112 ⎣

w( x, y , t ) = [ A cos( kbx ) + B sin( kbx )]cos( ky − ω t ),
ϕ ( x, y , t ) =

(5)

1
⎡( g11e15 − ε 11 f15 ) w − g11ξ + ε11ζ ⎤⎦ .
g − ε11μ11 ⎣

ψ ( x, y , t ) =

The displacement, electric potential, and magnetic
potential in the substrate tend to zero far from the layer along
the positive x-direction

w(0, y ) = w( m ) (0, y ), τ zx (0, y ) = τ zx( m ) (0, y ),

ϕ (0, y ) = ϕ ( m ) (0, y ), Dx (0, y ) = D ( m ) (0, y ),

1
⎪⎧( g11e15 − ε11 f15 ) [ A cos(kbx) + B sin(kbx)]⎪⎫
⎨
⎬ cos(ky − ωt ),
g112 − ε11μ11 ⎩⎪− g11 (Ce− kx + De kx ) + ε11 ( Ee− kx + Fekx ) ⎭⎪

(13)

where A, B , C , D , E , F are unknowns to be determined.
B. Solutions in the piezoelectric substrate
The displacement, electric potential and magnetic
potential are given as
m

w( m ) ( x, y, t ) = A1e − kb x exp[ik ( y − ct )],

(7)

(14)

ξ（ m） ( x, y, t ) = C1e − kx exp[ik ( y − ct )],

where the superscript m indicates the quantities in the
substrate. There are two typical cases being considered in this
study, namely, the magneto electrically open and the shorted
surface conditions. The magneto-electrically open conditions
are written as

ζ ( m ) ( x, y, t ) = E1e − kx exp[ik ( y − ct )],
8

m
where b m 2 = 1 − ρ m c 2 / c44
> 0 , A1 , C1 , E1 are unknown
constants. So for the piezoelectric substrate, we can
summarize

(8)

The magneto electrically shorted conditions are given as

, ϕ ( − h, y ) = 0, ψ (− h, y ) = 0,
τ zx ( − h, y ) = ρ ′h′w

⎧⎪( μ11e15 − g11 f15 ) [ A cos(kbx ) + B sin(kbx) ]⎫⎪
⎨
⎬ cos(ky − ωt ),

Bx ( x, y , t ) = k ( − Ee − kx + Fe kx ) cos(ky − ω t ),

ψ (0, y ) = ψ ( m ) (0, y ), Bx (0, y ) = B ( m ) (0, y ),

， Dx (− h, y ) = 0， Bx (−h, y ) = 0.
τ zx (−h, y ) = ρ ′h′w

1

μ11ε11 − g112 ⎩⎪− μ11 (Ce − kx + De kx ) + g11 ( Ee − kx + Fe kx ) ⎭⎪

Dx ( x, y, t ) = k ( −Ce − kx + De kx ) cos( ky − ωt ),

(6)

The continuity conditions at the interface between the thin
piezomagnetic layer and the piezoelectric substrate are
written as

(12)

So for the piezomagnetic layer, we can summarize

2
11

x → +∞, wm = 0, ϕm = 0, ψ m = 0,

(11)

ξ ′′( x) − k 2ξ ( x) = 0,
ζ ′′( x) − k 2ζ ( x) = 0,

e15
f
*
c44
= c44 +
( μ11e15 − g11 f15 ) + 2 15
( g11e15 − ε11 f15 ),
2
μ11ε11 − g11
g11 − ε11μ11

and

(10)

ζ ( x, y , t ) = ζ ( x) exp[ik ( y − ct )],

(4)

where

∇2 =

We consider the following solution of (4)

m

w（ m） ( x, y, t ) = A1e − kb x cos(ky − ωt ),
⎡ A1 ( μ11m e15m − g11m f15m )e − kb x ⎤
1
⎢
⎥ cos(ky − ωt ),
μ11mε11m − g11m 2 ⎣⎢ −C1μ11m e − kx + E1 g11m e − kx ⎦⎥
m

(9)

where ρ ′, h ′ are the density and the thickness of the mass
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ϕ（ m（） x, y, t） =

ψ（ m） ( x, y , t ) =
(m)
x

D

1
g11m 2 − ε11m μ11m

V. NUMERICAL RESULTS AND DISCUSSION

⎡ ( g11m e15m − ε11m f15m ) A1e − kb x ⎤
⎢ m − kx
⎥ cos( ky − ωt ),
m
− kx
⎥⎦
⎣⎢ − g11C1e + ε11 E1e

( x, y, t ) = −C1ke

m

− kx

TABLE I.

cos(ky − ωt ),

Bx( m) ( x, y, t ) = − E1ke− kx cos(ky − ωt ).

MATERIAL COEFFICIENTS OF THE PIEZOELECTRIC BATIO3

(15)

45.3

IV. SOLUTION OF THE PROBLEM
From (7) we can obtain

TABLE II.

Bm1b − Cm2 + Dm2 − Em3 + Fm3

−2

ρ / 10 kg ⋅ m
3

−6

2

5

Fg11 ( μ11mε 11m − g11m 2 ) − A1 ( μ11ε 11 − g112 )( μ11m e15m − g11m f15m )

g11 / 10 Ns / VC
-30.67

e15 / C ⋅ m −2
11.6

μ 11 / 10 N ⋅ S ⋅ C

− D μ11 ( μ11mε 11m − g11m 2 ) + Eg11 ( μ11mε11m − g11m 2 ) +

−9

MATERIAL COEFFICIENTS OF THE MAGNETOSTRICTIVE
COFE2O4

43

A( μ11e15 − g11 f15 )( μ11mε11m − g11m 2 ) − C μ11 ( μ11mε11m − g11m 2 )

ε 11 / 10 9 C 2 ⋅ N −1 ⋅ m −2
0.08

−3

5.3

c44 / 10 9 N ⋅ m −2

+ A1b m m1m + C1m2m + E1m3m = 0,

−2

ρ / 10 kg ⋅ m
3

5.8

ε 11 / 10 9 C 2 ⋅ N −1 ⋅ m −2
11.2

−3

−9

g11 / 10 Ns / VC
-30.67

We assume that the thickness of the piezomagnetic layer
is 0.1mm in calculation. It is supposed that the unknown
constant A = 10−9 m to make the displacement results
understood easily.

+C1μ11m ( μ11ε 11 − g112 ) + E1 g11m ( μ11ε11 − g112 ) = 0,

−C + D + C1 = 0,

A( g11e15 − ε11 f15 )( g11m 2 − ε11m μ11m ) − Cg11 ( g11m 2 − ε11m μ11m )
− Dg11 ( g11m 2 − ε11m μ11m ) + Eε11 ( g11m 2 − ε11m μ11m )
+ F ε11 ( g11m 2 − ε11m μ11m ) − A1 ( g11m e15m − ε11m f15m )( g112 − ε11μ11 )
(16)

1) The magneto-electrically shorted conditions:

( μ11e15 − g11 f15 )[ A cos( kbh) − B sin( kbh)]

− g11 (Ce kh + De − kh ) + ε11 ( Eekh + Fe − kh ) = 0,

2

-590

A − A1 = 0,

− μ11 (Ce kh + De − kh ) + g11 ( Ee kh + Fe − kh ) = 0,
( g11e15 − ε11 f15 )[ A cos(kbh) − B sin(kbh)]

550

μ11 / 10 N ⋅ S ⋅ C
−6

+C1 g11m ( g112 − ε11μ11 ) − E1ε11m ( g112 − ε11μ11 ) = 0,
−E + F + E1 = 0,

f 15 / N ⋅ A −1 ⋅ m −1

c 44 / 10 9 N ⋅ m −2

Figs.2-5 are presented here in order to illustrate the effect
of the thickness of the mass layer on the phase velocity and
the displacements. We assume the density of the mass layer is
3.6 × 10 3 kg / m 3 . We can find that both velocity and the
displacements decrease with increase of thickness of the layer.
Figs.6-9 are presented here in order to illustrate the effect
of the density of the mass layer on the velocity and the
displacements. We assume the thickness of the mass layer is
h′ = 0.0002mm . The results show that the velocity and the
displacements also decrease with increase of the density of
the layer.

(17)

m1[ Ab sin(kbh) + Bb cos(kbh)] + m2 (−Cekh + De− kh )
+ m3 (− Eekh + Fe− kh ) = ρ ′h′kc 2 [− A cos(kbh) + B sin(kbh)].
In order to obtain the nontrivial solutions of the abovementioned unknown constants A, B, C , D, E , F , A1 , C1 , E1 , the
determinant of the coefficient matrix of liner algebraic
equations (16), (17) have to be equal to zero.

2) The magneto-electrically opened conditions:
k (−Ce kh + De − kh ) = 0,

k (− Eekh + Fe − kh ) = 0,

Figure 2. Phase velocity for magneto-electrically shorted case

(18)

m1[ Ab sin(kbh) + Bb cos(kbh)] + m2 (−Cekh + De− kh )
+ m3 (− Eekh + Fe− kh ) = ρ ′h′kc 2 [− A cos(kbh) + B sin(kbh)],

In order to obtain the nontrivial solutions of the abovementioned unknown constants A, B, C , D, E , F , A1 , C1 , E1 , the
determinant of the coefficient matrix of liner algebraic
equations (16), (18) have to be equal to zero.
Figure 3. Phase velocity for magneto-electrically open case
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Figure 8. Displacement for magneto-electrically short case

Figure 4. Displacement for magneto-electrically shorted case

Figure 9. Displacement for magneto-electrically open case

Figure 5. Displacement for magneto-electrically open case

VI. CONCLUSIONS
An analytical approach is taken to investigate SH wave
propagating in layered piezomagnetic/ piezoelectric structure
where a thin piezomagnetic film with a mass layer bonded to
a semi-infinite piezoelectric substrate. The results show that
the thickness and the density of the mass layer have
significant effect on the phase velocity of SH waves and the
distribution of the displacements. The results show that the
phase velocity and displacements decrease with the increase
of the thickness and the density of the mass layer for both
electrically opens and shorted cases.
Figure 6. Phase velocity for magneto-electrically shorted case

ACKNOWLEDGMENT
This work is supported by the National Natural Science
Foundation of China (Nos. 11072116 and 10932004), Key
Industrial Project of Bureau of Science and Technology, City
of Ningbo (No.2005B100015).
REFERENCES
[1]

Figure 7. Phase velocity for magneto-electrically open case

[2]

[3]

[4]

929

Soh. A K and Liu J X, “Interfacial shear horizontal waves in a
piezoelectric-piezomagnetic bi-material,” J. Philosophical Magazine
Letters, 2006, pp.31-35.
Jianke Du, Ji Wang, and Xiaoying Jin, “SH Waves in a Circular
Cylindrical Layered Piezoelectric Structure with Initial Stress,” IEEE
International Frequency Control Symposium, June 5-7, Miami, FL,
USA, 2006, pp.93-96.
Wang B L, Mai Y W, and Niraula O P, “A horizontal shear surface
wave in magnetoelectroelastic materials,” J. Philosophical Magazine
Letters, 2007, pp.53-58.
Liu J X, Fang D N, and Liu X L. “A shear horizontal surface wave in
magnetoelectric materials,” IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 2007, pp.1287-1289.

Progress on an Optical Link for Ultra-Stable Frequency
Dissemination using a Public Telecommunication
Network
O. Lopez, B. Chanteau, V. Roncin, Ch. Chardonnet, A.
Amy-Klein

A. Haboucha, G. Santarelli

Laboratoire de Physique des Lasers,
CNRS, Université Paris 13,
93430 Villetaneuse, France
anne.amy-klein@univ-paris13.fr

LNE-SYRTE,
Observatoire de Paris, CNRS, UPMC,
75014 Paris

Abstract— We transfer the frequency of an ultra-stable laser
over a 470-km optical link comprising 400 km of public
telecommunication fiber network, simultaneously carrying data
traffic. A dense wavelength division multiplexing scheme is used.
The ultrastable signal is inserted in and extracted from the
communication network using bidirectional optical add-drop
multiplexers. The link passes through two important nodes of
the telecommunication network and an amplification stage. The
phase noise on the optical link is compensated with the usual
round-trip technique. The 470-km multiplexed link shows an
Allan deviation of 5×10-15 at one second and 1.3×10-18 after 1
hour. This work paves the way to a wide dissemination of ultra
stable optical clock signals between distant laboratories via the
Internet network.

I.

INTRODUCTION

The transfer of ultra-stable frequency signal between
distant laboratories is required by many applications in time
and frequency metrology, fundamental physics, particle
accelerators and astrophysics [1-8]. Stable radio and
microwave frequencies transmission over an optical link has
already been demonstrated [2-5,9-12]. Frequency transfer
using the optical phase of an ultra-stable laser over a dedicated

Villetaneuse

Aubervilliers

Univ

LPL Paris13
OADM

Bidir.
EDFA

Node

11km/-8dB

fiber link was reported on distances up to about 200 km by
several groups [13-19]. The present challenge is to extend this
technique of frequency dissemination on longer distances in
order to connect laboratories of different countries.
For this purpose, we have recently developed a novel
dissemination approach over non-dedicated fibers [20, 21].
We take advantage of the existing Internet fiber network,
already connecting every laboratories via the National
Research Networks. The ultra-stable frequency signal is
propagating simultaneously with the Internet traffic in the
same fiber using one dedicated wavelength in a dense
wavelength division multiplexing (DWDM) approach.
With Internet fibers, we have a very limited control on the
fiber network and the attenuation and noise is likely to be
higher than with dedicated fibers, which can limit the transfer
to a few hundreds of km. For longer distances, we have
foreseen the segmentation of the link into several cascaded
sections. In that case, a repeater station should be used
between the different segments of the link. This multiple sublink approach allows for an increased correction bandwidth
and robustness regarding attenuation.

Paris

Nogent
l’Artaud

Node

36km/-11dB

Dedicated fiber

Reims
103km/-29dB

85km/-20dB

470 km = 398 km Internet fiber + 72 km dark fiber
Figure 1. Scheme of the 470 km multiplexed optical link
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This link starts and ends at LPL laboratory, at Université
Paris 13, in the north surroundings of Paris. It is composed of
three different fiber spans. The first span is composed by two
11 km-long fibers connecting the information service and
technology center of Université Paris 13 to a Data Centre
Facility located in Aubervilliers (Interxion1). The digital
stream between Université Paris 13 and Aubervilliers is
encoded over an optical carrier on the channel #34 (1550.12
nm) of the International Telecommunication Union grid (ITU)
whereas the ultrastable signal is carried by the channel #44, at
1542.14 nm. The second span is composed of two 36 km-long
dedicated dark fibers which connect the two Data Centre
Facilities of Interxion 1 and TeleHouse 2, downtown Paris.
The third span is composed of two 188 km longhaul intercity
fibers simultaneously carrying internet data traffic. In this part
the digital data signal are transferred over two channels #42

Total attenuation along the link is more than 136 dB due to
the large number of connectors and the OADMs. In order to
overcome the round-trip link losses, we used five bidirectional
Erbium-doped fiber amplifiers.
III. EXPERIMENTAL RESULTS
The optical phase noise power spectral density of the 470km optical link is shown in Fig. 3, without and with
compensation. The phase noise reduction is around 40 dB at 1
Hz.
3

2

The overall scheme of the 470 km-long optical link (LPLCondé sur Marne-LPL) is depicted in Fig. 1. Concerning the
ultrastable signal transmission, round-trip propagation of the
optical signal is required over the same fiber for noise
compensation. For that purpose we use bidirectional off-theshelf optical add-drop multiplexers (OADM). Such three-port
component can insert or extract the 1542.14 nm wavelength
from the other wavelengths, with isolation better than 25 dB
for an adjacent channel (100 GHz) and better than 40 dB for
other channels. Twelve OADMs are used along the link to
insert and extract the ultrastable signal.

and #43, only 0.8 nm and 1.6 nm away from the ultrastable
signal. Moreover, this span includes two amplification stages
for the data transfer, at Nogent l’Artaud. We have installed
two OADMs linked with a bidirectional amplifier to bypass
this amplification stage, enabling a selective bidirectional
amplification of the ultrastable signal. At Condé sur Marne the
reference signal arriving from one fiber is sent into the other
235 km-long fiber back to Université Paris 13. Figure 2
depicted the OADMs and amplifiers modules installed at
Condé sur Marne.

Phase Noise PSD [rd /Hz]

II. MULTIPLEXED OPTICAL LINK
We have demonstrated a first implementation of a 470-km
multiplexed optical link using the French National
Telecommunication network for Technology, Education and
Research (RENATER).
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3
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Figure 3. Phase noise power spectral density of the free running (black
line) and compensated 470-km link (red line)

Fig. 4 shows the fractional frequency stability (Allan
deviation) of the 470 km link for about 15 hours of continuous
operation, measured with a -type frequency counter. The
free-running fiber frequency noise (black circles) is measured
simultaneously using the compensation signal applied to the
AOM. For a measurement bandwidth of 10Hz, the Allan
deviation is 5 10-15 at 1 s averaging time and scales down as
1/ from 1 s to 8000 s reaching 7 10-19. With the full
bandwidth the Allan deviation is 5 times larger.

Figure 2. OADMs and bidirectional amplifiers inside the shelter of
Condé sur Marne

IV. CONCLUSION
We demonstrate the ultra stable transfer of an optical
frequency over 470 km of installed optical fibers. This
ultrastable optical link uses an optical telecommunication
network simultaneously carrying Internet data and goes
through one amplification stage and two Data Center Facilities
using multiplexers and bidirectional erbium-doped fiber
amplifiers. We have obtained link instability of 5 10-15 at 1 s
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Figure 4. End-to-end fractional frequency instability of the 470-km
free running optical link (black circles), and compensated link
measured without (blue triangles) and with a 10 Hz filter (red squares)

[12]

which scales down to around 1.3 10-18 after 1 hour, in a
measurement bandwidth of 10 Hz. These results are promising
and represent an intermediate step for the future development
of continental-scale frequency transfer.
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Abstract— Several communication systems of today rely on the
real time accessibility of accurate time and frequency measures
and there is an increasing demand for the development of new
and redundant methods for the distribution of these measures.
The classical two-way method is able to compensate for the
inevitable variations in the time and frequency propagation
delay. The two-way method is used for time transfer in free
space, electrical or optical domain, but has the disadvantage of
often using two different paths for transmitting back and
forward. The paths may be of equal length and have equal
propagation delay, but nevertheless there is often a remaining
asymmetry in the propagation paths. The inevitable asymmetry
between the paths in the time transfer delay must be detected
and compensated for, if an accuracy better than µs-level is
needed for transmission distance exceeding a few km.
Furthermore, if the number of users is high, there will be a
complex and large network of two-way time signal
transmissions. Therefore, a solution using one-way broadcasting
would be more desirable, and would be possible if the variations
in transmission time could be estimated from the received data
at the far (user) end. The one-way method uses only one path of
transmission and is possible to implement in existing
Wavelength Division Multiplexing-networks.
Proof of concept and results of this one-way time transfer
technique based on transmission of a repetitive signal,
modulated on two lasers at different wavelengths 8 nm apart
and transmitted through an optical fiber, has been presented
previously. These data showed a strong correlation between a
change in transfer time at one wavelength, and the transfer time
difference for the signals at the two wavelengths.
In this paper, the setup and the measurement results have
been improved and new data is collected which shows
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improvement in the reliability and quality of this technique. The
stability is improved through component analysis and
minimizing error sources. The distance is improved from 38km
to 160km.

I.

INTRODUCTION

The development of new communication systems and
evolution of existing ones has increased the need for precise
time and frequency transfer. These transfers often exceed
baselines of 100km and GPS is the common technical
solution. The main benefit with GPS is that it is easy to
install, but it is a single point of failure. Time and frequency
transfer utilizing optical fiber is a good alternative to GPS
since there in many countries already are existing networks
and it does not rely on transmission over radio waves in open
air. Several transfer methods using optical fibers has been
developed or are under development [1-4], using dedicated
fibers or already existing fiber networks. Performance is often
the limiting aspect in the choice of transfer method, where the
long term stability relies on an accurate estimate of the
variations of transfer delay. A common way for high
performance transfer is the two-way method, which is an
excellent method when the user has easy access to the whole
system and when both transmission paths are equal. For the
best results both directions in the transfer should operate in
the same transmission line to be able to cancel out
transmission path delays.
The method can be implemented very efficiently when
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operating on existing data traffic [5-6], however when data
format or other limitations require that the time and frequency
transfer must operate on dedicated communication channels,
the techniques’ administration scales with the number of
users and becomes capacity consuming.
This paper presents a technique for one-way time transfer
utilizing dual wavelengths and the difference in group
velocity to estimate the delay variation of the timing signal in
one of the wavelength channels. The first proof-of-concept
was previously presented [7-8], using modulated lasers at
1310nm and 1550nm and [9] wavelengths at 1535 and
1553nm. Those results showed that it is possible to perform a
one-way time and frequency transfer with two wavelengths
and by evaluate these two against each other, create a
correction signal for compensation for influences along the
transmission path.
To enable long distance baselines, the optical signal
must be possible to amplify. It is also desirable to cover both
wavelengths inside the optical C-band (1530 – 1560nm) and
for the purposes of using the existing fiber network operate
within one band, i.e 8nm.
This evaluation is therefore performed with two wavelengths
8nm apart and the presented result show that it is possible to
perform a one way time and frequency transfer if two
wavelengths within the same transmission band are used. By
evaluation of these two against each other, is it possible to
create a correction signal for compensation of transmission
time variations using a 160km fiber including Erbium doped
fiber amplifiers (EDFAs).
II.

BACKGROUND

The occurrence of asymmetry in many two-way transfers
is due to many components such as ageing, connector
connections and different length in the transfer paths and
equipment in and between the nodes. With this classic
transfer method as reference point, this paper will discuss a
different method based on a single path.
Standardization of single way time transfer is done in the
IRIG-B system, and there are commercial fiber based
frequency transfer systems available. Neither of these does
however take variations in transfer time into account, mainly
because they are supposed to work over short distances and
not with high time transfer accuracy.
When the distance increase and a large amount of the
transmission media is outdoors the temperature will vary
along the path as well as the propagation properties of the
material. Even fiber below ground is known to experience
temperature variations of 20°C over the year [10], and if
some sections of the fiber distance are installed along the
power grid through air-lines, the propagation delay variation
will be even worse, as the variations will follow the air
temperature. However, if that is the case, not only the transfer
time changes, but also the dispersion, which can be measured
at the receiving end of the fiber, and the correlation between
these two parameters can be used. The measurement
technique for fiber dispersion is well known [11] and the
variation with respect to temperature have been studied
previously [10, 12]. Nevertheless, the correlation to the time

transfer delay has not yet been fully investigated or utilized
for time transfer until the first presentations of this work [7].
In a fully operational solution, the time from the Master clock
can be distributed to a network of Slave clocks, with a
precision better than what would be the case if a single signal
was transmitted.
For the one-way time transfer illustrated in Figure 1, there
is a time varying part associated with ΔTA as also is included
in Equation (1). Even though the average transfer time can be
taken into account through a calibration, the time varying part
will pose as an uncertainty unless it continuously is measured
and compensated for.

Figure 1. The figure is a sketch of a one-way time transfer between clock A
(CA) and clock B (CB).

CA-CB=TIC-ΔTA(t)

(1)

A proposed method to solve for ΔTA(t) is by transmitting two
wavelengths in the same fiber and detect the propagation
delay differences between these [13-16]. The difference is
then applied as a correction term for the delay variations in
ΔTA(t) [7-9]. Development of this one-way transfer method
with enhanced stability has resulted in transfer quality well
comparable with well established two-way methods.
Furthermore it is operating within the C-band of
commercial Dense Wavelength Division Multiplexingnetworks (DWDM-network) for distances >100km. The
reason for using the C-band is that the commonly used
Erbium Doped Fiber Amplifier (EDFA) has a flat gain
spectrum between 1530nm and 1560nm. Previously presented
experiments [7-9]used two wavelengths more than 18nm
apart, while this evaluation operates 8nm apart. The used
wavelengths
corresponds
to
ITU
channel
21
(1558.983nm/192.3THz) and 41 (1550.918nm/193.3THz) in
a DWDM system.
III.

THEORY

The theory for single way dual wavelength optical fiber
time and frequency transfer is based on the transit time τ for
propagation of a single mode in a fiber [17] expressed as the
group velocity for a certain distance L and the wavelength λ.

τ=

L⎛
dn ⎞
⎜n − λ
⎟
c⎝
dλ ⎠

(2)

Where n is the refractive index and c is the speed of light in
vacuum. The transfer time τ, sometimes known as the group
delay time in a fiber, is thus dependent on the refractive index
and the wavelength. This means that two different
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wavelengths will propagate at different velocity in the same
fiber. A standard single mode fiber is temperature dependent,
to an extent shown in previous studies [10], and the most
important factor to include in the calculations. By calculating
the derivative of the transfer time with respect to temperature,
both wavelength and refractive index will be taken into
account [9]. Polarization mode dispersion is omitted since it
is small compared to chromatic dispersion over the
wavelength span. The variation in transfer time as a function
of temperature can thus be calculated [9] and that expression
shows how the refractive indices of the two wavelengths are
influenced by temperature, and based on this the variations in
the time transfer delay can be calculated. The time transfer
technique uses the property that the variations are different,
but correlated, which also is supported by experimental
results.
The difference in transfer time through the fiber is
dependent on the variation of length, L, and the variation in
refractive index, n. Both these effects will affect the
chromatic dispersion of the fiber, but through different
properties.
The refractive index of the fiber can be described by the
Sellmeier equation [18, 19]
From the Sellmeier equation and empirical data for fused
Silica (SiO2) [19] the material dispersion can be calculated
with the notation that it may be slightly offset in
communication fibers where the silica is doped with small
amount of other substances. Nevertheless the overall behavior
is comparable. It is possible to estimate the amount of time
transfer delay variations with respect to temperature.
Assuming a fiber where material dispersion is dominant (as is
the case in standard single mode fiber), at a length of 20 km
and measurement at 1530 nm and 1560 nm [9]. The slope of
such calculated dispersion is -0.0016 ps/(nm·km·°C), which is
comparable to previously reported results -0.0025
ps/nm/km/°C for non-zero dispersion shifted fiber (NZDSF)
and -0.0038 ps/nm/km/°C for large core fiber[10].

20°C, and it is apparent that the time transfer delay within a
single, 20 km long fiber varies with almost 0.5 ms when
affected by 40°C temperature difference. This variation can
be detected and compensated for, using transmission at two
wavelengths and a measurement system that can measure
time variations on picoseconds level with sufficient precision.
This evaluation assumes that the cabling or mounting will
stretch the fiber at increasing temperature, however leaving
the volume intact. The variations in dimensions of the glass
are assumed to be negligible. If the core of the fiber is
modeled as a glass cylinder, of length L and diameter d, a
geometrical approach gives that the variation in temperature
will change the length with ΔL(T-T0) and the diameter with
Δd(T-T0), such that

Δd (T − T0 )
ΔL (T − T0 )
=−
d
2L

where T is the temperature and T0 is the reference
temperature.
This change in diameter will change the dispersion
according to the variation in waveguide dispersion [20, 21]:

DW (λ ) = −

n 2 Δ d 2 (Vb)
V
cλ
dV 2

The solid curve (left axis) shows the calculated time transfer
delay for a signal at 1530 nm, and the dashed curve shows the
arrival time difference for two signals at 1530 nm and 1560
nm. Both curves are normalized with respect to the value at

(4)

where n2 is the refractive index of the cladding and Δ is the
relative difference of refractive index in the core and in the
cladding. V and b are the normalized frequency and the
normalized propagation constant, respectively, and can be
found through:

V = ka n12 − n 22 ≅ kan 2Δ

(5)

(
β / k )2 − n 2
b=

(6)

n12 − n 22

Figure 2. Temperature dependence of transfer time (solid blue, left axis)
and arrival time difference (dashed red, right axis)

(3)

where k is the free-space propagation constant, β is the
propagation constant and a = d/2 is the fiber core radius.
From these equations, it is apparent that fibers with notable
waveguide dispersion, e.g. dispersion shifted fibers,
dispersion compensating fibers, etc, will have different
response to a change in diameter d, than standard fibers
where material dispersion is dominant. However, this
response must be evaluated for each fiber design, since the
term V(d2(Vb)/dV2) is between 0 and 1.2 with a maximum at
V≈1.2. These equations show nevertheless that the system of
detecting a variation in transfer time through a fiber with
substantial waveguide dispersion is possible, but must be
optimized for the actual fiber parameters.

935

IV.

EXPERIMENTAL AND REFERENCE SETUP

By measuring the voltage changes from a third mixer
connected to the other two mixers is a correction signal
achieved and can be used for a real-time delay control of the
uncompensated signal. Most of the equipment is housed in a
laboratory with controlled environment, except the spools of
SMF28 which is placed outdoors inside a box for emulation
of an actual environmental condition.
The 8-channel DWDM DMUX has a built in optical filter
function that is used for separation of the two wavelengths.
Measurement equipment detects the two 10MHz sine waves
after propagation through the fiber link, amplifies and
compares with a reference signal, as shown schematically in
Figure 4.

Figure 3. Experimental setup. The PIN-diode includes an electrical transimpedance amplifier. Amplifiers are electrical amplifiers, 3458 a
digital voltmeter and TIC is a time-interval counter

A combination of the experimental setup and the
equipment for the verification of the proposed time and
frequency transfer technique is shown in figure 3. Two CW
lasers at wavelength 1551 nm and 1559 nm are after
polarization controllers modulated in separate Mach-Zehnder
modulators by a 10MHz reference oscillator, after which the
modulated light waves are launched into the SMF through a
50/50 power combiner. The reference oscillator is frequency
stabilized by an Auxiliary Output Generator (AOG)
connected to a Hydrogen-maser as the Master clock. For this
evaluation is the oscillator also used as reference to the
measurement equipment, connected as an external oscillator
to the Time Interval Counter (TIC), in order to evaluate the
one-way technique. The total sum of the two spools of fiber
that is in use was measured with an OTDR (optical timedomain reflectometer) to be 2x80km. Added to this length is
188m of transfer fiber between the lab and the outdoor fiber
spools. The fiber path starts and ends in the laboratory for
evaluation. The use of several fiber spools instead of one
creates a similar case to a commercial link, which will be
assembled of multiple fibers spliced by connectors, and there
is no possibility to know the ageing of all optical fiber along
this.
At the receiving end the two wavelengths are separated in
an 8-channel Dense Wavelength-Division Multiplexing
Demultiplexer (DWDM DMUX), and detected in two 10
Gb/s p-i-n receivers. The signals are amplified and connected
to the Radio frequency (RF) ports of two double balanced
mixers. One of the signals passes a power splitter that is
connected to the reference TIC, which measures the total
transfer time as reference. The output of the TIC is
interpreted as the precision of an uncompensated single way
time and frequency transmission.

Figure 4. Schematics of the receiver and reference signal placed in the
laboratory. The reference signal is compared to the information
received from the transmitted wavelenghts

The output signals from the mixer connected to the
voltmeter are calculated in Equation (8) and low pass filtered,
which results in Equation (9).

ω = ω1 = ω 2

((
(( (

(7)

) )

2
⎞
A A A ⎛ cos α1 − α 2 (t ) +
⎟. (8)
Mv = 1 2 L ⎜
⎜
⎟
8
⎝ cos 2 ω + ω L + α L + α1 + α 2 (t ) ⎠

)

) )

Low pass filtering

A1 A2 AL2
Mv =
(cos(α1 (t ) − α 2 (t ))).
8

(9)

This means that the measured result from the voltmeter must
be corrected for according to Equation (9).
V.

RESULTS

A major goal for this experiment was to resemble a fiber
optical telecommunication network with a distance longer
than 100km and these goals were fulfilled in the experimental
setup. The experimental system consisted of a transmission
side with lasers tunable within the optical C-band that was
connected to fiber polarization controller and later on
modulated with 10MHz. The transmission path consisted of a
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preamplifier that is a EDFA followed by 80km of standard
single mode fiber SMF28, then another EDFA followed by
80km SMF28. On the receiver side an 8-channel DWDM
DMUX was used for separation of the two propagated
wavelengths after which p-i-n-diodes were used for
conversion to electrical domain. The transmitted wavelenghts
are only 8nm apart to be able to fit within a single band in the
proposed fiber optical university network of Sweden. After
conversion to the electrical domain the improved mixer
solution is used for extraction of delay difference in
propagation, and time interval measurements are made as
reference comparisons and verification. Transmitter and
reciver are placed in laboratory enviroment as well as the
EDFAs while the 160km of transmission fibers were placed
outdoors in a container for enviromental impact. The
temperature is also logged using an outdoor temperature
sensor.
The results are extracted from a dataset of 10 days in the
end of March and beginning of April 2011 and are displayed
in figures 5 and 6. Time interval measurements in these
figures are corrected for jumps as the output range is 0-100
ns, while the mixer solution is set to have a initial calibration
at the start to be able to calculate the fiber path parameters
that would not be possible to measure in a system spread over
a large distance. This calibration is presumed necessary for
every individual system. The mixer solution is in this
experiment also set to have an initial startup period of 4 hours
of which are spend to create a running average, aimed to
reduce the noise. Furthermore, the mixer solution is scaled to
be able to be evaluated versus the TIC measurements and a
graph displaying these data is shown in Figure 5.

Figure 6. Data from the outputs of the mixer (red curve) and the time
interval data represented by the reference TIC (black) is plotted
togheter with the outside temperture

To be able to compare the to solutions properly, the original
raw data without applicated smoothing should be plotted, and
that is displayed in figure 7.

Figure 7. Rawdata from the outputs of the mixer (red curve) and the time
interval data represented by the reference TIC (black) is plotted
togheter with the outside temperture

By comparing TIC and Mixer data with the outside
temperature there are evidence that the TIC add some delay
and internal smoothing of the data. Further investigations of
these equipment related issues have to be performed.

Figure 5. Data from the outputs of the mixer (red curve) and the time
interval data represented by the reference TIC (black) is plotted
from data during ten days of measurement

A similar behavior between the mixer solution and the
reference TIC is read out from figure 5. The graphs in figure
6 include the curves in figure 5 which are plotted against the
outside temperature. All three curves confirm a similar
behavior. The mixer solution is scaled by a factor of 3 µs/V
and has a offset of 15 ns. The standard deviation between the
TIC graph and the Mixer graph is 8.45 ns.

Figure 8. The stability of the reference TIC (black curve) and the scaled
compensated mixer solution (red curve)
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The stability of the TIC-data and the newly improved
scaled compensated mixer solution are plotted as the
Modified Allan Variance in figure 8. In the previous
experimental setup [9] the whole system was affected by
white phase noise in the short term and a bump between 500s
to almost 4000s was assumed to be noise added from the
mixers, amplifiers, long coaxial cables and the voltmeter, but
also due to the simple correction algorithm.
A large effort has been made into reducing these noise
sources and the result can be seen in figure 8 where the whole
bump has disappeared. According to the figure the two
systems are comparable up to the vicinity of 5500 seconds. At
longer time scales it seems as the mixer systems with
compensation is more stable.

[5]

[6]

[7]

[8]

[9]

VI.

CONCLUSION

It is experimentally verified that it is possible to perform a
one-way time and frequency transfer of optical single mode
fiber with continuous estimate of delay variations. The
technique is based on transmission over two wavelengths,
separated by 8nm and both residing in the C-band of optical
communication. By evaluating the phase difference between
these time transfer delay of two signals, a correction can be
applied to compensate for the unwanted delay variations
along the transmission path.
This experiment has shown proof of concept for long
baselines measurement, i.e. distances larger than 100km.
Future work includes development of a physical real-time
correction component at the end of the link that incorporates
the steering signal based on the measured difference between
the arriving signals at the two wavelengths. Also there is still
some work to be done in reducing the noise in the receiver as
well as creating a startup algorithm and a calibration
algorithm for the mixer solution. Unlike previous
experiments [7-9], many components in the system are
replaced e.g, the laser changed to telecom products for
DWDM system, and the optical filters and the power splitter
at the receiver end are replaced by an 8-channel DWDM
DMUX. The transmission fibers are exchanged from 38km to
160km. These changes have resulted in less noise and a more
stable system that is possible to incorporate in one band of an
active data DWDM-system for evaluation. Nevertheless there
are some evaluation of the mixer solution and the TIC that
remains.
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Abstract— We will discuss our work on a one-way optical fiber
frequency transfer system.
The link removes thermally
generated delays through sensing the difference in temperature
dependent changes in the group index of the fiber for two
wavelengths. The system monitors the phase difference between
two amplitude-modulated lasers at the edges of the C-band.
Using this signal, a temperature controlled spool of fiber
compensates for thermally induced phase excursions in the link.
We will present preliminary results as well as a discussion of
performance limitations.

I.

INTRODUCTION

As atomic clock technology has progressed, great
improvements in stability and accuracy have been achieved.
Atomic fountain clocks have short-term stabilities in the upper
10-14’s at one second and integrate down to the low 10-16’s in a
day [1]. Newer optical clocks are reaching short-term
stabilities in the low
10-15’s and averaging down into the
10 ’s in an hour [2]. It is necessary to have a time and
frequency transfer method capable of supporting this level of
performance.
One of the standard ways of transmitting time and
frequency is through two way satellite time and frequency
transfer (TWSTFT). While it is practical for transmitting time
and frequency over long distance, the performance is not
acceptable for some of the newer high quality clocks.
Currently, TWSTFT can transmit frequencies with instabilities
at the 10-15 level and time at the 1ns level after a day of
integration [3]. It is clear that to transfer stabilities achieved
with modern atomic clocks, both microwave and optical,
better transfer methods are needed.
One possibility is time and frequency transfer through
fiber optic links. There are many promising aspects for using
fiber optic links. First, there is an existing infrastructure that
provides a large network for transferring time and frequency.
The links are low loss over large distances and are well
isolated. The access to a common return path allows for
measurement and compensation of phase fluctuations.
Finally, there is great potential for scalability in fiber optic
networks.

U.S. Government work not protected by U.S. copyright

Most methods for transferring time and frequency along
fiber links involve establishing a two way link. The timing
signal is sent down the link and then returned to the
transmitting station. At the transmitting station, the phase
variation brought about by fiber noise are measured and
corrected for. One approach is to use an amplitude modulated
signal. Short-term stabilities of 10-15 integrating down into the
low 10-18’s have been demonstrated [4]. Another approach
involves using the phase of the optical carrier itself. Excellent
performance has been achieved with short-term stabilities in
the 10-16’s averaging down to the 10-19’s in a day [5]. An in
depth overview of fiber transfer techniques can be found in
[6].
Here we present results on a different type of fiber optic
link. This is a one-way temperature compensated fiber link
[7]. A one-way, amplitude modulated signal is transmitted
along the fiber along with a proxy for measuring the
temperature. The proxy signal is then used to compensate for
temperature induced phase fluctuations along the link. This
approach differs from the previous methods in that it is a oneway transfer. Bidirectional access to the fiber is not necessary
as in the case of two-way links. Also, the ability to build
simpler broadcast networks exists with improved scalability.
This one-way transfer method relies on measuring
temperature indirectly. We use the phase difference between
two separate colors propagating along the fiber to determine
temperature. This is due to the temperature dependence of
dispersion in fiber. All materials have an index of refraction
for light and exhibit dispersion, meaning that the index is
wavelength dependent. But in addition to being wavelength
dependent, the index is also temperature dependent.
We can model the index of refraction for fiber by using the
Sellmeier coefficients for fused silica [8]. In particular we can
use temperature dependent coefficients to see the expected
temperature dependent features. The temperature dependent
index of refraction has the following form
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d
the system on the
A master oscillator at 5MHz drives
transmit side. For testing purposes this is just a high quality
crystal oscillator. That 5MHz sig
gnal is multiplied up to
100MHz. The 100MHz signal feeds a phase locked dielectric
resonant oscillator to produce a sign
nal at 6.8GHz. This signal
is split and used to modulate two tran
nsmit laser modules.

(2)

and

.

(3)

The
coefficients are determined by the strength of
resonance features that occur within the fiber at wavelengths
. A thorough description of this modell as well as the
complete set of values for the different cooefficients can be
found [8].
Based on this model, we can calculate thhe time delay for a
pulse or any amplitude modulation feature trraveling down the
fiber at a given wavelength and temperaturee. If we have two
pulses at two different colors traveling dow
wn the fiber at a
given temperature, they will arrive witth a fixed time
difference. As the temperature changes, thaat time difference
changes based on the changing index of reefraction. This is
shown in Figure 1.
Figure 2. Experimen
ntal setup.

The transmit modules are lasser diodes with electroabsorptive modulators operating att λ1 = 1530nm and λ2 =
1553nm. The two signals are comb
bined onto one fiber using
and add/drop filter.
The signaal then goes through a
polarization scrambler. It was experrimentally verified that the
two color signal has a strong depend
dence on any birefringence
due to residual stress in the fiber. By scrambling the
polarization, the signal is averaged over
o
all polarization states
and that sensitivity is reduced.
At this point the laser signal traavels down the link. For
testing purposes, this link is a spoo
ol of fiber residing in an
environmentally controlled chamber. It was possible to adjust
the length of the link from 1m to 30k
km.

Figure 1. Temperature dependent phase shifts. Calcculate results for the
changing time delays between two pulses at different ccolors transmitted on
1km of single mode fiber as the temperature of the fi
fiber changes. Blue
corresponds to light at 1530nm and 1565nm. Grey is 11530nm and 1553nm.
Red is 1530nm and 1540nm. Increasing wavelengthh separation gives
increasing sensitivity to the temperature dependeent phase shift.

From this we see that it is possible to dderive a change in
temperature in the fiber by measuring the chaange in time delay
between two different color signals. We cann use this indirect
temperature measurement as a means of ccompensating for
temperature induced phase changes in the fibber. Note that this
method only compensates for temperature innduced effects. It
will not compensate for any mechanicallly induced phase
fluctuations.
II.

EXPERIMENT

As has been shown, it is possible to usse the time delay
between pulses at two different colors as a proxy for
temperature measurements of a fiber linnk. Instead of
measuring time delays between pulses, thhe phase change
between two amplitude modulated signalss were measured.
The experimental setup to measure is ddescribed in the
following and shown in Figure 2.

After passing along the link, thee signal enters the receive
station. The first stage of this station is a temperature
controlled spool. The spool consissts of 5km of bare single
mode fiber wound on an aluminum
m mandrel. The spool is
placed in an insulated box and is tem
mperature controlled using
a TEC and commercial temperature controller.
c
After the temperature contrrolled spool, the two
wavelengths are separated using an
nother add/drop filter and
fed to two separate fiber coupled pho
oto receivers. The outputs
of each receiver are amplified with
h a high gain microwave
amplifier. The 6.8GHz modulation signal at wavelength λ1 is
split with one half mixed with the en
ntire signal at wavelength
λ2. The change in phase between th
he two colors’ AM signals
is the previously described two colo
or signal. The two color
signal is amplified and fed to a PI con
ntroller. The PI controller
determines the set point for the temperature controlled spool to
cancel temperature induced fluctuatio
ons in the fiber.
The second half of the signal at wavelength λ1 is used to
phase lock a high quality 5MH
Hz quartz crystal to the
transmitted signal. The 5MHz signall from the quartz crystal is
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multiplied up to 100MHZ and then fed to a phase locked DRO
to produce 6.9GHz. The 6.8GHz signal is mixed with the
6.9GHz signal to create a 100MHz signal which is then mixed
with the intermediate 100MHz signal in the send station. This
error signal is then used to phase lock the crystal to the
transmitted signal, completing the clock recovery at the
receive station.
In order to test the stability of the transmitted signal, a
portion of the 100MHz signal from the transmit station and the
send station are mixed together. The resulting beat note is
recorded with an analog to digital convert and later analyzed
for stability.
III.

RESULTS AND CONCLUSIONS

A first test was to measure the size of the two color signal
as a function of temperature change. A 5km spool of fiber
was used for the link. The environmental chamber cycled the
temperature with 4oC linear ramps every two hours. The PI
controller for the compensation spool was turned off, and the
temperature set at a fixed value. The two color signal was
recorded as was the 100MHz beat note between the transmit
and receive stations.

constant for the entire link otherwise different temperature
changes give rise to different phase variations. Therefore,
bare single mode fiber was used throughout the experiment.
The next test was to use the temperature controlled spool
to cancel out the temperature induced phase fluctuations and
lock the link. The same 5km spool was used for the link and
the same cycling conditions were used in the environmental
chamber. The PI controller was turned on and used to adjust
the temperature of the compensation spool. The net effect was
to drive the two color signal to zero.
The results of locking the link are shown if Figure 4. The
link was locked for approximately one day. The two color
signal held constant near zero while there are small
fluctuations on the 100MHz beat note. For comparison, the
link was unlocked, denoted by the black vertical line in Figure
4, and allowed to run for about one day. It is clear that the two
color signal as well as the 100MHz signal have much larger
phase variations when unlocked.

Figure 3 show the results of the measurement. As can be
seen, as the temperature changes, there is a change in the
relative phase between the transmit and receive stations. For
the given link length and temperature difference this is
approximately 300ps. Likewise, a phase change in the two
color signal is evident, although with a lower magnitude. For
the same length and temperature change, the phase change is
about 1ps. There is excellent correlation between the 100MHz
beat note phase change and the two color signal phase change.
The lever arm, or ratio of actual phase change to two color
signal phase change, is about a factor of 300. This is an
important value in that any noise on the two color signal will
get multiplied by the lever arm and written on the actual
signal.
Figure 4. Locked and unlocked link performance. The plot in blue is the
100MHz beatnote signal and the plot in red is the two color signal. The first
half of the data set corresponds to the link being locked and compensated. At
the black line, the compensation is turned off.

Figure 5 shows the stability of the locked and unlocked
links when the environmental chamber is cycling. The Allan
deviation is plotted for both situations. First, consider the
unlocked case. The stability starts of at 6x10-14 at 1 second. It
integrates down as 1/τ until about 100 seconds. At that point,
the effects of temperature cycling become apparent causing
the stability to increase as τ with a peak at half the cycling
time of 2 hours.
Figure 3. Lever arm measurement. The phase change for the two color
signal (red) and the 100MHz beatnote (blue) as a function of changing
temperature. The two color signal changes by approximatel 1ps while the
100MHz beatnote changes by over 300ps.

As a note, these results were achieved after ensuring
similar fiber throughout the link. The scheme relies on a
direct correspondence between temperature and expansion
since the actual phase variations are not measured [9]. This
means that the coefficient of thermal expansion must be
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integrates down to the mid 10-16’s in one day with the phase
fluctuations suppressed. Also shown is the TDEV for that run.
After a day if integration, the TDEV is less than 20ps.

Figure 5. Link Stability. Plotted are the Allan deviations for the locked and
unlocked data presented in Figure 4. A reference line of 10-12/τ2/3 is plotted
as well.

In the case of the locked link, the effects of temperature
cycling are removed. Initially, the stability is 6e-14/τ like the
unlocked case. At around 10s the stability turns up and
eventually latches on to a trend of 1x10-12 /τ 2/3. This comes
about because of the temperature control loop and the noise
floor of the two color signal. The temperature controlled
spool has a time constant on the order of 10 seconds hence the
deviation from the unlocked loop around 10 seconds. The
stability eventually rolls over to a line defined by the noise
floor of the two color signal and the lever arm of the system.
For a 10km length of fiber, the noise floor of the two color
signal is ~ 3x10-15/τ2/3.
The measured lever arm is
approximately 300; therefore the noise floor is multiplied up
by 300 and added to the stability of the loop. That
corresponds to ~9x10-13/ τ 2/3.

As was pointed out, one of the limiting factors for the
performance of the locked link is the noise floor of the two
color signal. The limiting stability follows the noise floor
times the lever arm. Therefore it is important to know how
the noise floor scales with link length. Figure 7 show
measurements of the 1 second fractional frequency stability as
a function of fiber length. As can be seen, the stability
degrades with increasing length and shows that the inherent
short term stability increases at 3x10-16 per kilometer. To
ensure that the effect was due to length and not attenuation,
the 5km link was remeasured with attenuation equivalent to a
30km link. The results matched the stability of the original
5km link. From this we can infer the performance of longer
links. Assuming the same set of transmitting wavelengths,
and hence same lever arm, for a 50km link, we should expect
the long term stability to behave as 5x10-12. There is evidence
that the polarization scramblers used in the link are not
properly optimized. It is possible that improvement of their
operation may improve the scale of noise with fiber length.

Figure 7. Stability versus length. Plotted is the 1 second stability
measurement for the locked link as a function of link length. A fit line
corresponding to 1.5x10-16 + 3x10-16/km * distance is plotted as well. The
blue data point corresponds to a 5km link with attenuation equivalent to a
30km link.
Figure 6. Extended link stability plot. Plotted are the Allan deviation and
TDEV for a 5 day continual run of the locked link. . A reference line of
9x10-13/τ2/3 is plotted as well.

The results of a longer run with the link locked for 5 days
are shown in Figure 6. Throughout, the environmental
chamber was changing the temperature as in Figures 3 and 4.
From the Allan deviation, we see that the locked link

One means of improving the stability of the link is to
decrease the lever arm. This can be done by changing the
wavelengths used by the transmit laser modules. A larger
wavelength separation gives rise to a larger two color signal
and smaller lever arm.
Figure 8 shows the possible
improvement. By using wavelengths at the edge of the C band
(shown in green in the figure), there should be an
improvement of roughly a factor of two. By extending even
further and using a wavelength in the C band and one at
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1300nm (shown in grey in the figure), there is almost an order
of magnitude improvement in stability at the cost of no longer
being able to use erbium doped amplifiers in the link.

induced phase variations and to compensate for them in real
time. Some of the length based limitations to performance
were discussed as well as possible improvements by
appropriate choice of transmit wavelengths. This technology
shows promise a viable alternative to two way compensated
links when bidirectional access to the fiber is not possible. It
also points to easier time transfer through a broadcast protocol
as opposed to individual compensated links.
[1]
[2]

[3]

[4]

[5]

[6]
Figure 8. Wavelength improvements. The red curve is the Allan deviation
shown in Fig 6. Plotted as well are simulations of changes to the trend line
for different wavelength combinations. Black is a fit to the data
corresponding to 9x10-13/τ2/3. Green is a simulation for a wavelength
combination of 1530nm and 1565nm corresponding to a trend line of 5x1013 2/3
/τ . Grey is a simulation for a wavelength combination of 1560nm and
1300nm corresponding to a trend line of 1.5x10-13/τ2/3.

[7]

[8]

In conclusion, we have demonstrated a one-way
temperature compensated fiber optic link. We have shown
that by sending two amplitude modulated signals along a fiber
optic link, it is possible to recover a record of the thermally

[9]
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Abstract— We have realized a compact, laser-pumped Rb
atomic frequency standard in view of next generation space
applications. The clock’s Physics Package has a volume of 1.1
liters, and includes a frequency-stabilized diode laser and 2
clock resonator packages. The measured clock short-term
stability is 5x10-13 τ-1/2, reaching < 3x10-14 at τ > 20’000s. The
typical clock drift is 2x10-13/day, on the same level as the drift
observed for a modified GALILEO RAFS operated with laser
pumping under vacuum.

I.

INTRODUCTION

Rb atomic frequency standards (“Rb clocks”) have found a
variety of applications as local frequency references, in fields
such as telecommunications, science, and satellite navigation
systems, thanks to their compact volume and low mass while
providing competitive frequency stabilities. Here we report on
our development of a laser-pumped Rb clock [1] with
improved clock performance, that meets the performance
requirements for on-board clocks in advanced satellite
navigation systems (σy(τ) < 1x10-12 at τ=1s and < 1x10-14 at 1
day [2]) while maintaining the compact outline of a highperformance Rb clock (≤3 kg mass, ≤3 liters volume) [3]. To
achieve this goal, the approach of a cw laser-pumped Rb clock
with optimized key technologies (including the buffer-gas
cells, laser stabilization, etc.) is chosen [4].
II.

CLOCK REALISATION

In order to keep the clock scheme as simple as possible, a
continuous-wave interrogation scheme combined with
optimization of the key clock technologies was selected. The
block scheme of the clock is given in Figure 1. The light
emitted by a DFB laser diode is frequency-stabilized to
saturated-absorption lines obtained from a small evacuated Rb
reference cell [5]. In order to achieve best possible frequency
stability from a simple setup, the cell is temperature-stabilized
This work was supported by the European Space Agency ESA (contract
no. 19392/05/NL/CP), the Swiss State Secretariat for Education and
Research – Space Affairs Division, the Swiss National Science Foundation,
and Fondation en faveur d’un Laboratoire en Recherche Horlogère.
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Figure 1.

Block scheme of the clock.

and surrounded by two layers of magnetic shields. Laser
stabilization is achieved by frequency modulation
spectroscopy at a frequency around 50 kHz, resulting in a
laser frequency stability of < 5x10-12 at all relevant time
scales. A more detailed description of the stabilized laser
module can be found in [6, 7, 8].
The clock cell contains enriched 87Rb and a buffer-gas
mixture and is placed in a small magnetron-type microwave
resonator [4]. The resonator and clock cell are temperaturestabilized and surrounded by a 3-layer magnetic shield to form
an atomic resonator package, of 4.0cm x 4.4cm x 6.4cm outer
dimensions. By injecting low phase-noise microwave
radiation into the resonator, a clock signal can be detected on
the photodetector placed after the atomic resonator package.
The detection noise is dominated by laser-induced noise
(including laser AM noise and FM-AM noise conversion),
thus a second cell identical to the clock cell is used in a
second, identical atomic resonator package into which no
microwave radiation is injected, in order to subtract the
detection noise from the actual clock signal for improved
short-term stability.
The stabilized laser module and the two atomic resonator
packages are mounted on a common, temperature-stabilized
baseplate and occupy a volume of 1.1 liters. Figure 2 shows
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Figure 2.

Fully assembled clock package. Overall dimensions are
10cm x 10cm x 24cm, with only 1.1 liter occupied by the
core physics package (laser + atomic resonator modules).

Figure 4.

the assembled clock, including also proximity electronics in
an overall 10cm x 10cm x 24cm volume (2.4 liters) [7].
Under typical operating conditions, the double-resonance
clock signal has a linewidth of ≈ 1 kHz and a contrast of 7%,
which results in a discriminator slope of 680 pA/Hz (measured
at line center in the de-modulated error signal). When using
one clock cell only, the shot-noise limit is 3x10-13 τ-1/2, and the
signal-to-noise stability limit is 1.1x10-12 τ-1/2, mainly due to
additional laser noise (including FM-AM conversion in the
clock cell).
Because the noise cancellation scheme requires identical
clock cells, and in order to investigate on future issues on the
production of many clocks, we have investigated on the
reproducibility of the clock cell’s buffer-gas mixture, which
directly affects the cell temperature required to operate at
minimized temperature coefficient (inversion temperature,
[9]). For this purpose we have produced 4 completely
independent batches of cells with nominally identical buffergas mixture, distributed over a period of 3 months. Evaluation
of the cells’ performance in a Rb clock shows that the
inversion temperature does not scatter more than ±2°C, which
is acceptable for clock operation and production constraints.
III.

CLOCK PERFORMANCE RESULTS

Figure 3 shows the clock’s measured short-term stability.

Figure 3.

Short-term stability of the clock, measured with and without
noise cancellation.

Measured medium-term stability of the clock. Typical frequency
drift is around 2x10-13/day.

Short-term stabilities of 1.1x10-12 τ-1/2 and 5.3x10-13 τ-1/2 are
obtained when operating the clock without and with the noise
cancellation scheme implemented, respectively, in agreement
with the calculated signal-to-noise limits. The latter result is
also close to the shot-noise limit of 4.5x10-13 τ-1/2, slightly
increased here due to the implementation of two independent
photodetectors when operating with the noise cancellation
scheme.
The medium-term stability of the clock is shown in Fig. 4.
It reaches < 3x10-14 at τ > 2x104s, with a typical drift of
2x10-13/day. This stability is mainly limited by temperature
variations in our laboratory, acting on the laboratory-style
clock electronics and directly on the clock physics (not
sufficiently optimized thermal isolation using 2 thermostat
stages only operating in standard atmosphere), to be mended
in next development stages.
IV.

LONG-TERM CLOCK STUDIES

In order to validate and evaluate the operation of a laserpumped Rb clock under vacuum, we operate a modular Rb
clock over extended times in a vacuum chamber held at
< 2x10-6 mbar. This laser-pumped Rb clock is composed of a
stabilized laser head [5] and a lamp-removed GALILEO
RAFS clock [3], as described in [4]. The stability of this clock
is 1.6x10-12 τ-1/2 at τ < 100s and reaches 2x10-14 at 20’000s.
Figure 5 shows the clock frequency recorded continuously
over 4 months, where the 12-hour mean uncertainty is 2x10-13.
A stable linear drift of 1.8x10-13/day is found, and no
frequency jumps linked to unexplained events or changes in
the light source intensity (as found in lamp-pumped clocks
[10]) are observed over the full measurement time within the
12-hour uncertainty. The only frequency jumps, observed (end
of September 2010) are due to maintenance work in the
laboratory.
By recording the laser diode’s injection current, we can
extract the aging of the current on resonance, i.e. of the laser
current required for operating at the Rb D2 frequency (at
constant laser temperature). A decrease of the current at
resonance of –50 μA/month is observed, which corresponds to
a + 60 MHz/month change in laser frequency (at constant
current and temperature). A similar rate of frequency aging
(-80 μA/month) was obtained for laser diodes operating in air
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Abstract—In this paper we present a prototype of Rb clock
working in pulsed regime with high freq stability performances.
In particular, a frequency stability as low as 1.6x10−13τ −1/2 has
been measured for integration times up to 105 s. In the short
term, this represents a record result for a hot-vapor-cell
frequency standard.

I.

INTRODUCTION

The pulsed optical pumping (POP) scheme relies on the
time separation of the following three phases that generally
rule the operation of an atomic clock: laser optical pumping,
microwave interrogation with Ramsey scheme, and detection
of the clock transition [1]. It is well established that this
technique has proven very effective to reduce the transfer of
laser noise to the atomic resonance (the so called light-shift),
increasing the frequency stability performances with respect to
a continuous approach. In the case of the POP maser, in which
the clock signal is detected in the microwave domain, we have
in fact already reported a frequency stability (Allan deviation)
of 1.2x10−12 τ −1/2 for integration times up to 105 s, and the 1015
region has been reached after drift removing [2].
According to the theory we developed [3], the detection of
the clock transition in the optical domain can lead to even
better results. In fact, because of the higher energy carried by
optical photons with respect to microwave photons, a higher
signal-to-noise ratio is predicted and so a better short term
stability. In addition, there is a secondary advantage: we do
not need a high-Q cavity because the cavity is used to
interrogate the atoms and does not play any role during
detection; a lower cavity pulling is expected. The heterodyne
detector is not more required and instead we have the
photodiode and the transimpedance amplifier. A new physics
structure has been then designed and implemented. Moreover,
to take full advantage of the POP clock with optical detection,
a very low-phase noise synthesis chain has been realized. The
pulsed operation is ruled by a pattern generator implemented
on a digital board.
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Clock measurements have been done using optical
pumping on either the Rb D1 or D2 optical lines.
II.

PHYSICS PACKAGE

Fig. 1 shows a schematic of the physics package. It has a
layer structure, from the innermost component to the outmost
the following components can be recognized:
1) Quartz cell;
2) Microwave cavity system (including optical
detector: trans-impedance plus photodiode and microwave
cable to inject and detect microwave signals, not shown in the
figure);
4) C field solenoid;
5)
Internal heater;
6)
First magnetic shield;
7)
External heater;
8) Two external magnetic shields.
Internal thermal shield

C-field

Magnetic s hields

External thermal shield
Quartz cell
Microwave cav ity

Fig. 1. Schematic of the physics package.

Two different cells have been filled with 87Rb atoms and a
mixtures of buffer gases (Ar and N2 in the pressure ratio 1.6,
with a total pressure of 25 Torr) at the LTF facilities. The
buffer gas mixture is temperature compensated around 64 °C.
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One of the two cells has been placed inside a Mo cavity that
has a loaded quality factor lower than 1000. In Fig. 2 it is
possible to identify the two cell stems, the microwave cable,
the tuning screw and the photodiode.

III.

ELECTRONICS

The electronics architecture (see Fig. 4) is very similar to
that we developed for the POP maser [3].Here we focus only
into the main differences. In the optical detection the laser is
not only used to pump the atoms but also to detect the clock
resonance; the atomic signal is then processed by a
transimpedance amplifier followed by a signal conditioning
step to match the input dynamic of the lock-in amplifier. The
rest of the electronics has been redesigned in order to support
the expected stability.

Laser
system

µW cavity

AOM

Rb
cell

6834 MHz
μW monitor

Fig. 2. The cavity system.

7020 MHz

100 μK

Direct
Synthesis
180 M Hz

85 MHz

5.3 MHz

DDS2 DDS1

10 MHz
OCXO

Registers
and
Memory

POC

Signal
Conditioning

POP
output

ADC

PC

DAC

The physics structure has been placed in a vacuum
chamber in order to isolate it from environmental fluctuations
(barometric pressure, humidity, temperature, etc.); the
vacuum is provided by rotative and turbo pumps and the
vacuum level is below 10-6 mbar.
Since the clock frequency is temperature-dependent due
to buffer gas collisions, an active control of the physics
structure temperature is required. In particular, we
implemented two different temperature controls: the
innermost controls the cavity temperature and works in AC;
the second one works in DC and controls the stem of the cell.
Between the stem and the cavity a temperature gradient is
maintained to generate a cold point in the structure (the stem)
in order to avoid a deposition of Rb inside the walls of the
cell that would alter significantly the cavity Q.
As shown in Fig. 3 a temperature stability for the stem
and for the rest of the cell inside the cavity below 100 μK up
to 100000s is achieved.

185.3
MHz

Pattern
Generator
Lock-in and
Loop Function

Fig. 4. Scheme of the POP clock from an electronic point of view.

In particular, the synthesis chain (SC) is based on nonlinear transmission lines (NLTL) instead of step-recovery
diodes (SRD) used in the maser approach. As usual, the SC is
a direct multiplication from the 10 MHz of the OCXO to
about 7GHz; the first multiplication stages are the most critical
one: we have a distribution amplifier to provide the clock
output, then a x9 multiplier, followed by a x2 multiplier and
finally a PLL that filters the multiplication spurs. The phase
noise of the OCXO plus the SC is shown in Fig. 5; it has been
obtained by the beat note of two nominally identical devices.
The Dick effect turns out 7x10-14 at 1s.

Fig. 3. Allan deviation of the temperature fluctuations of the cell stem
(white squared) and of the cell body (black circles).
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Fig. 5. Phase noise of the SC.

IV.

100

1000

10000

Fig. 7. Allan deviation of the POP clock with optical detection using D1
as pumping light.

CHARACTERIZATION

The same characterization measurements have been done
using a DFB laser locked to the D2 line. Fig. 8 shows the
observed Ramsey fringes for two different temperatures.

4.6

Optical Signal (A.U.)

3.1
3.0
2.9
2.8

Experiment:
Experiment:
Contrast
ContrastCC==14.5
14.5%
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2.7
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tpt==44ms
ms
p
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μs
1 400 μs
TT==4.2
4.2ms
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4.2
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μs
d 150 μs

4.0

PPLpump
pump==10
10mW
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L
μW
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det==350
350
μW
L

3.8

Theory:
Theory:
Contrast
ContrastCC==17
17%
%

2.5
-6000 -4000 -2000

10

Averaging Time, τ (s)

The assembled system has been tested using two different
optical wavelengths, the Rb D1 line (795nm) and the Rb D2
line (780nm): Optical pumping on the D1 line is achieved
with a DFB laser, using a compact and frequency-stabilized
laser head build by LTF-UniNe and described in [4].

Optical Signal (A.U.)

1

-6000

-4000

-2000

0

2000

4000

6000

Frequency (Hz)

6000

Frequency (Hz)

(a)

Fig.6. Ramsey fringes with D1 line; pumping time tp = 3.7 ms;
microwave pulse duration t1= 400 μs; Ramsey time T = 3ms; detection
time td = 150 μs, laser power during pumping PLpump = 1.4 mW, PLdet =
300 μW.

Optical Signal (A.U.)

Fig. 6 refers to a comparison between experimental (blue
line) and theoretical (red line) Ramsey fringes obtained with
D1 line. The agreement between the two curves is very good;
in particular, the contrast that is one of the key parameter is
around 15 %. When the local oscillator is locked on the
central fringe of the Ramsey pattern we obtain the frequency
stability of Fig. 7. The measured Allan deviation is 4.2x10-13
τ -1/2 up to average times of 10000 s. the bump around 2000 s
is due to the thermal fluctuations not completely understood
and solved at the time of the measurement.

3.6
3.4

tpt==0.4
ms
p 0.4 ms
t1t==0.4
0.4ms
ms
1

TT==3.3
3.3ms
ms
tdt==150
150μs
μs

3.2

d

3.0

PPLpump
pump==44mW
mW
L
PPLdetdet==200
200μW
μW
L

2.8

Contrast
ContrastCC==28%
28%

2.6
-6000 -4000 -2000

0

2000

4000

6000

Frequency (Hz)

(b)

Fig. 8. Ramsey fringes observed with D2 line; (a) temperature T= 58
°C; (b) T= 68 °C. The timing and the adopted laser powers are indicated in
the figures.

In particular, a contrast of the 28 % for the central fringe
is achieved. The corresponding frequency stability is reported
in the following figure 9 and now we have 1.7x10-13 at 1s and
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the white frequency region noise goes down and reaches
5x10-15 at 10000s. This is, in our opinion, due to some
residual environmental effects.

Galileo PHM specifications We might cite the article by
Belloni et al. on PHM here, Procs EFTF2010.
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The drift has not been removed from the data and turns
out -3x10-15/day.
In conclusion, we have implemented and characterized a
Pulsed Optically Pumped frequency standard with optical
detection that confirms the significant benefit in the short
term stability predicted by the theory. Both the frequency
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The Influence of Laser Polarization Variations on CPT
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Abstract— The Coherent-Population-Trapping (CPT) vapor-cell
atomic clock represents a clear break from previous vapor-cell
clock technology. As such it has advantages that may result in
significant frequency stability improvements. However, along
with the technology’s benefits come new effects that may limit
the CPT clock’s capabilities, and one such effect is laser
polarization noise. Here, we present our first results looking at
the response of a CPT signal to modulation of a laser’s
polarization. Our results show that the CPT clock signal
undergoes a splitting when the polarization modulation is rapid,
suggesting that various Fourier components of a field’s
stochastic polarization fluctuations will affect the CPT clock
signal in qualitatively different ways.

I.

components in general translate into greater device reliability.
Nevertheless, though the CPT clock has real advantages over
the conventional laser-pumped atomic clock [5], its novel
nature suggests that it may be subject to new processes that
play little, if any, role in the conventional laser-pumped clock.
One of these processes concerns the effect of laser polarization
fluctuations on the CPT clock signal [6], which the present
work was initiated to investigate.
II.

52P1/2

INTRODUCTION

In the CPT clock, the microwave atomic signal is
generated in an all optical fashion [1]. Briefly, sidebands are
placed on the optical carrier at one-half the frequency of the
ground state hyperfine splitting, Δνhfs, (i.e., 6.8 GHz for Rb87),
and when the separation between the two sidebands, 2δ,
matches the ground state hyperfine splitting both levels are
simultaneously coupled to the same excited state. It is a
feature of the atom’s quantum nature that excitation pathways
interfere, and when the two hyperfine states are coupled to the
same excited state in this fashion the pathways interfere
destructively (i.e., the atom cannot make a real transition to
the excited state). If the atoms cannot be excited, there is no
absorption of the laser light, and consequently the intensity of
light transmitted by the vapor increases. The transmitted light
thereby acts as a monitor of the atoms’ interaction with a
microwave signal (i.e., the laser sideband separation), and this
can be used to lock the frequency of a quartz crystal oscillator
to the atom’s ground state hyperfine splitting.
One obvious advantage to this design is that the
microwave cavity of the traditional vapor-cell clock is
eliminated. In addition to allowing for “chip-scale” atomic
clocks [2], elimination of the microwave cavity removes all
microwave power shifts that can give rise to frequency
instability [3]. In particular, effects like alkali surface
migration on the resonance cell’s glass walls [4], which affect
the microwave cavity Q, are eliminated. Moreover, fewer
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Figure 1: In the typical CPT clock, two modes of a laser couple an
atom’s two mF = 0 ground-state sublevels to the same excited state;
here, the common excited sate is F' = 2, mF = +1. The simultaneous
coupling creates a coherence in the ground-state, indicated by the
dashed green lines, and it this coherence that is at the heart of the
CPT phenomenon. If the laser polarization fluctuates, then the
common excited state will momentarily change to F' = 2, mF = −1,
and this will affect the ground-state coherence.

In the most typical realization of the rubidium CPT clock,
the laser light is circularly polarized and connects the (F = 2,
mF = 0) and (F = 1, mF = 0) ground state Zeeman sublevels to
the (F' = 2, mF = +1) Zeeman sublevel of the 52P1/2 excited
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modulator (EOM), which places sidebands on the laser at 3.4
GHz. The modulated and linearly polarized field then passes
through a ferroelectric liquid crystal (FLC) polarization rotator
that has a bandwidth of 10 kHz. This polarization rotator
changes the field’s polarization by ninety degrees depending
on an applied voltage supplied by a function generator. The
field then passes through a quarter-wave plate, creating right
or left circularly polarized light depending on the sense of
linear polarization transmitted by the FLC polarization rotator.
With the laser polarization square-wave modulated, the 3.4
GHz sideband spacing is very slowly swept through the CPT
resonance (i.e., 2δ = Δνhfs). The CPT resonance is observed as
an increase in the transmitted laser light, measured by a silicon
photodiode, and we average the CPT resonance lineshape
using an averaging oscilloscope. We employ a buffer gas cell,
containing 50 torr of N2, so that the dominant relaxation
mechanism in our experiments is electron-spin randomization
(also known as S-damping) [9].

state; this is illustrated in Fig. 1. As is well-known, this
“lambda-system” coupling creates a coherence between the
two mF = 0 ground state sublevels (i.e., the 0-0 transition), and
it is this coherence which is at the heart of the CPT signal. If
the circular polarization switches from right-circularly
polarized light to left circularly polarized and back again, then
a transient will be introduced into the CPT signal since the
common excited state changes: (F' = 2, mF = +1) → (F' = 2, mF
= −1) → (F' = 2, mF = +1). If the polarization variations are
stochastic [7], then the time series of these CPT transient will
appear as noise on the CPT signal.
III.

EXPERIMENT

Figure 2 shows a block diagram of our experimental
arrangement, which is fairly straight-forward. We start with a
cleaved-facet Fabry-Perot diode laser, which does not suffer
from intrinsic polarization fluctuations [8]. Though not shown
in the figure, the laser light passes through an electro-optic

Averaging
Oscilloscope

5V

Function
Generator

0

3.4 GHz
σ+

Fabry-Perot
Diode Laser

Rb87,N2

σ−
90o Polarization
Rotating Switch

λ/4 Waveplate

Photodiode

Figure 2: Block diagram of our experimental arrangement. The Rb cell is maintained at 47 oC, corresponding to an alkali density of ~ 1011
cm-3, and the Rb atoms are contained with a 50 torr N2 buffer gas. The laser light passes through an electro-optic modulator (not shown)
that places sidebands on the laser at ~ 3.4 GHz. In our experiments the sideband-to-carrier power ratio is 0.17.

IV.

RESULTS

Based on our previous work [6] and that of Jau et al. [10],
we had certain expectations concerning the results of our
experiments. For modulation frequencies, fm, less than the
electronic spin-polarization relaxation rates in our system, we
expected the atom to respond quasi-statically to the
modulation: the atom would reach steady-state equilibrium
between laser polarization changes, and the CPT phenomenon
would appear to be unaffected by the polarization modulation.
However, as fm became larger than the rate of spinpolarization relaxation, the atom would not have enough time
between laser polarization variations to generate an
equilibrium spin-polarization in the vapor. In other words, the
laser would not have enough time to put atoms into a
“trapping state” [11], and so we expected the CPT resonance
to grow in this regime of modulation frequencies. Finally, as
fm became larger than the 0-0 coherence’s dephasing rate, we
expected the laser polarization variations to begin to have an
effect on the CPT lineshape. In particular, we expected the
CPT linewidth to grow monotonically (though perhaps not
linearly) with fm in this regime.

Figure 3 shows the main results of our work. There, we
show several cases of the CPT resonance for different values
of the modulation frequency. At low modulation frequencies,
fm ~ 3 Hz, we see the standard CPT resonance. The “noise” on
the CPT signal is not noise at all, but a residual of the
transients that are induced in the absorption cross section as
the laser’s polarization changes [6]. At intermediate
modulation frequencies, fm ~ 30 Hz, we see an increase in the
CPT signal amplitude. As discussed above this is expected,
since these modulation frequencies are beginning to exceed
the spin-polarization relaxation rate. Surprisingly, however, as
fm exceeds the 0-0 coherence dephasing rate (i.e., γ2 = 120 Hz
[6]) we don’t see the CPT linewidth broaden. Rather, the CPT
linesphape splits into a doublet with the separation between
the two CPT resonances increasing with the modulation
frequency. This is shown more quantitatively in Fig. 4, where
we have plotted the center frequency of each doublet
component, fCPT, as a function of the modulation frequency. In
the figure, the two straight lines correspond to fCPT = +fm and
fCPT = −fm.
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Figure 3: This figure shows our principle experimental results. At low modulation frequencies the standard CPT resonance is obtained.
At intermediate frequencies, the CPT amplitude increases since atoms don’t have time to be trapped in a non-CPT participating atomic
state. At the highest modulation frequencies, our CPT resonance splits into a doublet.

excited state. As a consequence, the Rabi frequencies change,
not in magnitude but in phase. Interestingly, our theoretical
analysis (to be discussed in a subsequent publication) shows
that only one of the Rabi frequencies changes sign after a laser
polarization change, the other is unaffected; and it is this
asymmetry in the phase change of the Rabi frequencies that
yields the CPT splitting. Briefly, since only one of the Rabi
frequencies changes sign, the ground-state 0-0 coherence
suffers a phase change following each laser polarization
change, which happens twice every modulation period. This
modulation of the ground-state coherence at ±fm yields a
doubling of the CPT resonance frequency: ΔνCPT = Δνhfs ± fm.
If both Rabi frequencies changed phase, then there would be
no net phase modulation of the 0-0 ground-state coherence,
and no splitting would occur.

CPT Resonance Frequency, kHz
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3.0
2.0
1.0
0.0
-1.0
-2.0

fCPT = −fm

-3.0
-4.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Modulation Frequency, kHz
Figure 4: The frequency of each doublet component as a function of
modulation frequency. For these results, the laser intensity was four
times larger than that yielding the highest contrast CPT resonance in
the absence of polarization modulation. Note that the doublet
splitting equals 2fm.

V.

DISCUSSION

As noted in the Introduction, when the laser changes from
right-circularly polarized light to left-circularly polarized light
the atom is coupled to different Zeeman sublevels of the

Clearly, the results of the present work have implications
for the effect of random polarization variations on CPT
signals, and these are indicated (very qualitatively) in Fig. 5.
For ease of discussion, let fc be a critical laser polarization
modulation frequency: for fm < fc no splitting of the CPT
resonance occurs; for fm > fc the CPT resonance is split into a
doublet. As suggested by Noise-Spectrum A, if all Fourier
components of the noise spectrum are less than fc, then laser
polarization noise could actually increase the amplitude of
CPT resonances. Specifically, those Fourier components less
than fc, but larger than the spin-polarization relaxation rate,
would cause the CPT amplitude to increase. In other words,
laser polarization noise could enhance a chip-scale atomic
clock’s signal-to-noise ratio. However, if the high frequency
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cutoff of a polarization noise spectrum is above fc, then as
suggested by Noise-Spectrum B the CPT resonance will be
reduced in amplitude and it will have an increased linewidth.
Thus, for a noise spectrum like B a chip-scale atomic clock’s

signal-to-noise ratio and its atomic-Q would be reduced.
Whether or not these qualitative expectations hold up will be
the subject of further research in our laboratory.
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Figure 5: Illustrative considerations of the effect of laser polarization noise on CPT signals. The data points in the figure to the left show
the amplitude of the CPT resonance as a function of modulation frequency; for these data the laser intensity maximized the CPT contrast
in the absence of polarization modulation. (The dashed line is simply an aid to guide the eye.) In effect, the data points can be thought of
as an atomic “transfer function” for laser polarization noise. Assuming that a laser polarization noise spectrum is similar to curve A in the
leftmost figure, we would predict the CPT resonance to appear like that shown in the figure to the upper right (nominal implies the
absence of laser polarization noise). Alternatively, if the laser polarization noise spectrum was more closely modeled by curve B, we
would expect the CPT resonance lineshape to take on the appearance shown in the curve to the lower right.
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Positioning FBAR Technology in the Frequency and
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Abstract— this paper will focus on the technical differentiation
of FBAR from other mechanical resonator technologies for
timing applications. The talk will also touch on a recent
modification of FBAR (the Zero Drift Resonator, ZDR) that is
temperature compensated. A further technology differentiator is
the size of the chip-scale packaged resonator. Using the same
technology used in manufacturing Avago Technologies' filter
duplexer (over 3 billion sold) allows us to leverage qualified
processes and thus go to market quickly. Furthermore, the
silicon lid is perfectly suitable for placing integrated circuits and
this is being done. All of these factors, (wide tuning range, high
Q, high frequency, small size, integrated circuitry) are being
used to differentiate potential products for the Time and
Frequency Markets.

I.

INTRODUCTION

In John Vig’s tutorial can be found the salient facts and an
excellent overview of the contribution of the quartz resonator
in the fields of frequency and timing standards [1]. Highlights
include
•

Applications and Requirements

•

Hierarchy of Oscillators (and thus, their applicability)

•

Sources of Oscillator Instability

Between 1930 and 1950, the quartz crystal became the ‘heart’
of commercial time keeping, and by 1972 wristwatches using
quartz resonators become widespread.
Today, required stability for USB 2.0 and 3.0 Host Controllers
is +/-300 ppm. Stability for Wi-Fi and other wireless
applications is +/- 20 ppm. For GPS, the stability must be on
the order of 1 to 2 ppm.

(typically running at 2 to 4 GHz) and taking advantage of the
property that phase noise improves by -20 log[N] dB as the
frequency is divided down by N.
One of the chief drawbacks of the MEMs oscillator is the lack
of any real coupling (i.e. the ratio of the motional capacitance
to the plate capacitance). Poor coupling reduces the ability to
pull the high-Q resonator. So, given that process and
temperature variations determine the final frequency, the
MEMs oscillator is used as a non-deterministic reference. The
output frequency is generated using a follow-on fractional N
synthesizer with programmable offsets to compensate for
frequency offsets due to process variation and to compensate
for the rather large temperature coefficient of frequency (on
the order of -30ppm/C) of the silicon MEMs resonator.
The SSO can be pulled quite easily; as the Q of the inductor L
is 10 to 20. The resonant frequency is typically chosen to be 3
-4 GHz and then divided down. The divided down frequency
is compared to a pilot tone at the factory and offsets are
similarly stored into a look-up table to compensate for
temperature variations and frequency offsets due to process
variations. A varactor as part of the LC oscillator then adjusts
the frequency. Influence from external sources of parasitic
capacitance is minimized by fabricating a Faraday cage
around the die.
The FBAR is a mechanical resonator more akin to quartz
resonators than MEMs type devices. However, there are
several key differences between all 3 devices:

Recently, several technologies have begun to target some of
those markets traditionally held by Quartz resonators and
oscillators. MEMs resonators and oscillators (in the 50 to 100
MHz frequency range) have gotten a lot of press in the past 3
years. Q’s on the order of 60,000 to >100,000 [2,3] have been
reported. Another technology, Solid State Oscillators
(SSO)[4], have also entered the market. This technology is
quite different in that it does not use a mechanical resonator of
any kind. Rather, SSOs rely on an integrated LC tank circuit
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i)

The mode of operation is a longitudinal
motion (sound waves normal to the plane of
the resonator) as opposed to a flexure mode
used by MEMs devices

ii)

The thin sputtered piezoelectric and metal
electrode films, set the native frequency
which is much higher than quartz resonators
with their relatively thick plates

iii)

The coupling coefficient for FBAR is at
least 30X larger than quartz resonators

iv)

The coupling coefficient for FBAR is at
>100X larger than MEMs electro-statically
driven resonators

However, the f*Q products of these mechanical resonators in
commercial applications are all within a range of 1012 -1013
Hz.
Another technology has recently been the subject of
investigation. This would be the Rayleigh-Lamb wave
devices. Here, the MEMs silicon bar is replaced by an AlN
piezoelectric film. Inter-digitized fingers patterned on top
generate an SO symmetric mode (see Fig. 3). The advantage
of this device over a MEMs device is the coupling coefficient
is much higher than silicon MEMs devices. The coupling
coefficient ranges from 1 to 2% for non-temperature
compensated devices and 0.56% for temperatures
compensated devices (similar to quartz) [5,6].
II.

THIN FILM BULK ACOUSTIC RESONATOR

A. Background
There are two ‘flavors’ of FBAR, the Free-standing Bulk
Acoustic Resonator (or FBAR) and Solidly Mounted
Resonators (or SMR-BAW). FBARs were first developed in
the ‘80’s [7,8]. In the mid ‘90’s SMR devices came into vogue
[9]. At HP, later Agilent, later Avago, we focused on FBAR
and in 2001 announced a PCS duplexer [10,11]. Due to the
inherent advantages of Bulk acoustic devices over surface
acoustic devices (SAWs), FBAR became a major contributor
to many of the cell phone refinements that we take for granted
today (e.g. small size, internal antennas, more functionality
due to lower power dissipation from the duplexer etc…). Part
of the staying power of FBAR at Avago was the introduction
of a wafer-scale package technique in 2002 that allowed for an
all-silicon chip scale package that was hermetic and could be
either integrated directly on the customers board or on a
‘molded chip on board (MCOB)’ at our factory.

Currently, our ZDR resonators can be ‘tuned’ such that the
linear coefficient of frequency with respect to Temperature is
zero’d out. This is done with an oxide layer buried inside the
stack [12,13]. We target a Turn over Temperature (TOT) in
the range of 30 to70oC. The residual quadratic temperature
dependance, β, ranges from -15 to -25 ppb/ oC 2, and depends
on stack make up.
More recently, we have begun adding active circuitry in
the lid (Fig. 1). The circuitry can either be CMOS (hence, the
name ‘FMOS’) or Bipolar. We have demonstrated both. The
circuitry is connected to the resonator by two narrow ‘dropdown’ posts that form the connection at the same time that the
base wafer containing the FBAR is bonded to the lid wafer
containing the circuitry. A description of the manufacturing
process is given elsewhere [14].
The value of this method of manufacturing (base wafer –
FBAR, lid wafer – circuitry) is that all aspects, all process
steps, are fully qualified, fully vetted and do not interfere with
each other. The latter property is most important, if one has to
re-invent each process so as to not interfere with the other
technology, then, the whole process must –once again—be
fully qualified (an onerous undertaking).
B. FBAR
Experimental data on varying sizes of resonators show that
the Q behavior has a (Area)-3/2, not (Area)-1. The extra -1/2 in
the exponent comes from this area-to-perimeter ratio. This
power law observation points to where we can find energy
losses.
8000

f*Q= Constant Curves
(viscous loss limit)
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Q enhancements, die-shrinking and new topologies have
allowed Avago to be a leading supplier of duplexers,
multiplexers and Front-End Modules (FEM) that integrate PA
and power coupler with duplexer. Some of the more stringent
LTE filter requirements have driven Avago to develop a ‘zero
drift’ version of our resonator, or ZDR. So, besides
‘screaming’ roll-off, some LTE bands require the filter not
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Fig. 2. Measured Q of Avago FBAR Resonators plotted
over time and by generation (FBAR IV, V, VI, VII…)
suggesting that ‘anchor point’ losses dominate. At some
point resonator Q losses will be dominated by intrinsic or
viscous losses.

Fig. 1. Diagram of Avago’s FMOS Device. Both
the resonator and the circuitry are integrated into
the same die

move over temperature.

We have reason to believe that energy leaking out from the
perimeter (’Anchor’ Losses) is the main loss mechanism for
FBAR (at least up to 2 GHz). Figure 2 is a plot of Q vs.
Frequency of Avago’s standard FBAR resonator (developed
over time) and includes a family of f*Q=constant curves
(these curves represent the behavior of a mechanical resonator
when the losses are dominated by intrinsic, material losses). It
is well known that resonator losses due to phonon scattering,
friction or heat generation will generate f*Q= constant
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behavior. In particular, extracting attenuation, α(f) from the
fundamental, the 3rd and the 5th harmonics shows that α(f) ~
α1 *f + α2*f2 [15]. Thus, for a given velocity and resonance;

2 α ( f o ) * v ac
1
=
Q
ωo

α1 +α

~

2

* fo

(Units of α’s assumed to have correct dimensions)
Figure 2 suggests that for fundamental frequencies up to 2
GHz, resonators made in any number of ways (that is the ratio
of layers and the materials chosen for those layers – e.g. Mo or
W electrodes) have a Q limit that is frequency independent
[16].
In an ideal world, an AC voltage applied across the
electrodes at or near resonance of an FBAR would generate
only a longitudinal motion. However, due to the non-zero
cross terms in the piezoelectric stress tensor, lateral modes can
and will be generated as well. Specifically, there are a variety
of Rayleigh-Lamb (RL) modes that can exist at any given
frequency.

Q, high kt2eff, high power handling, and the use of silicon as
the substrate (with the attendant advantages of using main
stream production tools and the ability to form an all-silicon
hermetic package).
Unfortunately, there is a finite temperature coefficient of
frequency (TCF) that is on the order of -30 ppm/oC. Thus, to
use an FBAR resonator in an oscillator has only limited
application, namely modest tuning range VCOs for PLLs. But,
that application is still potentially interesting.
Unlike Quartz BAW or SAW devices, FBAR using AlN as
the piezoelectric has an effective coupling coefficient on the
order of 6.5 to 7.1% (in the crystal world, one uses the
variable r = Co/Cm, whereas, FBAR/SMR papers refer to kt2eff
= 1.2*Cm/Co , so a kt2eff of 6.8% corresponds to an r = 17.7 -in
‘crystal’ speak). For a Quartz resonator, r typically ranges
from 60 to 80 (depending on cut).
The coupling coefficient, kt2eff can be defined as

kt eff2 =

3.0e+009

Shear Modes: 1st
and 2 nd Harmonics
S1(+)

Freq

S1 Symmetric Mode

S0 Mode (symmetric mode)

1.0e+009

A1 Mode (flexure mode)

The trade-off between Q and kt2eff can be understood using
the ‘Bode’ equation for Q developed in [21,22]. The unloaded
Q is defined by the stored energy divided by the power
dissipated in a cycle.
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where fs and fp

With minor modifications, one can ‘tune’ the kt2eff down to
as low as 2% (this has several advantages: lower pulling range
improves at least one source of externally generated phase
noise – noise on the varactor, the resonator is less ‘influenced’
by the variations on the oscillator core (known as PVT,
Process, Voltage and Temperature variations), the unloaded Q
increases for decreasing kt2eff, and in simulation, the quadratic
term for the temperature dependence goes down.).

S1(-)

1.5e+009

( f p + fs )

are the frequencies where the measured Q circle crosses the
real axes of the Smith Chart (see Fig. 6a).

2.5e+009

2.0e+009

4 .8 * ( f p − f s )

0 40

0 45

0 50

Q=

Fig.3. Calcula ted Dispersion Curves with the Rayleigh-Lamb
modes la beled for a n AlN Pla te 2.5 um thick. Experimental
extra ctions of dispersion curves from spa tia l Fourier transforms
show remarkable a greement between experiment a nd theory.

Figure 3 shows the modeled dispersion curves of a AlN
resonator. All of the allowed mode branches are labeled [17].
The dispersion curves are generated by doing spatial Fourier
transforms on measured displacements mapped across a given
resonator surface [18]. Longitudinal energy converted into
lateral modes can scatter into ‘matching’ modes in the
surrounding silicon substrate (anchor points) [19]. Once
energy is deposited into the silicon it is lost and hence, the Q
of the FBAR resonator is limited. Various methods exist to
improve Q given this reality and some are given in [20]. To
date, the maximum Q of an FBAR at 1 GHz is ~5000 (4000 at
2 GHz). The method of measurement is given in [16] and also
discusses some of the inherent difficulties when measuring
high Q resonators at GHz frequencies.
There are four outstanding attributes of the FBAR
resonator that make it ideal for high performance filters; high

2πfτ GD | Γ11 |
1− | Γ11 |2

The stored energy is represented by the group delay τGD
where τGD = -dφ/dω. The total phase between fs (the series
resonance) and fp (the parallel resonance) is always fixed at
180 degrees. Therefore, as fp and fs get closer in frequency the
-Δφ/Δω term increases. This is partly why low coupling
devices have intrinsically higher Q than a device with a large
coupling coefficient. [For completeness, the power dissipated
in a cycle is (1− | Γ11 | 2 ) /( 2πf ) ].
C. FBAR Pulling Range
The ‘pulling’ range of a crystal is a small fraction of its
coupling coefficient. Naively, one can think of adding parallel
capacitance to the resonator until the parallel resonance
matches the series resonance. However, for a variety of
reasons that involve the external gain circuitry as well as the
kt2eff *Q product of the resonator plus varactor, one can only
‘pull’ the frequency a small fraction (<< 30%) of Δf = fp – fs.
We have demonstrated a pulling range (while maintaining
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high Q) of 8600 ppm using a ZDR resonator with a kt2eff of
~5%. We believe that with a standard FBAR, we could
increase the pulling range to over 10,000 ppm. In the Quartz
BAW and SAW world, the pulling range is very small,
typically 10 to 50 ppm. The one T&F application where the
FBAR looks to very interesting is the use of a high frequency
FBAR VCO locked to a low frequency (~10 MHz) quartz
crystal [23,24,25,26]. The value of an FBAR PLL locked to an
external crystal (where the FBAR resonator is at a much
higher frequency) is that the overall phase noise far from
carrier can be improved immensely by avoiding frequency
multiplication, while close-in, the phase noise is influenced by
the quartz reference, as demonstrated in [25,26]. These two
properties may find an application where excellent phase noise
(jitter) and modestly-wide pulling range are needed.

layer has a positive Temperature Coefficient and can be used
to ‘tune out’ the linear TCF term of the FBAR resonator.
Figure 4 shows a cross section of such a device (patent
pending). To date, the best Q achieved with ZDR devices is on
the order of 3000 (768 MHz resonators). Work is in progress
to improve this. It is not clear if the device Q is limited by the
intrinsic losses of the added oxide layer, or due to nonoptimized ‘anchor’ losses.
Figure 5 shows the temperature dependence of two ZDRs.
The TOT (or Turn Over Temperature) can be varied from 0 oC
and 100 oC depending on the thickness of the oxide where all
other layer thicknesses are fixed.
40
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Fig. 5. Frequency Drift (in ppm) vs. Tempera ture for two
ZDR devices with different oxide thicknesses under the
metal interposer. Thicker oxide moves the TOT up in
temperature. The β for these two devices is ~ -18 ppb/o C

Fig. 4. Cross section of a Zero Drift Resonator (ZDR). The
edge of the ‘swimming’ pool is shown. The layers a re
labeled.

Many clocking applications need a ‘dither’ applied to the
clocking signal. The ‘dither’ moves the frequency up and
down by a predetermined amount (usually in a saw-tooth
fashion) ‘spreading’ the energy found in each of the
harmonics over a finite frequency space. These kinds of
products are known as SSXOs or Spread Spectrum Crystal
Oscillators. They are used in electronics where some energy of
the clock harmonic lies in a sensitive band (e.g. GPS)
designated by the FCC or other governing agency as being
‘off-limits’. The alternative, a Faraday cage around the
electronics, is not always workable.
Typical SSXOs use the Quartz based oscillator as a
reference. A Frac-N synthesizer consisting of a LC oscillator
in a PLL generates an output frequency that is tied to the
Quartz reference. Slowly changing divide ratios move the
output frequency up and down. The fractional-n synthesizer
can burn as much as much as 20 to 100 mW of power. The
phase noise is determined by the LC oscillator and not the
Quartz reference. An FBAR PLL dispenses with the LC
oscillator and can directly be pulled up to +/- 5000ppm.
D. Zero Drift Resonators (ZDR)
References [12,13] describe a modified FBAR where a
layer of oxide is buried inside the bottom electrode. This thin

III.

ZDR/FBAR RESONATORS

Both FBAR and ZDR can be fabricated with the
fundamental resonance as low as ~400 MHz and higher than
10 GHz. Furthermore, Q and the power handling abilities of
FBAR (or ZDR) allow excellent phase noise when used in an
oscillator. In an earlier section there was a discussion of
FBAR oscillators used as VCOs in PLL type devices. For
ZDR oscillators, we aspire to be the frequency source. Thus,
the target is accuracy, stability, Q and reliability. Beyond these
four ‘musts’; the need for product differentiation is also very
important. Product differentiation can come from power
handling, turn on time and chip-scale integration.
A. Accuracy
Today’s quartz crystals and FBAR filters are trimmed to
frequency in much the same way. Raw quartz blanks are ion
milled with a high energy ion beam of argon atoms –
knocking off quartz atoms and thus slowly increasing the
native frequency of the quartz blank. A similar process is done
on FBAR resonators on wafer; the only difference is the
magnitude of the Δfrequency/Δthickness. In the case of a
quartz resonator, the quartz is a fraction of a millimeter thick;
the thickness of the FBAR resonator is on the order of
microns. The native frequency of a quartz plate might be 5 to
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50 MHz, the native frequency of an FBAR resonator might be
400 MHz to 10 GHz.

Fig. 6a , Mea sured Q-circle of a 768 MHz ZDR
resona tor. Ma rkers show the rea cta nce points
where the oscilla tor core might conjuga te ma tch
the impeda nce

A simplistic view of relative accuracy can be described as
the ratio of the amount of frequency change, Δf (Hz), per
atomic layer removed by argon etching. For a millimeter thick
substrate, the Δf (Hz) per atomic layer removed is very small.
For a 1 micron thick substrate, the amount of Δf will be three
orders of magnitude larger. A quartz resonator can be
purchased with a native accuracy of 10 to 30 ppm. An FBAR,
after ion milling the resonators can be ‘tuned’ to 100 ppm 1-σ
at 1.5 GHz. If the accuracy required is 1 to 2 ppm (GPS
applications), then neither quartz nor FBAR resonators can be
‘tuned’ accurately enough. External circuitry driving a
varactor or switched capacitors must be used to pull the
resonator/oscillator. If an FBAR had the same coupling
coefficient as quartz, then at most, the pulling range would be
10 to 100 ppm. This is much less than necessary to achieve the
needed accuracy due to process variation. However, FBAR
coupling is 3 to 6% and allows for 5000 to 10,000 ppm pulling
range, compensating for any process variations.
B. Stability
Because the linear term of the TCF in a ZDR resonator can be
‘tuned out’ and a TOT set to temperature in the center of the
operating temperature range, one is left with predictable
quadratic temperature dependence. In theory, this can be taken
out with electrical feedback, or in some cases, the variation in
temperature is allowable for certain applications. External
circuitry can be used to counteract the parabolic temperature
dependence. This was demonstrated for a ZDR oscillator
using a PTAT and a look up table that controls a DAC
attached to a varactor [27].
The problem with this technique is that the short term stability
is poor due to constant shifting in and out different discrete
voltages on the varactor. Future enhancements to this
technique might be to add a high frequency ‘dither’ to the
LSB of the DAC. Another circuit approach might be to use an
on-chip diode whose voltage (for a fixed current) varies
smoothly with temperature and whose output is fed into an Op
Amp with programmable gains [28].

One important lesson of ZDR, is that with mechanical
compensation only, a small varactor across the resonator is
needed to electrically compensate for the residual quadratic
error. The tuning range of the varactor need only be +/150ppm. Compensation for process errors can be ‘tuned’ out
(for example) by using CMOS switched capacitors in a Pierce
oscillator topology (for C1 and C2) where the relative losses of
the switching caps is relatively small and one can cover a
larger frequency range in a linear fashion. This avoids the use
of a large and lossy varactor to tune over large frequencies.
C. Quality Factor Q
The Q’s of ZDR have not (yet) achieved the same numbers as
FBARs made in our traditional line of filters (when
comparing comparable frequencies). There are two schools of
thought as to why this is so. 1) The oxide is acoustically
lossy, bringing the f*Q curves in Fig. 2 lower. 2) Mainstream
FBAR filters for duplexers bring in millions of dollars in
revenue and due to the competitive landscape; much effort
and resources continue to be spent on improving Q. This has
not yet been the case for ZDRs. Although many if not all
techniques for improving Q for mainstream FBAR are
available to ZDR, it still takes time and resources to catch up.

Fig. 6b, The extracted Q vs. freq using the Bode
equation [21,22]. The magenta markers show Q at
fs and fp using Dicke’s equation for Q. The R,B,G
markers match the reactance markers shown in Fig.
6a and mark where the frequencies are located for
a given reactance.

Figure 6a shows the Q circle measured on our 768 MHz, 54K
μm2 ZDR resonators. The markers highlight points where the
oscillator designer may wish to target the conjugate reactance
of his oscillator circuit. Simple trade-offs can be made (or
made for the oscillator designer). For example, more parasitic
capacitance will find the conjugate match of the resonator
closer to fs (even lower than j88 Ω). A ‘tightly’ designed
oscillator with little parasitic capacitance will operate closer
to fp. This in turn, will reduce the power used in the oscillator
and allow for more pulling range.
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Figure 6b is the Q vs frequency using the Bode equation.
Also, the standard Q measurement for Q at fs and fp via
Dicke’s impedance phase technique is presented. Both
methods are in agreement at at fs and fp [29]. The markers
correlate to the markers in Figure 6a.
D. Reliability
The value of having 30,000 to 100,000 die on a wafer is
that we can get a very good statistical sense of what the
medians, spreads and outliers look like for die subjected to
various strife tests. Typical strife is 85 oC /85% R.H. for
hundreds to thousands of hours. Another strife subjects die to
temperatures ranging from 125 oC to 150 oC in 85% R.H. (but
for shorter time than 85 oC /85R.H.). Vibration tests, autoclave
(121C/100%RH for 96 hrs), high temperature storage (125 oC
for 1000 hrs), thermal shock (1000 cycles -65 oC /150 oC) are
also included in our strife [30]. Strife is a means to force parts
to failure to better understand the failure mechanisms. This is
done in anticipation of the qualification runs.

Interestingly, one can trace many individual resonators
moving 10’s if not 100’s of ppm up or down from one test
point to the next, but, then ‘coming back to the fold’. This
suggests another source of error, electro-mechanical
interference (EMI) of some kind occurring during test. Going
to an oscillator, we expect much better data with less spread
and less sensitivity to probe damage and EMI.
One large drawback to qualifying resonators is that the
Network Analyzers (NWAs) used to measure the frequencies
do not have the necessary guaranteed stability and accuracy of
their phase measurement. Comparing resonators on different
NWAs can introduce relatively large offsets. Typically, a
NWA only offer phase accuracy to a degree and this can
translate to large ppm swings. The data showed in Fig’s 7 are
that measured on the same NWA.

Figure 7a shows the combined measurements of 6 control
wafers where approximately 2000 resonators per wafer are
tested. All wafers are tested twice (wafers measured, removed
from the testers, the tester is then re-calibrated and the wafers
are place on again and re-tested. This simple algorithm
eliminates much grief during strife testing. If the initial cal
was bad, then conclusions moving forward become suspect.
Test points 1 and 2 are the initial test and re-test. After the rest
of the non-Control wafers are strife’d for a period of time (e.g.
120 hours at 125 oC in 85% R.H. -- HAST), all the wafers are
re-tested. The control wafers give an indication if –at the time
of testing—there is some issue with the tester. The control
wafers are tested at each strife milestone.

Fig. 7b, The mea sured frequency differences (in ppm) of
1839 die mea sured on a wa fer undergoing HAST
(130C/85%RH). The pa rts a re ta ken out a t sta ted interva ls
a nd mea sured. Die a re screened a t testpoint 3 a nd we see the
a ffect of a ccrued testing a t 48, 96, 192 a nd 288 hours of
HAST. After 96 hours, we see the media n sta bilize, but, the
1σ sprea d continues to increa se. Ha rd to expla in is the erra nt
die tha t goes wa y out of spec, but then returns to the fold.

IV.

PROPERTIES OF FBAR, ZDR, AND OSCILLATORS

A. Phase Noise and Jitter
The phase noise measurement of a 600 MHz temperature
compensated oscillator built in 2007-2008 gave some
indication of the very good performance of ZDR oscillators
[12]. The “knee” for the flicker noise onset is between 10 and
20 kHz. The core oscillator is an in-house, CMOS 0.4 um
technology node. This oscillator draws 2 mA from a 3.3V
Fig. 7a , The mea sured frequency differences (in ppm) of
supply voltage. Phase noise at 1 kHz offset is -102 dBc/Hz
6607 ra ndomly picked die off of 6 control wa fers. The xand -156 dBc/Hz at 10 MHz offset. The topology used here
a xes define the 6 test points when the wa fers under test a re was a differential Colpitts design. An Agilent 5052B was used
ta ken out of the environmenta l cha mbers a nd tested. The
to measure the phase noise and to calculate the integrated rms
media n does not cha nge (expected), but the sprea d
jitter.

degra des (presuma bly from probe da ma ge). We see a 1σ
sprea d going from 2.5ppm to 4.7 ppm. Note tha t severa l
Figure 8a is a plot of SSB Phase Noise for a recently built
‘erra nt’ dies go out of spec a nd then come ba ck to the fold. 1 GHz discrete bipolar oscillator using a ZDR resonator in a

Figure 7a shows just how much the spread increases as the
wafers are repeatedly tested. This suggests probe damage. In
fact, in Fig.7b, the strife’d wafers (non-control) were
‘tortured’ in HAST environment and although the medians did
not move after a ‘burn-in’ phase the ‘spread’ in individual
resonators grew. The upshot is that guaranteeing an aging
number for a raw resonator is limited by the spread.

Pierce topology. The phase noise was -103 dBc/Hz @ 1 kHz
offset and -172 dBc/Hz at 10 MHz. The power was 23.5 mW
(4.7V, 5mA). The resonator impedance was ~150 Ω (area
=10K um2). The Q was somewhere ~ 3000. A NEC 851 NPN
silicon bipolar transistor was used as the gain element. The
integrated jitter (10 kHz to 20 MHz) was measured to 9.4 fs.
The better ‘far-from-carrier phase noise (an additional 8 dB)
comes from using more power.
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dividing by 2X would seem to give -20 log(2) = -6 dB phase
noise improvement over a resonator resonating at fo, for a
fixed frequency offset fm. If Q is dominated by ‘anchor point’
losses (i.e. Q is constant w.r.t. frequency) then, from Leeson’s
model, we know that phase noise is proportional to +20 log[fo
/Q] for a given offset frequency, fm. Therefore, starting at a 2X
frequency and then dividing down by 2 does not gain
anything. If the resonator losses are intrinsic (1/f dependence),
then, starting at 2X higher frequency means that the Q will be
2X worse. Dividing back down to fo there will be a net 6dB
degradation in phase noise for a fixed offset.

At a 10 MHz offset, the phase noise was measured to be 156 dBc/Hz. The power was ~20 mW (Vdd=3V, I=6mA). The
resonator impedance was ~20 Ω (area=10Kum2). The RMS
jitter was 15 fs. Careful analysis of the Q vs. frequency for our
resonators [31] suggests that by further optimization of our
circuit, we can take advantage of the region where our
resonators’ Q is a maximum.

Again, comparing the two oscillators in Fig. 8; if one uses
the higher frequency oscillator and a ‘perfect’ divide by 3.4,
the improvement in phase noise at 1 kHz offset would be 20
log[3.4] or ~11 dB improvement. Thus the 3.4GHz ZDR
oscillator with a divide by 3.4 would have an output frequency
of 1 GHz, with -91dBc @ 1kHz offset compared to the ZDR
oscillator running at its fundamental 1 GHz and a phase noise
offset at 1 kHz of -103 dBc.

Phase Noise (dBc/Hz)

Figure 8b is a SSB Phase Noise plot of a recently built 3.4
GHz discrete bipolar oscillator using a ZDR resonator with a
Q of ~1000. The phase noise was -80 dBc/Hz @ 1 kHz offset.
Compared to the 1 GHz oscillator (for the same offset), the
difference in phase noise can be mostly accounted by -80 dBc
- 20 log[(3.4/1)* (Q @ 1 GHz/Q @ 3.4 GHz)]. Thus,
‘normalizing’ the phase noise of the 3.4GHz oscillator w.r.t. 1
GHz, phase noise one obtains approximately -100 dBc or only
~3 dB unaccounted for. The point of this exercise is that
Leeson’s model predicts the behavior of two ZDR oscillators
operating at different frequencies and no unexpected surprises.

It is the additional loss due to Q in the Leeson model (-20
log[3.4] = -10.6 dB) that teaches us to avoid higher
frequencies if the loss mechanism is frequency dependent.
Other sources of phase noise probably come from additional
losses in the oscillator core having to run at 3.4 GHz, and the
choice of transistors. The moral of this story is to go for lower
frequency ZDR reesonators.

1 GHz, 7.3 dBm
9.4 fsec RMS Jitter

However, the trade-offs in frequency then become the
trade–off in area (area goes as f-2 for constant impedance
resonators), native accuracy, and impedance matching to the
external oscillator circuit. Area is cost sensitive and smaller
resonators at higher impedances have their own issues (see
earlier discussion). Dividers (if necessary) are not free and
cost both power and added phase noise (especially if not
designed correctly). High frequency resonators will not be
frequency centered as accurately as low frequency resonators,
thus, more pulling range is necessary to offset process
variations.

Offset Frequency (Hz)

Phase Noise (dBc/Hz)

Fig. 8a. Pha se Noise mea sured of 1 Ghz Pierce
Oscilla tor

3.4 GHz, -12 dBm
15 fsec RMS Jitter

A CMOS divide by 2 circuit in 0.4 um technology roughly
dissipates 0.5 mW dividing a 800 MHz frequency in half [32].
With each node, the power dissipated decreases linearly, thus
a 0.13 um CMOS technology node, the divider might dissipate
one third the power, or 0.14 mW etc.. . There is a power/Area
trade-off for any oscillator where dividers are used to obtain
the final output frequency. To be clear, going to lower
frequencies lowers the divider power consumption, but, for the
same impedance, the area of the resonator grows as f-2.

Offset Frequency (Hz)

Fig. 8b. Phase Noise mea sured of 3.4 Ghz
Colpitts Oscillator

B. Q ,Power, Area and Frequency Considerations
Given the range of frequencies FBAR/ZDR can cover, it is
tempting to target high frequency oscillators and then divide
down to the desired frequency; similar to the strategy chosen
by the solid state oscillators (we assume that dividers are
noise, power and cost free – more on this later). Starting at a
2X higher frequency than our target frequency, fo, and then

Other trade-offs with high frequency oscillators is the
power needed to drive the output buffers. A typical load
assumed by Quartz oscillator is 10 pF. This will account for
both pad capacitance of the CMOS oscillator, any trace
capacitance associated with the PCB and the pad capacitance
of those ICs requiring ESD. Power is proportional to
frequency and capacitance. Lower frequencies and/or means
to minimize the pad and trace capacitance will lower the
power budget associated with the output driver.
The core oscillator power of an FBAR or ZDR oscillator is
proportional to Rp the real resistance seen by the oscillator
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circuit at the parallel resonance at fp (note,

f p′ for a resonator

in a circuit is ‘pulled’ down from fp, of the unloaded parallel
resonance due to the capacitance of the circuit and the
varactor). It can be shown from the Vittoz equations that the
condition for oscillation gm*Rp ~ 4 means that higher Rp’s
allow for a lower gm [33]. The lower the gain needed to sustain
oscillation, the lower the power dissipated by the core
oscillator. We have demonstrated FBAR oscillators (Q near
5000 and Rp near 7000Ω) dissipating ~ 20 μW at 2 GHz [34].
C. Turn On Time
The turn-on time of an oscillator is proportional to Q/fosc.
Thus, for a constant f*Q product, a higher oscillation
frequency is desirable from a start-up time perspective. As
expected, As expected FBAR/ZDR exhibit a start-up time
orders of magnitude faster than a quartz oscillator. Figure 9
shows (in the time domain) the turn on time of an FBAR
oscillator. With Q is the 1000 to 5000 range and frequency at
or near 2 GHz, the turn on time should be on the order of
microseconds (μsec) compared to milliseconds for a quartz
crystal resonator with Q’s on the order of 60,000 and
operating frequency on the order of 20 MHz.

squared. We looked at the fundamental ‘drum’ mode (as it
appears in the AIM) for two different areas (35K um2 and 54K
um2) and saw that these resonances (899 KHz and 542 KHz
respectively) did scale inversely with area (length squared).
The area of the resonator/oscillator measured by Hughes
and Driscall was 30K um2 and the first ‘drum’ mode
resonance should occur around 1 MHz. Hence, we believe
that the noise seen by their measurement at 1 to 2 KHz and
below 80 Hz is not due to microphonics of our device.
V.

FMOS

A. Description
In [14], we report a 1.5 GHz bipolar FMOS oscillator with
a phase noise of -80 dBc/Hz at 1 kHz offset. The oscillator
core uses 0.3 mA of current at 1.8V (0.54 mW). Due to a
correctable process error, the Q was quite low and varied from
500 to 800 across the wafer (not the more typical ~1600 for
on-chip ZDRs). Thus, we would have expected about -86 to 88 dBc/Hz at 1 kHz offset. Still, this is very good phase noise
for a 0.54 mW DC power draw and an oscillator operating at
1.5 GHz. In discrete ZDR oscillators operating at 1.5 GHz, we
have obtained ~ -103 dBc/Hz at 1 kHz offset. But, here the
power used was ~44X higher; thus, in line with Leeson’s
model.
FMOS integrates much of the necessary oscillator core
into the lid wafer. We have demonstrated working dividers,
varactors, temperature sensing diodes, resistors and capacitors
integrated into our lid – along with the oscillator core and
buffer amplifiers [14]. The area allotted for these circuits is on
the order of 300 by 300 μm2 (as shown in Fig. 1).
Having a temperature sensing diode to monitor
temperature directly from the die gives the promise of
temperature compensation circuitry placed inside the lid.
Thus, the oscillator can be made to both precise and stable
over process variations and temperature.

Fig. 9. Turn-on of a 2 GHz Oscilla tor
(measurement courtesy of B. Otis). Ea ch
division is 2 us and turn on is ~ 8 us.

This
is useful for those applications where the clock can be turned
off for power savings, but quickly turned back on when
needed.
D. Phase Noise in the Presence of Vibration
Three 1.5 GHz ZDR Oscillators were built up and tested
on a shaker table to evaluate the sensitivity to acceleration.
Measurements were made by Mike Driscoll and Noah Hughes
at Northrup-Grummen. Sensitivity ranged from 1 to 80 ppb/g),
and are comparable to SMR-BAWs made by TFR [35] and
better than whispering gallery resonators [36]. There were
some unexplained ‘jumps’ in frequency shift measured below
80 Hz and above 800 Hz. It was speculated that this was due
to noise from the cables.
To convince ourselves that we were not seeing
microphonic-generated noise from the resonator, we used the
Acoustic Imaging Microscope [18] to map out each of the
flexure modes from 10 KHz to 5 MHz (for the given
boundary conditions in x and y) of the A0 mode shown in Fig.
3. As predicted in Fig.3, we expect that the resonant frequency
of the fundamental to be inversely proportional to the length

Intuitively, it would seem that the overall yield of FMOS
would be the product of the various yielding processes and
would therefore be less than if the devices were separately
built (note bonding occurs regardless of whether there is
circuitry in the lid or not). However, this logic may not follow.
An example of how adding circuitry to the lid will increase
overall yield is the case where a working FBAR resonator is
off-frequency. Parametrically, being off frequency is
equivalent to being non-functional. With FMOS, a varactor (or
switched capacitors) in the lid circuitry along with some nonvolatile memory and a DAC (and of course, the oscillator
core) could allow one to measure the FMOS oscillator
frequency (on-wafer measurement), load in a correction term
and thus have a working die – now on frequency.
At Avago, we are blessed with having both a qualified
bipolar process (with an ft ~ 25GHz) and a 0.4 um CMOS
process. Using the bipolar process, we can target FMOS
toward high frequency and high performance VCOs with
excellent jitter and phase noise. Using our CMOS process, we
can target the fixed frequency market using NVM, switched
capacitor techniques and low power dividers to generate
Quartz oscillator frequencies.
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B. Aging Data
Avago is in the process of evaluating long term aging
properties of our ZDR. One of the inherent difficulties in
determining aging is that multiple measurements are needed.
Given that the accuracy and repeatability of measurement
needs to be in the few ppm range, we are stymied by artificial
effects such as accruing pad damage due to multiple contacts.

C. Comparison to CMOS Solid State Oscillators
In a recent talk at ISSCC, 2011 [37], a 1.2 GHz oscillator
using 65 nm CMOS was presented demonstrating 570 fs
integrated jitter (Phase noise, here integrated from 1 kHz to 10
MHz) and burning 52 mW of power, the area was 0.12 mm2.
In their paper, they use a Figure of Merit [38]

FOM = 10 Log [(σ / 1s ) 2 ( P / mW )]

One elegant way around this problem is to integrate the

and compare their work along with 7 other results showing
FOMs ranging from -210dB to -227 dB.
In contrast, the discrete oscillator shown in Fig. 8b has an
FOM of -253 dB, Æ 26 dB better. This is consistent with the
30dB improvement predicted the side-by-side LC- and FBARoscillator comparison presented in [39]. [One caveat; the
device in Fig. 8a oscillates at 1 GHz not 1.2 GHz] When the
discrete version is integrated in FMOS, we expect an area to
be only 3 to 5X larger (including the hermetic package with
pads). The conclusion here is that the performance of
mechanical-resonator based oscillators still dominates over
solid state devices.
VI.

CONCLUSIONS

Currently, the mobile market has developed a huge thirst
for low insertion loss filters with excellent isolation. As more
bands open up around the world and the requirements on the
filter response is ‘tightened’, the demand for better quality
filters is a unremitting. Since 1993, Q’s for FBAR have
steadily improved. In the last two years, Qs have gone from
3000 to 5000 in our production lines at Avago.

Fig. 10. Three FMOS oscillators measured, re-measured
after 168 hours in 125C storage and re-measured again
after 336 hours. The x-axes is relative temperature and
the 3 devices are offset to better show the individual
performances. The y-axes is in Δf/f ppm.

oscillator inside the ZDR microcap lid (i.e. FMOS as
described above). Testing FMOS wafers (oscillators); loading
correction factors, inking out dead die prior to singulation has
inherent advantages over testing raw resonator die on wafer.
First, the oscillator frequency (properly biased and buffered)
measured on wafer will be the frequency seen by the
customer. Testing for aging and/or quality issues (e.g. nonhermetic package) is much simplified since frequency
measurement via a counter is inherently more stable and
accurate (at the ppm level) than measuring complex
impedances of the resonator via a Network Analyzer). Unlike
the case of a resonator, probe/pad contact variation will not
‘pull’ the oscillator frequency. Strife and formal Qualification
Runs hopefully can yield more deterministic data than raw
microcap’d resonators.

Riding on the FBAR filter production coattails are our
Zero Drift Resonators and in conjunction with in-house
CMOS and Bipolar processes, FMOS devices. The goal is to
find a technology niche that provides reasonable volume and
ASP (average sale price). The value proposition is the small
size and relatively high performance of our ZDR and FMOS
oscillators. A low end application would be a USB3.0/eSATA FMOS oscillator. The target area is 0.3 mm2 with a
thickness < 0.16 mm leading to a total volume of 0.04 mm3. In
comparison a commercially available miniature quartz
resonator operating at the same frequency is 0.672 mm3 or
17X larger. This size would allow the ASIC manufacturer to
insert this oscillator inside their QFN package or do a ‘die-ondie’ stacking of the part, which reduces the net BOM of their
customers as well as guaranteeing performance and size.

Figure 10 shows three measured FMOS oscillators
(individually mounted on pc boards) over a small temperature
range before and after 300 hours at 125 oC. By ‘dithering’ the
temperature, we eliminate the possible ppm excursions due to
temperature variations that occur over time in the test lab.
Temperature was measured using an integrated diode inside
the FMOS circuit. Frequency was measured using a spectrum
analyzer. As can be seen in Figure 10, the absolute frequency
and temperature dependence are nearly indistinguishable
between initial test and after 336 hours at 125 oC. We are now
in the process of automating the frequency shift vs. strife (i.e.
High Temperature Storage, HAST, vibration, etc….) on the
wafer level.

However, longer term, FMOS can be used as critical
elements in ultra-small low power radios, GPS receivers, and
other electronic devices where small size and low power are
key differentiators.
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Abstract—This paper discusses possibilities of tunable radio
frequency (RF) surface and bulk acoustic wave (SAW/BAW)
filters. First, configuration of RF front-end in current wireless
communication systems is surveyed, and research trends of the
flexible RF front-end and software defined radio (SDR) are
discussed. Second, various RF tunable filters are introduced, and
we discuss how high performances are expected by the use of
tunable RF SAW/BAW filters provided that above mentioned
key technologies are developed. Finally, we explain what kinds of
research subjects are going on in our projects for realization of
the flexible RF front-end for the SDR.

I.

INTRODUCTION

Adding to ultimate down sizing, supporting multi-band and
multi-standard operation is required in current mobile phones.
Nowadays high-end phones support eight frequency bands for
two communication standards[1]. This makes the radiofrequency (RF) front-end section of the transceiver very
complex[2]. It seems very difficult to support further standards
and/or frequency bands, although current RF-ICs are powerful
enough to support them.
As a possible solution to relax this problem, the software
defined radio (SDR)[3-7] in combination with the flexible
(tunable) RF front-end[8-10] has been paid much attention.
Majority of transceiver functionalities is realizable by skillful
use of digital signal processing and digitally-controlled analog
technologies. Nevertheless, development of high performance
tunable RF filters is mandatory for the realization of really
flexible RF front-end. They should be able to change the
passband width and/or center frequency, preserving
performances achieved by current RF surface and/or bulk
acoustic wave (SAW/BAW) devices[11-15]. Although certain
number of attempts was reported[16-21], achieved
performances were pessimistically low for practical use.
Recently, the author’s group proposed a variable RF filter
composed of wideband RF SAW/BAW resonators and
variable capacitors (VCs)[22], and showed that not only the
filter bandwidth but also the center frequency can be tuned for
a wide range provided that following three key technologies
are developed; (a) interconnection of SAW/BAW resonators
with multiple VCs and controlling circuitry, (b) extremely
wideband SAW/BAW resonators, and (c) high quality factor

978-1-61284-110-6/11/$26.00 ©2011 IEEE

(Q) VCs with wide tuning range. Recent advancement of
related technologies is going to resolve these hard obstacles.
For example, (a) the micro-electromechanical system
(MEMS) technologies enables chip-on-chip integration among
heterogeneous technologies, (b) new piezoelectric materials
with extremely large electromechanical coupling factor were
proposed, and (c) high performance ferroelectric VCs were
developed.
In collaboration with leading-edge research labs in Japan,
namely, SAW R&D division in Murata MFG, Co. Ltd, the
wireless communication research center in the National
Institute of Information and Communications Technologies
(NICT), and other outstanding technical supporters, we started
a project to develop a really flexible RF front-end including
tunable RF SAW/BAW filters applicable to present and/or
future communication systems such as the cognitive radio[23].
This paper reviews current status and future prospects of this
project.
First, configuration of RF front-end in current wireless
communication systems is surveyed, and research trends of
the flexible RF front-end and SDR are discussed. Second,
Various tunable RF filters are introduced and compared, and
we show how high performances are expected by the use of
tunable RF SAW/BAW filters provided that above mentioned
key technologies are developed. Finally, we explain what
kinds of research subjects are running in our projects for
realization of the flexible RF front-end for the SDR.
II.

WHY SAW/BAW DUPLEXERS ARE NECESSARY?

Fig. 1 shows a basic configuration of radio receivers.
Receive (Rx) signals detected by an antenna (ANT) are
down-converted to the base-band (BB) by the frequency
mixing with the local oscillation (LO) after the band selection
by the RF band-pass filter (BPF) and amplification by the low
noise amplifier (LNA). Then target signals are selectively
detected by a detector circuit after the channel selection by a
BB low-pass filter (LPF).
Most important task of the RF-BPF is to suppress incidence
of jammer signals to the LNA and mixer without badly
affecting the noise figure (NF) of the receiver. At the frontend,
the insertion loss causes NF deterioration of the same amount.
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Fig. 1 Simplified receiver architecture

Thus ultimate reduction of the insertion loss is requested to
the RF-BPF.
When a strong jammer signal is incident to the LNA and
mixer, they may loose their gains (desensitization) and/or
may generate in-band signals through the non-linear mixing.
Thus the RF-BPF is also requested to offer good out-of-band
rejection. However, the insertion loss and the out-of-band
rejection are trade-off for the RF-BPF design in general, and
we can not optimize both of them simultaneously.
Some wireless communication systems employ the
frequency division duplex (FDD), which separate uplink
(terminal to base-station) and downlink (base-station to
terminal) signals in frequency domain. In the case, the
strongest jammer for the receiver is transmit (Tx) signals
generated by a transmitter circuit in the same terminal.
Fig. 2 shows the RF front-end of the FDD-mode transceiver.
The ANT is also used for emitting Tx signals generated by a
power amplifier (PA). An RF BPF is sandwiched between the
ANT and LNA so as to reject unwanted signals detected by
the ANT and/or those emitted by the PA. Another RF-BPF is
sandwiched between the ANT and PA so as to suppress
unnecessary signals generated by the PA. The insertion loss
of this filter in the Tx band must be also minimized because it
results in increased battery power consumption and heat up of
the PA and the Tx filter.

Duplexer
strip line Rx filter
λ/4
ANTport

strip line
λ/4

Tx filter

Rxport

LNA

Txport

PA

Fig. 2 RF front-end of FDD-mode transceiver.

The circuit block composed of two filters and two λ/4 strip
lines is the antenna duplexer (DPX), which is one of the most
important applications for RF SAW/BAW devices. Due to the
frequency gap between the TX and Rx bands, we can
suppress power leakage of the TX signal and noise output
from the PA to the LNA to some extent. The strip lines are
used to reduce electrical interferences between two filters,
and are usually embedded into the DPX package.

Rx signals detected by the ANT can be extremely weak, say
in –100 dBm order, which is slightly higher than the thermal
noise level [2]. On the other hand, Tx signal emitted from PA
can be strong, say in +25 dBm order[2]. From the W-CDMA
specification, the receiver function should withstand jammer
intensity up to –15 dBm. This indicates that nonlinearity of
the DPX should be negligible.
Currently only the RF SAW/BAW DPXs fulfil all of these
stringent requirements for the use in mobile phones, and thus
are able to occupy the market share. DPXs employing
dielectric resonators (DRs) exhibit excellent performances,
and are widely used in base-stations. However, they are bulky
and do not fit into compact mobile phones.
Until very recent year, interstage SAW filters has been
inserted between the LNA and mixer to relax the nonlinear
problem. Currently, many attempts so called “SAW-less”
have been reported to remove them[2]. Then extremely high
linearity is requested to the mixer which is exposed to
jammer and leaked Tx signals without attenuation by the
interstage SAW filter. This causes self-mixing of the
modulated Tx leakage and generates unwanted signals at the
baseband in addition to the DC component. This is called the
cross modulation. For example, when the Tx output power is
+25 dBm and the Tx-Rx isolation in the Tx band is 50 dB, the
receiver circuit is requested to have extremely high input
referred second-order intercept point (IIP2) close to +46.3
(≈110+2*(25-50-3)+α) dBm to suppress the non-linear output
below -110 dBm[24]. In the equation, α (=-7.7 dB) is a
correction factor for the modulated UMTS up-link
channel[24]. This fact clearly indicates how deeply current
mobile phones rely on the isolation given by the DPX.
III.

SOFTWARE DEFINED RADIO

An ideal solution to support multi-band and multi-mode
operation is introduction of the SDR[3-7]. In an ideal SDR
receiver shown in Fig. 3(a)[3], incoming RF signals are
directly analog-to-digital converted, and all necessary signal
processing including the band and channel selection is carried
out in digital domain. Only a broadband low-pass filter (LPF)
is necessary for anti-aliasing in the RF section. The operation
mode can be changed and upgraded by uploading specific
software. In an ideal SDR transmitter, outgoing RF signals
are directly generated by a digital-to-analog converter (DAC)
from date stream.
The biggest obstacle for the realization is implementation of
high-speed, low-noise and high-resolution analog-to-digital
and digital-to-analog converters (ADC/DAC). In high
frequency ADC/DAC, the RMS signal-to-noise ratio (SNR)
is limited by the clock jitter JRMS[25] rather than the
quantization noise, i.e.,

SNR < −20 log10 [2πf max J RMS ] ,

(1)

where fmax is the maximum signal frequency. Eq. (1) suggests
that even when JRMS is reduced to 0.1 ps, resulting SNR is
limited to 58 dB for fmax=2 GHz. This value is insufficient for
mobile communications. This fact clearly indicates that the
ideal SDR is not realistic in GHz range.
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Fig. 4 shows an extension of the sampling mixer called the
charge domain filter[5,6,28,29]. Current output of a transconductance amplifier is sampled by following N capacitors
Cr successively, and summed charges are re-sampled
(decimation) and detected by the ADC. This action is
equivalent to the N-tap finite impulse response (FIR) filter.

Band Selection
Channel Selection
Code Selection

AntiAliasing
LPF
RFADC

Baseband
Processing

(a) Ideal scheme

in

Channel Selection
Code Selection

Band Selection
RF-BPF LNA

gm

Cr

Cr

Cr

Cr

out

Fig. 4 Charge domain filter

BPADC

Baseband
Processing

(b) Under-sampling scheme

Band Selection
Sampling
RF-BPF LNA
mixer

Channel Selection
Code Selection
BB- Baseband
ADC Processing

LO
(c) Down-conversion scheme
Fig. 3 Software defined receiver architecture.

A little realistic scheme is combination of the tunable RF
frontend with the bandpass ADC shown in Fig. 3(b)[8,26]. In
this configuration, the band selection is done by RF analog
filtering, and remaining channel selection is carried out
digitally. Due to under-sampling operation of the ADC, fmax
in Eq. (1) is given by the bandwidth of the RF filter. In this
case, extremely high out-of-band rejection is requested to the
RF BPF because the under-sampling does not offer the
frequency selectivity and jammer signals must be suppressed
to the noise level by the RF BPF alone.
More realistic scheme is combination of the downconversion with the sampling mixer[27] shown in Fig. 3(c)
[5,6,9,10]. Output current of the transconductance LNA is
sampled by a CMOS switch and accumulated to a capacitor.
This action is equivalent to the boxcar integrator or the
infinite impulse response (IIR) filter, and thus the downconversion, sampling and LPF functions are simultaneously
achieved. High-speed (~80 MHz sampling rate) and highresolution (~14bits) are requested to the ADCs to avoid
disturbances caused by strong in-band interferers[6]. Such
devices are commercially available, but still expensive and
power hungry.
Another scheme is the same as the one shown in Fig. 1 but
tunablity is given to the BB-LPF for the channel selection
[5,6].

Theoretically, sharp cut-off characteristics can be realized
by cascading multiple sections[5,6]. Furthermore, in addition
to the CMOS compatibility, the circuit offers adjustability of
the filter bandwidth using the sampling clock frequencies.
From these features, it seems that RF-BPF can be eliminated
provided this topology offers sufficient out-of-band rejection.
This is the perfect solution as the analog front-end of the SDR.
However, extremely high linearity is required to the LNA in
this case because it will be directly exposed to jammer
signals[5,6]. In FDD transceivers, lack of DPXs will request
the IIP2 higher than +120 dBm.
Thus majority of reported SDRs still equip series of highperformance fixed frequency RF-BPFs based on SAW/BAW
technologies, and choose appropriate one(s) for the band
selection[4,5,7,30,31].
In current mobile phones, most of all functionalities except
RF-BPFs including DPXs and PAs have already been
integrated into a single CMOS chip. In addition, use of the
fixed RF filters is not flexible enough to introduce new
communication standards. Thus such SDRs do not offer
practical merit for the use in mobile phones.
IV.

TUNABLE RF FILTERS

It is clear that tunable RF frontend, especially tunable RFBPFs, can be an invaluable tool for realization of fully
flexible SDRs.
Combination of RF BAW filters with RF microelectromechanical system (MEMS) switches gives a
possibility to integrate them with CMOS circuitry on a single
Si chip[32,33]. It is possible, but not practical. This is
because the AlN thickness control is too tough to produce
multiple RF BAW filters with different design simultaneously.
Use of RF MEMS filters using in-plane vibration can relax
the requirement for the AlN thickness control[29,32].
However, achievable filter bandwidth is narrow due to small
electromechanical coupling for the vibration mode. It should
be noted that small dielectric constant of AlN forces the
device area large in order to obtain small input impedance for
impedance matching with peripherals such as the antenna.
Various types of continuously tunable filters have been also
proposed and developed. Magnetically tunable filters using
the ferromagnetic resonance, such as yttrium iron garnet
(YIG) spheres and films[34], offer low insertion loss and
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multi-octave tuning range, and are widely used in telecommunication systems[35]. However size, weight, price and
current consumption do not fit to the use in handy terminals.
Intrinsic non-linearity is also a problem.
Mechanically tunable filters are also commercially available.
But they are too large, too heavy and too slow for the current
purpose[36].
Certain number of attempts was reported on electrically
tunable filters and some of them have already been mass
produced[36]. Basic idea is to combine inductive circuit
elements with VCs[36-38]. When lumped-element inductors
are used, achievable Q is limited. On the other hand, when
micro-strip lines are used, achievable Q is better, but the
device size is large in a few GHz range.
As VCs, various types have been used. The GaAs VCs has
been used because of its large tuning range[36]. However its
Q is not so high and nonlinearity is large. VCs based on
MEMS technologies[39,40] offer high Q while their physical
size is relatively large and tuning range is relatively narrow.
Currently, VCs employing ferroelectric ceramics such as
bismuth strontium titanate (BST) are paid attention for their
wide tuning range and relatively high Q[41].
Combination of CMOS (or MEMS) switches with fixed
capacitor arrays is an interesting approach[42,43]. This offers
large tuning range and high Q simultaneously. In addition, the
total capacitance can be set digitally, and the device can be
integrated with driving and control circuitry.
DRs offers extremely high Q but bulky in a few GHz range.
A widely-tunable BST-based DR filter was reported, but it
operates in 30 GHz range[44].
RF active filters have been also investigated extensively.
There are two types. First one composes a resonator circuit
using the gyrator-based active inductor[45] (see Fig. 5(a)). It
causes the parallel resonance with CC, and the voltage gain
eo/ei becomes large. The resonance frequency and Q can be
tuned by CL and the trans-conductance gm, respectively.
Another one employs the positive feedback loop and acts as
the IIR filter[46,47] (see Fig. 5(b)). The resonance frequency
and Q can be tuned by adjusting phase shift in K and the gain
G of the amplifier, respectively. These devices can be
implemented into RF-ICs. In addition, they offer wide tuning
range and high Q. In fact, Q can be infinite, and the situation
corresponds to the self-oscillation. Thus we must apply fine
gain setting to achieve high Q. Another problem is
nonlinearity. Since the total gain becomes large when Q is
high, the input-referred intercept points will be small due to
output saturation.

eo
ei

CC

active inductor
gm1
-gm2

(a) Active inductor-based filter

CL

ei

+

−

G

Several types of tunable RF SAW/BAW filters were also
proposed. Use of ferromagnetic, ferroelectric, and intrinsic
and induced piezoelectricity has been discussed extensively
to adjust acoustic wave velocities[48,49]. However, reported
tuning ranges are limited to less than a few percents. Fancy
one is to place an acoustic load above the RF BAW resonator
using a movable hinge of the MEMS switch[17]. Although
change of the center frequency more than 10% is expected,
experimental results were not reported until now.
The author’s group proposed another approach, which
employ combination of VCs with extremely wideband SAW
resonators[22]. Fig. 6 shows its topology. Basic design is
exactly the same with the conventional ladder-type filter, and
VCs connected in parallel with SAW resonators shift their
anti-resonance frequencies while VCs connected in series
shift their resonance frequencies. Thus proper VC setting
enables us to adjust location of upper and lower edges of the
filter passband independently.

Fig. 6 Tunable filter configuration employing acoustic wave
resonators and variable capacitors

We fabricated two SAW filters with identical resonator
design but different capacitance values, and action of the
tunable filter was simulated experimentally[22]. For
achieving wide tunable range, SAW resonators on a Cugrating/15oYX-LiNbO3 (15-LN) substrate structure[50] were
employed. Shear-horizontal (SH) SAWs on this structure
possess extremely large k2 (~30%).
Figure 7 shows the measured frequency responses of these
two filters. It is seen that the passband can be translated. An

eo

K
(b) Recursive filter

Fig. 7 Frequency response of a variable filter composed of
wideband SAW resonators.

Fig. 5 RF active filters embedded in LNA
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interesting feature is the fact that the passband characteristic
is insensitive to the Q factor of VCs. A drawback of this
design is limited tunability due to existence of a certain
frequency range which is always included in the filter
passband.
We also showed that passband width and location can be
adjusted more flexibly by using the topology shown Fig. 8
[22]. One drawback of this configuration is sensitivity of
filter performances to the Q factor of VCs. Namely that of Css
and Cpp in Fig. 8 influences the filter insertion loss and
steepness of the passband edges significantly.

There are two possible configurations: (a) VCs are
fabricated at first on a piezoelectric substrate with SAW
electrode patterns, and then the flip-chip interconnection is
done with a Si chip where RF and control circuits are made
[58], and (b) VCs and RF BAW resonators are fabricated on a
bare Si substrate at first, and then it is flip-chip bonded with
another Si chip with RF and control circuits.
As a first trial for the configuration (a), integration of
MEMS VCs on LiNbO3 was investigated[59]. Fig. 9 shows
top and side views of the device structure, which consists of 5
SAW resonators, 2 VCs and one fixed capacitor. Fig. 10
shows the fabrication process. First, SAW resonators and
fixed capacitors are fabricated using Au electrodes (110 nm)
on a 15oYX-LiNbO3 wafer by the lift-off process (Steps 1 and
2). The lift-off process is again applied for the fabrication of
Au stopper posts, on which the capacitor bridge lands when
pulled in (Step 3). Next, a sacrificial layer is formed using
A

Cs1

Fig. 8 Another tunable filter configuration employing acoustic
wave resonators and VCs.

IN

It is clear that wide tunability is realizable when we adopt
variable inductors and/or fixed inductor with switch arrays in
this configuration[51]. However, this approach seems not
feasible because the Q factor of conventional inductors is
pessimistically low in GHz range.
Tunable frequency range of these filters is inherently limited
by the capacitance ratio γ of employed RF SAW/BAW
resonators, and thus use of piezoelectric materials with
extremely large k2 is essential for its realization.
An interesting attempt for high k2 realization is use of the
piezoelectric layer prepared by polishing a ferroelectric single
crystal plate[52,53]. This approach allows us to use arbitrary
materials with arbitrary crystal orientation. Presently, the plate
thickness can be reduced close to 1 μm. When the technology
is applied for fabrication of RF BAW and Lamb wave
resonators, small γ and moderate Q factor are achievable
simultaneously in GHz range using commercially available
high-quality and large-size LiNbO3 wafers.
Use of highly piezoelectric materials such as PMN-PT[54],
PIM-PMN-PT[55] and KNbO3[56] is also a possible
approach. For example, Matsushima, et al reported
development of an FBAR with high k2 (~0.5) and relatively
high anti-resonance Q (~150) using a sputter-deposited
Pb(Mn,Nb)O3-Pb(Zr,Ti)O3 film[57].
V.

A´

GND

Cs2

SRs1 SRs2

SRs3

OUT
GND
3.1 mm

SRp1
Cp1
SRp2
3.4 mm
A

A´
SAW resonator
Alignment mark

Variable capacitor

Fig. 9 Device layout and cross sectional views of tunable filter.
1 . Fabrication of busbars,
electrodes, alignment marks etc.
Au

4. Fabrication of sacrificial layer

2 .
Fabrication of SAW
resonators and comb capacitors

5. Ni electroplating

3. Fabrication of stopper posts

6. Sacrificial layer etching

Photoresist

Ni

INTEGRATION OF MEMS AND SAW FILTER

For realization of practical tunable SAW/BAW filters,
multiple VCs and control electronic circuitry must be
interconnected in high density with RF SAW/BAW
resonators, which are very sensitive to parasitic impedance.
Because use of highly piezoelectric ferroelectric materials is
mandatory, the chip-on-chip integration seems to be most
feasible and pragmatic.
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Fig. 10 Fabrication process for the tunable SAW filter.

negative photoresist, and a Cu seed layer is sputter-deposited
(Step 4). To make the capacitor bridge, a positive photoresist
is patterned for a mold, and 2 μm thick Ni is electroplated in
the mold (Step 5). The photoresist mold is removed by
organic stripper, and the Cu seed layer is removed by
ammonium persulfate. Finally, the double sacrificial
photoresist layer is removed by O2 ashing to release the
capacitor bridge (Step 6).
Figure 11 shows the measured and theoretical transmission
characteristics of the filter. Although relatively wideband
width of about 13% was achieved both theoretically and
experimentally, experimental insertion loss (12 dB) was
much larger than the theory. This deterioration is mainly due
to surface contamination by the photoresist residue, which
could not be completely removed by O2 ashing at the Step 6.
Calculation
0V applied
15 V applied

Measurement
0 V applied
15 V applied
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tunable filters. For example, we are also interested in RF
oscillators and amplifiers.
Although the tunable filter under concern is expected to offer
low loss and wide tunability, its performances are still not
enough for the replacement with current RF SAW/BAW
DPXs. Especially, high isolation between their TX and RX
ports is hard to realize.
Currently, various approaches are investigated extensively to
relax the isolation requirement given to DPXs. Integration of
an interstage notch-filter for the TX signal leakage[24] and its
active cancellation[60] are their examples. Use of RF active
filters described in Section IV seems also effective for the
purpose. IMD cancellation using base-band signal processing
is also investigated[61]. These technologies may make tunable
DPXs more realistic.
Our goal is far beyond the horizon. But the strong demand is
the enough reason to challenge this difficult task.
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For the passband tuning, DC voltage was applied to both Cs1
and Cs2 (see Fig. 9a). The application of 15 V made Cs1
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Abstract—This work presents a novel cascaded filter array
architecture for large-scale MEMS filter arrays that overcomes
the limitations associated with the large shunt capacitance to
efficiently scale the number of filters in the array. The proposed
architecture effectively reduces the capacitive loading at the
input by utilizing a series connection of the filters, resulting in
improvement in the return loss and stopband rejection for large
arrays. This work demonstrates the feasibility of large-scale
filter arrays without the need for additional costly isolation
strategies for real-time spectrum monitoring applications.

I.

INTRODUCTION

On-going research and development of high quality factor
(Q) RF MEMS resonators and filters has allowed their use in a
number of RF applications, such as timing references and
front end band-select filters [1-4]. Many of these devices have
been designed to fit the specifications of current
communication system architectures as direct replacement
components for quartz or SAW devices with notable success.
Currently, most radio architectures use the concept of bandselect filtering followed by heterodyning to a lower
intermediate frequency, where further signal processing and
channel-select filtering is performed. This architecture has
been established as the standard for most radio front ends
since its invention by Armstrong [5]. It, however, involves a
number of tradeoffs between various performance metrics,
including linearity, power consumption, and noise, which have
been unavoidable largely due to the lack of extremely
narrowband filtering capability at RF frequencies using
conventional resonator technologies. RF MEMS resonators
may be able to relax some of these tradeoffs due to their
ability to realize extremely high Q exceeding 10,000 on chip,
providing the potential for extremely narrowband filters even
at VHF and UHF frequencies. Furthermore, this capability
may even enable new types of communication standards and
radio architectures for specific applications. One such
application is cognitive radio, systems that are able to scan the
spectrum and setup a communication link on relatively unused
channels or identify and filter blocker signals before they
saturate other sensitive electronics [6,7]. Large scale RF
MEMS filter arrays have emerged as a key technology which
may enable cognitive radio for mobile applications due to the
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unique ability of this technology to provide both channelselect filtering and lithographical definition of resonant
frequency on an integrated platform. However, the number of
filters necessary for such applications is on the order of
hundreds to thousands.
Recent work has demonstrated arrays each with two and
ten separate filters [8,9]. In both cases, the filters were
connected in the conventional parallel configuration that is
normally envisioned for such an array. While these works
demonstrated arrays with multiple filters, they left unanswered
questions about how the performance of such arrays would
scale as the number of filters is increased. This is a problem
due to the shunt capacitance present at the input of any RF
MEMS resonator or filter, regardless of the transducer used.
As the size of the array increases, the input loading from these
shunt capacitors will increase in proportion to the number of
filters in the array, significantly degrading performance. The
first example [8] shown above was able to circumvent these
negative effects by using a differential architecture and a

(a)

(b)
Figure 1. (a) Simplified schematic of the conventional parallel filter array
architecture. (b) Equivalent circuit model used for analysis with feedthrough
path highlighted in red and important parasitic resistances circled.
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parallel inductor to resonate with the shunt capacitance. The
utility of such methods, however, are severely limited when it
comes to scaling to hundreds of filters. On the other hand, the
second example [9] used an AlN transducer, which is known
to be a very efficient transducer, and thus is relatively
unaffected by the shunt capacitance at such low frequencies
and small array sizes. However, as the filter array increases in
size and is designed to operate at higher frequency, it will also
suffer from the input loading presented by the shunt
capacitance. Others have suggested alternative methods of
alleviating this problem by added isolation using integrated
switches [10] but mechanical switches have yet to be
successfully integrated into radio systems or cellular phones,
making their use difficult in large scale arrays.
While the problem of shunt capacitance has been raised as
an issue potentially limiting the use of MEMS filter arrays, to
the authors’ knowledge, a rigorous analysis of its effects on
filter array performance for arbitrarily large array sizes has not
yet been reported. In this paper, we present an analysis based
on Butterworth-Van Dyke (BVD) equivalent circuit models
with relevant parasitic elements and find that these parasitics
combined with the large shunt capacitance severely limit filter
performance when using a simple parallel array architecture.
We then propose a novel series cascaded filter array
architecture that provides a means of alleviating the
increasingly negative effects of the shunt capacitance as the
array increases in size. Experimental results will then be
presented to verify our analysis and we will conclude with a
summary and implications of this work.
II.

illustration in Fig. 1(a). An equivalent circuit model is shown
in Fig. 1(b). Here, N represents the number of channels in the
filter array (i.e., array size), Rin models any parasitic
interconnect losses, and Rgnd models imperfect grounding that
results from interconnect losses in the ground plane. The input
is loaded by the parallel combination of the shunt capacitances
of N filters. We will discuss in this section specifically how a
number of important filter metrics – return loss, stopband
rejection, and insertion loss – are affected by the shunt
capacitance loading and parasitic resistances.
Before discussing the simulation results, note that the
following simulations are based on data collected from
individual 20 MHz PZT-on-Si filters fabricated at the U.S.
Army Research Laboratory. The transduction area of these
devices is scaled to achieve 50 Ω motional impedance. These
devices are used specifically because the extremely high
dielectric constant of PZT makes the loading effects
significant at relatively low frequencies and small values of N.
This significantly reduces the burden on fabrication and
measurement setup for experimental demonstration. This does
not, however, restrict the generality of this analysis. While
these loading effects in other strongly coupled transducers
may become significant at higher frequencies or larger N, this
problem cannot be avoided by simply choosing a different
transducer, especially when the goal is to design a large scale

CONVENTIONAL PARALLEL ARCHITECTURE AND
EFFECTS OF SHUNT CAPACITANCE

While the MEMS community has been focusing much of
its energy on trying to interface directly to a 50 Ω environment
(i.e., obtaining motional resistance of 50 Ω), in many cases
this has been achieved naively by increasing the transduction
area, which also increases the shunt capacitance. In general
though, unless the filter array interfaces directly to a 50 Ω
distributed system (e.g., antenna), this is not a necessary
requirement. In fact, for a given motional resistance, it is
always possible in the ideal case (i.e., no parasitic shunt
capacitance) to terminate the filter with an optimal impedance
which will result in nearly ideal filter characteristics, as long
as the Q of the resonators is sufficiently high (i.e., Qres >>
Qfilter). Systems terminated with impedances on the order of 1
kΩ or lower have been demonstrated with low insertion loss
and suitable shape factor, indicating that this is not the
fundamental limitation [9]. The main problem in the context
of large scale filter arrays then is not the motional impedance
but the loading of the shunt capacitance. Even the work in [9]
achieves its well-behaved filter response only after using the
methods previously discussed to mitigate the negative effects
of the shunt capacitance. Some of the well-known effects
include large insertion loss and passband return loss due to a
large impedance mismatch with the source that increases with
array size. There are, however, other seldom considered
effects – particularly in the stopband response – that arise due
to parasitic routing resistances that become increasingly
important as array size increases. As a starting point for
analyzing these effects, we use a model based on the

(a)

(b)
Figure 3. Return loss simulation results (a) as a function of frequency for Rin =
5Ω and varying N and (b) stopband return loss as a function of N at 20 MHz.
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a function of N for different values of Rin at 20 MHz and
shows that the stopband return loss converges to a value for
large N that is highly dependent on Rin. Interestingly, Fig. 3(a)
also indicates that the notch depth in the passband decreases as
N increases. This indicates that as N increases, less passband
energy is absorbed in the filter and any energy that is absorbed
is dissipated in the parasitic resistances.
B. Stopband Rejection
Another common problem for RF MEMS filters is the
feedthrough signal which limits the stopband rejection. This is
often the result of imperfect grounding of the device. The path
though which this signal may flow is highlighted in red in Fig.
1(b) and includes the shunt capacitance. Thus, we expect that
this feedthrough signal will also be affected as the filter array
increases in size. The simulated transmission results for Rgnd =
5 Ω and different values of N shown in Fig. 4(a) confirm that
the feedthrough signal increases with N, and for certain values
of Rgnd and N, the feedthrough may even exceed the insertion
loss, eliminating the filter response. As in the case for the
stopband return loss, the feedthrough converges to a value
which is highly dependent on the parasitic resistance Rgnd, as
shown in Fig. 4(b). This, again, is due to the decreasing
impedance of the effective shunt capacitance as N increases,
making the feedthrough signal a very strong function of Rgnd.

(a)

(b)
Figure 4. Transmission simulation results (a) versus frequency for Rgnd = 5Ω
and varying N and (b) feedthrough signal as a function of N at 20 MHz.

filter array with hundreds or thousands of filters.
A. Return Loss
For filters, a large value of return loss in the stopband and
a small value in the passband are typically desired. While the
need for small passband return loss is well known, it is also
important that the stopband return loss be large, a fact often
overlooked by designers of MEMS filters. This requirement
ensures that energy at these frequencies is not intercepted and
wasted in the filter array – even -1 dB of return loss in the
stopband means 20% of the incident power is absorbed. Also,
nonlinearities may cause interference to appear in the filter
passband if strong signals interact with one another. To see
how this parameter is affected as the array size increases, we
simulate the frequency response of the return loss for a fixed
value of Rin = 5 Ω and various values of N (Fig. 3(a)). We see
that as N increases, the stopband return loss converges to a
certain value. This is due to the decreasing impedance of the
effective shunt capacitance with increasing N, which virtually
terminates the parasitic resistance Rin to ground. This provides
a path for stopband energy to be absorbed by the filter array
and dissipated in Rin, in contrast to the case when Rin = 0
where this energy was completely reflected. This is also
illustrated in Fig. 3(b), which plots the stopband return loss as

C. Insertion Loss
As previously mentioned, the main reason why insertion
loss increases with N is because of impedance mismatch –
energy is reflected away rather than flowing into the filters in
the array. When these parasitic resistances are now added to
the analysis, it is evident that energy dissipation through them
– which was also found to impact stopband return loss – is an
additional mechanism that prevents energy from reaching the
filters. As the previous simulation results show, this
dissipation increases with N for given values of the parasitic
resistances Rin and Rgnd, and as already discussed, beyond a
threshold value for N depending on Rin and Rgnd the filter
response is practically lost. Again, this behavior is highly
sensitive to these parasitic components for large N, setting a
limit to the achievable array size. Of course, it is always
desirable to minimize these parasitics through good
fabrication. However, there may be certain limits to how low
they can be made in practical systems. For increased
robustness and insensitivity to process variations, it would
therefore be desirable to also employ architectural methods of
reducing the sensitivity of the filter array to these parasitic
components. We see, however, that because of the large
capacitive loading at the input, the parallel filter architecture
does not provide any robustness to these parasitic resistances,
especially as the size of the array increases.
III.

SERIES CASCADED FILTER ARRAY ARCHITECTURE

The analysis in the previous section indicates that the main
issue limiting the performance of large scale MEMS filter
arrays using the parallel architecture is the large effective
shunt capacitance at the input. This combination of N shunt
capacitances results in an impedance that decreases with
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(a)

(a)

(b)
Figure 5. (a) Simplified schematic of proposed series cascaded filter array
architecture. (b) Equivalent circuit model used for analysis with feedthrough
path highlighted in red and important parasitic resistances circled.

increasing N, leading to a large feedthrough signal and allows
the wasteful dissipation of energy through parasitic
resistances. Furthermore, the filter response for large N
becomes very sensitive to these parasitic resistances, which is
undesirable. To avoid this problem, we propose an array
architecture where the filters in the array are connected such
that a series connection of their shunt capacitance is realized.
This will be referred to as the series cascaded filter array
architecture and Fig. 5 shows a simplified illustration of this
architecture with its equivalent circuit model. For this
architecture, since the filters are now connected in series, we
expect the effective shunt capacitance to be inversely
proportional to N, which results in an impedance that actually
increases with array size. It is then expected that both the
stopband return loss and feedthrough signal should improve as
the array size increases.
We verify the improvement in stopband return loss, by
simulating the return loss as a function of frequency for a
constant value of Rin = 5 Ω and for different values of N (Fig.
6(a)). The results show that the stopband return loss
approaches 0 dB as N increases, as expected. More
significantly, Fig. 6(b) shows that this is true regardless of the
value of Rin, as opposed to the parallel filter array architecture
in which this parasitic resistance determines the value of
return loss for large N. This indicates that the high impedance
of the series cascaded array architecture effectively prevents
stopband energy from being dissipated in Rin and allows it to
be reflected back to the source.
Next, the transmission behavior of the series cascaded
architecture is simulated as shown in Fig. 7 to verify the
improvement in the stopband rejection and feedthrough signal.
Fig. 7(a) shows the filter transmission as a function of
frequency for Rin = 5 Ω and different values of N. This graph
shows that as N increases, the feedthrough signal decreases as
expected. Fig. 7(b) also confirms that the relationship is

(b)
Figure 6. Return loss simulation results (a) as a function of frequency for Rin =
5Ω and varying N and (b) stopband return loss as a function of N at 20 MHz.

inversely linear with N, in contrast to the case of the parallel
array architecture, where the feedthrough signal increases to
some constant level for large N. Since the insertion loss also
increases with N due to the voltage division occurring from
the series connection of the N filters in the array, the result is a
stopband rejection that is relatively insensitive to the array size
and, more importantly, a transmission response that does not
lose its filter behavior beyond a certain value of N. These
simulation results all indicate that the series cascaded array
architecture significantly improves the stopband return loss
and filter transmission characteristics over its parallel
counterpart for large arrays.
IV.

EXPERIMENTAL SETUP AND RESULTS

In order to demonstrate the performance enhancement that
results from the use of the series cascaded filter array
architecture, two 9-channel arrays of PZT-on-Si filters – one
using the parallel architecture, the other using the series
cascaded architecture – designed for center frequencies around
20 MHz with channel spacing of 30 kHz were fabricated in
the process described in [11]. As previously mentioned, this
technology was chosen due to the high dielectric constant of
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200 μm

(a)

(b)

(a)

20 μm

(c)
Figure 8. Chip micrograph of 9-channel filter array centered around 20 MHz
implemented with (a) conventional parallel architecture and (b) series
cascaded architecture using PZT-on-Si filter technology presented in [11]. (c)
SEM image showing the routing between filters in the series cascaded
architecture.

(b)
Figure 7. Transmission simulation results (a) versus frequency for Rgnd = 5Ω
and varying N and (b) feedthrough signal as a function of N at 20 MHz.

PZT enabling this work to demonstrate the capacitive loading
effects at lower frequency using fewer filters, reducing the
burden on fabrication and testing. Micrographs of these arrays
are shown in Fig. 8(a) and (b). The SEM image in Fig. 8(c)
shows how the series connections are implemented. The area
shaded in green indicates the bottom electrode layer of the top
filter underneath the PZT layer. A via, shaded blue, is opened
to route to the gold air-bridge, which is then connected to the
top electrode of the next filter, all of which is shaded in red.
This connection is repeated for all filters except the last one in
the chain, whose bottom electrode is connected to ground.
Fig. 9 shows the details of the two-port testing setup used
to characterize these filter arrays. Port 1 of the vector network
analyzer is connected to the GSG probe on the left and
provides the input stimulus to the array. The outputs are
probed using a 9-point probe structure whose connections are
routed to a switching matrix. This matrix selects one filter
output to be connected to port 2 of the network analyzer while
all others are terminated with 50 Ω impedances. Typical twoport measurements are then repeated to characterize the
response of each filter in the array.
Experimental results for the return loss and transmission

are shown in Fig. 10(a) and (b), respectively. First, in Fig.
10(a), we see that the parallel filter array has a stopband return
loss of roughly -3.5 dB while the notch depth is only about 0.1
dB, indicating that a majority of the absorbed energy is
dissipated in parasitic resistances rather than passing through
the filters. On the other hand, the series cascaded array shows
a larger stopband return loss of roughly -0.7 dB with a notch
depth of 0.4 dB, indicating a larger portion of passband energy
is reaching the filters. In total, the stopband return loss is
improved by roughly 2.9 dB.
Fig. 10(b) shows the results of transmission measurements
again confirming the benefits of the series cascaded
architecture. The parallel filter array has filters with only 7 dB
stopband rejection compared with a roughly 23 dB rejection
and 20 dB lower transmission floor for the series cascaded
array. The insertion losses are also similar between the two
arrays, which is expected. The series cascaded filter array has
somewhat higher insertion loss, but this may be due to lower
quality factors and non-zero routing resistance between filters.
These have been noted and will be improved in future designs.
In general, while these filter characteristics have room for
improvement, they do indicate that the series cascaded filter
array is favorable in terms of both return loss and transmission
response of large scale filter arrays.
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Fig. 9. Two-port measurement setup with switching network used for
characterization of the two filter arrays.

V.

(a)

CONCLUSIONS

In summary, this paper presents a detailed analysis of how
the performance of the conventional parallel filter array
architecture scales with array size using BVD equivalent
circuit models. Through this analysis, the large effective shunt
capacitance which increases with array size for the parallel
array architecture was found to be the main factor limiting the
performance of the array, specifically the stopband return loss,
stopband rejection, and insertion loss. In addition, it was found
that the filter performance was also extremely sensitive to
parasitic routing resistances. While it is always desired to
minimize these parasitic losses, some might be unavoidable,
especially when targeting the design of very large scale filter
arrays. Thus, any architectural changes that may reduce this
sensitivity would be very beneficial. In response, the series
cascaded filter array architecture was proposed to improve the
scaling of filter performance with array size by making the
effective shunt capacitance now inversely proportional to
array size. Simulated results also indicate that this architecture
reduces the sensitivity of the filter array to parasitics. This
performance improvement was experimentally verified using
9-channel filter arrays with PZT-on-Si filters around a
frequency of 20 MHz. While this technology was chosen to
demonstrate this concept without the excessive burden of
fabricating and testing much larger arrays, the validity of this
analysis and architecture is not limited by the type of
transducer. This problem of capacitive loading for the parallel
array will become an issue even for more efficient transducers
when frequency and/or array size is increased. The proposed
architecture presents a system-level solution to one of the
inherent device limitations of RF MEMS filters, thus opening
up the potential for realizing chip-scale spectrum analysis for
cognitive radio applications.
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(b)
Fig. 10. Experimental results showing the (a) return loss and (b) transmission
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Abstract—This work is devoted to the development of laterally
coupled filters built on compound single crystal substrates. High
overtone bulk acoustic resonators are built on LiNbO 3 thinned
films bonded on thick LiNbO3 or Quartz substrates. Two
resonators are coupled via a narrow gap between their
electrodes, yielding the possibility for their modes to interact
and to produce coupled mode resonance conditions. The
coupling efficiency is shown to be dependent on the frequency
(wavelength), yielding well defined coupled-mode filters at
intermediate frequencies (300 – 800 MHz) and single mode
transfer functions above 1 GHz. The implementation of an
oscillator stabilized by such a filter at 1.7 GHz is demonstrated.

I.

INTRODUCTION

Radio-Frequency (RF) filters generally are built using
surface acoustic wave resonating devices or bulk acoustic
resonators exhibiting single resonance behavior well-suited for
the definition of high spectral purity filter capable to answer
the drastic system specification generally imposed for
telecommunication applications [1]. Hence, a rather small
interest was devoted to RF filters based on high overtone bulk
acoustic resonators (HBAR) apart from pioneer work by Lakin
in early nineties [2]. However, these devices were mainly
based on impedance element and required a very large number
of resonators in series and parallel (6 “L” stages) for achieving
a rejection of about 40 dB. Although developing filters based
on HBAR yields the replication of the corresponding transfer
function more or less for each resonator harmonics (at least
those exhibiting similar coupling than the mode considered for
the filter design), their capability to accurately select given
frequencies finds some interest for oscillator or sensor
purposes. Therefore, the possibility for manufacturing
compact filter structures with reduced number of cells
compared to the above-mentioned solution appears relevant.
Particularly, structures comparable to those used in monolithic
filters would be particularly interesting if transferable to
HBAR because of their capabilities to produce very large
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rejection with a limited number of poles. Until now, only few
attempts for developing such filters on thin film based material
stacks have been successfully achieved [3].
In this work, we investigate the possibility for
manufacturing laterally coupled filters using thinned single
crystal lithium niobate layers acting as HBAR transducer,
bonded on lithium niobate or quartz substrates. The idea
consists in exploiting dispersion properties as well as the
presence of a thick resonating structures (i.e. the substrate) to
exhaust the lateral coupling between two resonators placed
very close one another to favor their modal interaction.
(YXl)/36° and (YXl)/163° LiNbO3 cuts have been chosen to
allow for the excitation of very high overtones, taking
advantage of their strong electromechanical coupling (ks2
respectively equal to 20 and 45%), and to excite either
longitudinal or shear waves. The substrates were respectively
LiNbO3 (YXl)/36° for filter demonstration and AT Quartz for
temperature compensation purpose [4].
Many structures have been manufactured and have
allowed for filter characterization in the vicinity of 300, 500
and 700 MHz (respectively the third, fifth and seventh
harmonics of the transducer thinned film alone). Rejection in
excess of 20 dB are demonstrated with a single filter cell.
Corresponding Insertion losses of about 15 dB are emphasized
and could be easily improved by impedance matching.
Coupling two cells consequently provide rejection in excess of
40 dB with insertion losses of about 10 dB once matched. In
the case of the Niobate/Quartz structure however, a singlemode response is obtained near 1.7 GHz, as the coupling
conditions obviously are less efficiently met at this frequency
than in the previous case. As a shear mode is exploited here,
temperature compensation is obtained, yielding favorable
conditions for using the device to stabilize an oscillator loop
near this frequency. The four-port structure was easily looped
using a wide band amplifier and the corresponding phase
noise was found at 130 dB at 10 kHz from the carrier,
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Principle scheme of the laterally-coupled-mode HBAR
filter (a) symmetrical mode (b) antisymmetrical mode

The above presented principle has been applied for
frequency filters in the rang 1-30 MHz using standard bulk
wave resonators exploiting the fundamental mode of a singlecrystal or ceramic piezoelectric plate compliant with the
above-discussed coupling conditions. Higher frequencies are
hardly reachable using these devices because of the thinning
conditions required for such a purpose, yielding fragile
devices poorly suited to industrial processes together with
significant difficulties to match the frequency target. Recent
developments have shown however that the principle could be
applied in some extent to film bulk acoustic resonators
(FBARs) by adapting the resonator structures for meeting the
expected coupling conditions. In this work, we exploit the
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The principle of the device is inspired from the so-called
monolithic filters based on coupled bulk waves in single
crystals and illustrated in Fig.1. This is achieved by setting
two resonators very close one another. The gap between these
resonators must be narrow enough to allow for evanescent
waves apart the resonator electrodes to recover and hence
yielding mode coupling conditions. As both resonators operate
similarly, they do present the same spectral distribution and
each harmonic bulk mode of the structure is identically
coupled at almost exactly the same frequency. The above
mentioned coupling condition then favors for each coupled
mode the existence of two distinct resonances corresponding
to symmetrical and anti-symmetrical coupled modes in the
structure composed by the two resonators. The width of the
separation area then controls the spectral distance between the
two coupled modes. This operation principle only holds if the
resonator actually traps the wave under its electrode, and
therefore this condition must be validated by the analysis of
dispersion modes, as shown in many text books and papers
(see for instance [5]). Although this analysis was not
conducted for this paper, the evanescent conditions are
attested by the extremely high Q factor obtained using the
tested configuration ((YXl)/36° LiNbO3 thinned plate on
(YXl)/36° LiNbO3 substrate [5]), i.e. more than 50 000 at 1.5
GHz.

possibility for manufacturing HBARs based on thinned single
crystal layers atop any substrate to check the possibility for
fabricating such filters at high frequencies, i.e. near or above
1GHz. Preliminary to manufacturing and test, computation
work has been conducted to check the actual capability of
such a structure to behave as expected and to allow for
coupling modes similarly to what happens in monolithic
filters. Therefore, a periodic 2D-finite-element-analysis (FEA)
coupled with a boundary radiation condition (so_called BEM)
has been disorientated to address the problem of non periodic
structures, adding absorbing conditions (Perfectly Matched
Layers – PML) at the edge of the meshed period [8]. The
thinned LiNbO3 plate then is meshed with the two top Al
electrodes separated by a 10µm gap. The BEM parts
represents the finite thickness substrate accounting for the
bottom Au electrode (the bonding layer). Mainly based on
PML, the model requires some parametric adjustment but
realistic operating conditions were tested in the vicinity of 300
MHz. Figure 2 shows the admittance parameters of the
corresponding contribution (Y11 and Y21). The first one clearly
shows the existence of two modes very close one another
whereas the second gives a prediction of the pass band of the
2-pole filter when using the structure as a quadrupole. To
definitely confirm the actual operation of the device, the
deformed mesh corresponding to each mode also has been
plotted in Figure 3, showing the mode phase alternation.

−0.2

352.5

353
Frequency (MHz)

(a)

353.5

−0.4
354

Susceptance (S)

competing well with state-of-the-art solutions. In the
following sections, the paper then shows the analysis of the
proposed device, its implementation and tests and concludes
on its interest for signal processing applications
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achieve the quadrupole of Figure 4 shows a SEM photograph
of this achievement.
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Figure 2.
Theoretical response of a (YXl)/36°/(YXl)/36°
LiNbO3 laterally-coupled-mode HBAR filter (a) admittance (b) transfer

Figure 4.
SEM picture of the filter structure with two coupled
resonators stacked laterally-coupled LiNbO3 (34μm) / Au (300nm) / LiNbO3
(350μm). The dividing line drawn on the FIB
We were able to characterize the filter response in terms of
transfer function for different frequency bands, corresponding
course to areas of high spectral coupling of the longitudinal
mode. Figure 5 shows the type of spectral response in the
vicinity of the 3rd harmonic of the fundamental mode of the
transducer.
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Figure 3.

Deformed meshes corresponding to the excitation of
the two modes of the filter (a) symmetrical mode (b) anti-symmetrical mode

This theoretical work tends to demonstrate the actual
possibility for the fabrication of laterally-coupled HBAR
filters. The manufacture of such devices is addressed in the
next sections.
III.

-25
-30
-35
-40
-45
-50

IMPLEMENTATION AND CHARACTERIZATION

-55

The fabrication of single crystal wafers devoted to HBAR
applications has been already published several times and is
not described here in details. Information about the process
can be found in [4]. We have been using first a material stack
consisting of (YXl)/36° lithium niobate wafers, one being
thinned down to 30µm and operating as the HBAR transducer,
the other acting as resonator (mechanical tank) because of the
very high Q factor obtained with such structures, assuring a
high quality of energy trapping under the top electrode. These
first tests have been achieved by splitting the top electrode
(aluminum),
thus
giving
rise
to
two
resonators separated by an insulating strip of 10μm, with
dimensions 145 × 200 Mm ². The contact mass is obtained by
returning it on the upper surface of the substrate, to actually
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Figure 5.

Transfer function of the filter at around 300 MHz.

Several filtering functions are visible, separated by 10 MHz
from each other, with a maximum dynamic range around 500
MHz as shown in Figure 6. We then see a rejection out of
band approaching 30 dB (for a single filtering cell) and losses
approaching 10 dB (no impedance matching), but also a
strong ripple in the band rendering inoperative the filter given
specifications generally effective for this application.
However, there are very clearly the two poles forming the
filter, which seems to prove clearly enough by the operation
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Transfer function of the filter in the vicinity of 500
MHz, improved in-band ripple, reduced out of band rejection and frequency
of the radiated high.
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mode coupling of the device. We also conducted these
measurements in the vicinity of 500 MHz and 700 MHz, as
shown in Figures 6, 7 and 8. In particular, we see that with
the increasing frequency, filter bandwidth is less hollow and
more regular, with a slight reduction of-band rejection (25 dB
at 500 MHz and 22 dB at 720 MHz) recalling all the same it
is only a single cell. The losses in the band from 12 to 15 dB,
but we recall once again that every effort has been dedicated
to the impedance matching of the two resonators. We finally
remark on many measures a contribution of undesired shear
mode (each 6 MHz) although very low. The transfer function
of the filter at 720 MHz yet reveals a parasitic contribution
more pronounced in low band whose origin is not yet
identified. The 3dB bandwidth of such filters covers 200 kHz,
a value fairly modest to link to the coupling measured for the
corresponding modes, reaching at most a few thousand.
Efforts remain to be done to improve this situation. We
attempted to identify the upper limit in operating frequency of
the structure. Figure 9 shows the transfer function of the filter
in the vicinity of 1.5 GHz. It is clear that at this frequency, the
filtering function is no longer provided by the structure,
which appear with difficulty out of band rejection of 8 dB
loss clearly increased (again without effort impedance
matching) .
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Transfer function of the filter in the vicinity of 720
MHz, further improvement of the ripple in the band, reduced out of band
rejection and radiated high frequency
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Transfer function in wide band of the filter in the
vicinity of 500 MHz (5th harmonic of the fundamental mode of the layer of
transduction).
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The authors would like to thank Roland Salut for the FIB
etching process steps exploited in the presented work.

Transfer function of the filter in the vicinity of 1.5
GHz, operational limits of the structure (low-band rejection)

IV.

CONCLUSION

In this paper we showed the development of very narrow
band filters based on HBAR. This contribution brings an
original and simple to implement cross-coupled filters.
Indeed, the quadrupole structure lends itself well known in
the manufacture of filters whose parameters may be imposed
by the planar shape of the electrodes and the spacing between
two coupled resonators. It offers a significant simplification
of the structure of the filters by its essentially planar, although
it requires access to the underlying electrode in one way or
another. The quality factor displayed by the quadrupoles
show that it would be possible to stabilize an oscillator.
However before using this solution, it is necessary to identify
the parametric influences using simple models.
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Experimental Demonstration of a Phase-Modulated
Optoelectronic Oscillator Using Balanced Detection
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Abstract—The use of phase modulation in lieu of the typical
amplitude modulator in an optoelectronic oscillator (OEO) has
not yet been extensively investigated. In this paper we present
the first experimental demonstration of a phase-modulated OEO
using a fiber delay-line demodulator with balanced detection.
Preliminary phase noise and frequency stability measurements
are also demonstrated.

I.
INTRODUCTION
The optoelectronic oscillator (OEO) has attracted a great
deal of interest for its potential to generate ultra-low phase
noise microwave signals. In the years since the publication of
the seminal work on this topic by Yao and Maleki [1,2], there
has been a rapid proliferation of new OEO systems widely
varying in design and sophistication. However, the vast
majority of previous demonstrations have relied upon an
intensity-modulated direct-detection (IMDD) approach within
the resonator. An architecture based on phase modulation
instead of intensity modulation offers several advantages that
can enable improved phase noise performance. In this paper,
we introduce a novel architecture for an OEO based on phase
modulation, and present phase noise and frequency stability
characterization of the oscillator at 10 GHz. To our
knowledge, this work constitutes the first experimental
demonstration of a phase-modulated OEO using balanced
detection.
II.

of a dispersive element within the loop, which changes the
phase relationship between the two modulation sidebands. The
sidebands on either side of the carrier are initially exactly out
of phase; introducing a dispersive element allows the mixing
products between each sideband and the carrier to add
constructively instead of destructively, thus generating an
intensity modulation. One group has achieved this using a
chirped FBG [4], while another has used a whispering-gallerymode (WGM) resonator as the dispersive element [5]. Both of
these methods suffer from high optical insertion loss, in the
first case due to the necessity of using an optical circulator
(which typically have 1-3 dB of excess loss), and in the
second case due to the losses incurred when coupling to the
WGM. Our system instead uses a delay-line demodulator to
convert from phase to amplitude modulation, an
interferometric process that can be made nearly lossless by
using fiber couplers.
The intensity modulation is then detected using
photodiodes; for our system this is accomplished via balanced
detection, in which the two complementary interference
products from the demodulator are each detected and then

PHASE-MODULATED OEO: A NOVEL ARCHITECTURE

A simplified diagram of a conventional IMDD-based OEO
is shown in Figure 1(a). One main advantage of using a phase
modulator instead of an amplitude modulator is that LiNbO3
phase modulators have lower optical insertion loss. Typically
the difference is approximately 2-3 dB. In order to generate a
feedback signal from the photodiode, there must be a phaseto-amplitude conversion element within the loop. One
previous demonstration of a phase-modulated OEO has used
fiber-Bragg-gratings (FBG) to filter off one of the phasemodulation sidebands, thereby allowing the other sideband to
beat directly with the optical carrier to produce an intensity
modulated signal [3]. A more efficient method is to make use

This material is based on independent work supported in part by the
Stuart S. Janney Program at the Johns Hopkins University Applied Physics
Laboratory.
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Figure 1. Diagram of (a) the typical intensity-modulated, direct-detection
OEO architecture; and (b) the phase-modulated, balanced detection
architecture using a delay-line demodulator. Abbreviations are as follows:
CW – continuous-wave, AM – amplitude modulator, PD – photodiode,
ΦM – phase modulator and TEC – thermoelectric heater.

combined in phase using an RF phase shifter. This architecture
is shown in Figure 1(b), and is similar to the design proposed
(but not implemented) in [6]. The immediate advantage of
balanced detection over the standard IMDD architecture is that
for the same laser power, twice as much optical power is
converted to RF signal, so the total RF power generation
within the loop is greater by 6 dB. Including the reduced
insertion loss for phase modulators compared to intensity
modulators, this yields a net advantage of approximately
10 dB. This increase in loop gain enables the possibility of
operating the OEO without an RF amplifier [7]. This in turn
can significantly reduce the phase noise of the oscillator.
III.

THEORY: THRESHOLD AND EXPECTED PHASE NOISE

A. Oscillation Threshold Condition
The mathematical expression for the threshold condition
can be easily derived for the architecture described above. The
derivation proceeds very similarly to that described in [1], and
so is not presented here. For a phase-modulated OEO using a
delay-line demodulator with balanced detection, the
oscillation threshold is given by:

Gαη P0 R sin (ω0 ∆td ) ≥

Vπ

π ,

(1)

where G is the net power gain (including RF losses) of the
amplifier, α is the optical insertion loss through the loop, η is
the photodiode responsivity, P0 is the optical power at the
input to the phase modulator, R is the photodiode resistance,
ω0 is the optical angular frequency, Δtd is the differential delay
of the demodulator, and Vπ is the half-wave voltage of the
modulator. When the delay-line demodulator is held at the
quadrature condition using the proper temperature control
settings, the sine term becomes unity, and this expression
differs from the canonical case in [1] only by a factor of two.
This reduction in the required threshold power with respect to
an IMDD architecture is due to the fact that balanced detection
captures both interference products from the demodulator and
adds them in phase.
B. Expected Phase Noise Performance
The expression for the RF power spectral density can be
used as a good approximation for the phase noise spectral
density when phase noise processes dominate over amplitude
noise processes. For the loop lengths used in our system, this
is a reasonable assumption. Therefore using the expression
derived in [2] for the RF spectrum, we can expect the phase
noise to be given by:
L( f ) =

GρN

( 2πτ l f )2 Posc

,

Substituting the various system parameters into (2) gives an
expected value of -89 dBc/Hz at 1 kHz offset for a 120 m
loop, and -108 dBc/Hz at 1 kHz offset for a 1 km loop. Note
that the amplifier gain acts to increase the noise in (2).
Therefore if the power in the oscillating mode was sufficient
to achieve threshold without the amplifier, a considerable
reduction in the phase noise would be possible.
IV. EXPERIMENTAL SETUP
A picture of the experimental setup for our oscillator is
shown in Figure 2. The optical input was a 1550 nm laser
followed by an erbium-doped fiber amplifier. The RIN for this
laser was specified to be <145 dBc/Hz at 100 Hz offset. For
our system, the required input optical power to reach threshold
is approximately 20 mW. The typical operating power used
was 60 mW at the input to the phase modulator. The
modulator had a half-wave voltage of approximately 3 V at
10 GHz, and an optical insertion loss of 2 dB. For the 120-m
loop configuration, the output of the modulator was connected
to a fiber stretcher, for use in length stabilization. For the 1-km
loop configuration the fiber stretcher was omitted from the
setup. The main fiber delay line and the delay-line
demodulator were housed in a box lined with foam to provide
a limited degree of acoustic and thermal isolation. The delayline demodulator was of a type widely used in differential
phase-shift-keyed optical receivers, and had a differential
delay of 125 ps. The phase was manually controlled by
heating one arm of the interferometer with a thermoelectric
element. The two outputs of the demodulator were then
detected by the photodiodes, which had a responsivity of
approximately 0.7 A/W. The photodiodes were internally
terminated with a 50 Ω resistor, and had a 3-dB bandwidth of
12 GHz. The RF outputs were combined in phase using a
microwave phase shifter, and passed to the RF amplifier. The
amplifier had 20 dB of gain at 10 GHz. Following the
amplifier was an RF filter with a 3-dB bandwidth of 100 MHz
centered at 10 GHz, and 4 dB of RF insertion loss. The output
of the filter was then passed through a 6-dB tap coupler to
provide access to the 10 GHz microwave signal, and finally
fed back onto the RF input port of the modulator.

(2)

where G is again the net gain of the amplifier, ρN is the noise
spectral density at the input to the amplifier, τl is the round-trip
time in the loop, and Posc is the RF power in the oscillating
mode. In the simplified model presented here, ρN includes
thermal noise, the photodiode shot noise and the laser relative
intensity noise (RIN) evaluated at the rms photodiode
operating current. We approximated the laser RIN as a white
noise process, choosing a representative value of -145 dBc/Hz.

Figure 2. Picture of the oscillator setup in the 120-m fiber loop configuration.
For the 1-km loop configuration, the fiber stretcher was not in the loop.
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Figure 3. RF spectrum of the OEO with a 120-m fiber loop. The frequency
span was 10 MHz, the resolution bandwidth was 10 kHz, and 16 averages
were taken.

V.

Figure 5. RF spectrum of the OEO with a 1-km fiber loop. The frequency
span is 1 MHz, the resolution bandwidth is 3 kHz, and 16 averages were
taken.

RESULTS & DISCUSSION

A. Phase Noise for a 120-m Fiber Loop Resonator
Figure 3 shows the RF spectrum of the OEO with a 120-m
loop of fiber in the resonator. The central tone of the oscillator
is at 10.032 GHz, and the spurs are side modes of the
resonator separated by the inverse of the round-trip time. For
120 meters of fiber this corresponds to 1.67 MHz, as can be
seen from the spectrum. The stability of the OEO in this
configuration was poor; thermal fluctuations in the
surrounding environment caused the oscillator frequency to
drift on the order of a few hundred hertz per second. This was
greater than the capture range of the phase-locking hardware
for our commercial phase noise test set (Agilent E5500).
While a measurement of the absolute phase noise with the
two-oscillator technique was not possible, we were
nonetheless able to characterize the phase noise of the OEO by
closely examining the RF spectrum. Strictly speaking a
measurement with a spectrum analyzer will yield the total
integrated phase and amplitude noise of the system, but in our
system the oscillator phase noise is far dominant over
amplitude noise processes.

Figure 4. Composite spectrum for phase noise approximation of the OEO
with a 120-m fiber loop (solid blue). Predicted phase noise performance from
theory (solid red) and instrument noise floor (dashed green) are also shown.

Shown in Figure 4 is a composite phase noise picture
constructed from several measurements of the spectrum at
different frequency spans and resolution bandwidth settings.
The composite is normalized to a 1-Hz resolution bandwidth
for ease of comparison with traditional phase noise
measurements. Shown in red is the phase noise performance
predicted by the theory in Section III. Below 1-kHz offset
from the carrier, the random-walk and frequency drift induced
by thermal fluctuations is readily apparent, and manifests as a
1/ƒ4 slope. Above 500-kHz offset the measurement begins to
be limited by the noise floor of the spectrum analyzer. The
first side mode of the resonator appears again at 1.67 MHz
offset, although for the measurements of that portion of the
spectrum, the resolution bandwidth (30 kHz) was too broad to
properly resolve the peak. This accounts for the discrepancy in
the spur level between Figures 3 and 4.
B. Phase Noise for a 1-km Fiber Loop Resonator
The oscillator was reconfigured using a 1-km long fiber
delay instead of 120 m, with the expectation that a longer loop
would result in a more stable output frequency. We posit that
the dominant source of frequency instability for the 120-m
system was most likely thermal fluctuations. This implies that
a longer loop delay would lead to increased stability due to
statistical averaging of local temperature variations over the
length of the fiber delay. A system with a longer delay would
thus benefit from a greater degree of averaging, decreasing the
net variance in frequency due to inhomogeneity in the
temperature distribution. From (2), we also expect to achieve
an improvement in the phase noise of ~18 dB. Figure 5 shows
the RF spectrum for the 1-km loop system. Here the side
modes appear at 200-kHz offset, corresponding to the longer
round-trip time. The significant improvement in stability over
the shorter loop allowed us to phase-lock a microwave
reference oscillator to the OEO, enabling a measurement of
the absolute phase noise. The method used for this
measurement was the standard two-oscillator technique, in
which the device under test is held in quadrature with a stable
reference source via a phase-locked loop (PLL). Using a
double-balanced mixer as a phase detector, the phase error
between the two oscillators is then measured with a spectrum
analyzer for offset frequencies outside the bandwidth of the
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To calculate the Allan variance, we first fit the data to a line,
and subtracted out the linear frequency drift caused by global
temperature changes in the laboratory. The drift rate was
found to be ~17 Hz/s, corresponding to an approximate
temperature drift rate of 2 mK/s during the length of the
measurement. The Allan deviation of the residual frequency
fluctuations is shown in Figure 7. The predominantly flat
shape of the curve is consistent with the flicker frequency
noise effects observed in the phase noise plot. The average
frequency stability (without linear drift) is σy = 3×10-9.

Figure 6. Single-sideband phase noise measurement of the OEO noise for a
1-km fiber loop (dark blue) and the 10-GHz reference oscillator (orange).
Expected phase noise performance from the theory is shown in red.

PLL. Within the bandwidth of the PLL, a fast Fourier
transform (FFT) analyzer measures the FFT of the correction
signal that is applied to the reference oscillator in order to
keep the two signals phase-locked. The results are shown in
Figure 6, where the OEO noise is in dark blue. To measure the
contributions of the reference oscillator, we used two
frequency synthesizers that had similar performance and
measured them against one another. Unfortunately the noise of
the reference oscillator dominates over the OEO noise for
almost the entire measurement, as is seen by the orange trace.
Shown in red is the theoretical performance that we would
expect to measure for the OEO if a higher-quality reference
was available. Below 100-Hz offset, the 1/ƒ3 slope indicates
flicker frequency noise, which could be caused by acoustic
vibrations, added noise due to the RF amplifier, or potentially
by the photodiodes.
C. Frequency Stability for a 1-km Fiber Loop Resonator
To characterize the free-running stability of the oscillator,
we measured the output frequency with a spectrum analyzer,
operating as a frequency counter. The counter recorded the
peak frequency in 1-s intervals for approximately 30 minutes.

VI. CONCLUSION
We have presented the first experimental demonstration of
a phase-modulated optoelectronic oscillator using a delay-line
demodulator with balanced detection. The noise
characteristics of the OEO were investigated in two
configurations, with a 120 m fiber delay and with a 1 km fiber
delay. Measurement of the phase noise of the 1-km loop OEO
was primarily limited by the noise of the microwave reference
oscillator, as well as flicker noise sources close to the carrier.
The RF amplifier is likely to be a significant contributor of
flicker noise. As such, a primary goal of future work on this
project will be to generate sufficient gain within the OEO loop
such that the amplifier is unnecessary. This can be readily
achieved with the proper choice of photodiodes and phase
modulator. Photodiodes without internal terminations will
provide 6 dB greater RF output power, and high-opticalpower-handling photodiodes are also commercially available.
Another method for improvement would be to use a phase
modulator with a lower half-wave voltage, such as a
modulator with a double-pass waveguide architecture. The
frequency stability of the oscillator is limited primarily by
thermal drift and fluctuations, which in turn change the length
of the fiber delay. Thermal isolation and length stabilization
techniques are potential areas of further investigation.
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Abstract—We describe and experimentally demonstrate an
optomechanical oscillator where light drives a surface mechanical
mode of a spherical resonator, using a combination of photoelastic
scattering and optical electrostriction. These oscillators are shown
to have discretely-selectable frequencies ranging from 50 MHz
to 1.5 GHz on a single silica microsphere device. We also report
on initial measurements of phase noise and continuous frequency
tuning of these oscillators.

I. I NTRODUCTION
In recent years, oscillators based on parametric mechanical
vibration in optical microresonators have emerged as promising candidates for compact and low power photonic frequency
references [1]–[4]. While prior work has focused on the use
of radiation pressure and gradient forces [5] in order to drive
mechanical vibration, here we exploit optical electrostriction
[6] to stimulate (as in a laser) an acoustical whispering gallery
resonance of the microsphere. These acoustical modes are
concentrated at the equator of the sphere, and have been
calculated through finite element modeling to be shear type
and Rayleigh type [7] surface acoustic waves (SAW).
Such SAW-based optomechanical oscillators (OMO) have
been theoretically proposed in the past [8]. In this new class of
optomechanical oscillator, incoming light drives and interacts
with the surface acoustic mode, resulting in two optical signals
at the output of the device (Figure 1(a)). The beat note between
these optical signals is measured with a photodetector, and is at
the acoustical frequency of the surface mode that we excited.

(a) Schematic of the oscillator. The detector outputs the
beat note between the two optical signals, which is at the
mechanical frequency.

(b) Optical electrostriction and photoelastic scattering drive the mechanical oscillations of a
traveling acoustical mode

II. S URFACE ACOUSTIC WAVE O PTOMECHANICAL
O SCILLATORS
We will now describe the process of exciting optomechanical oscillations within these spherical resonators. An
incoming pump photon scatters from an acoustic phonon
occupying a mechanical eigenmode of the spherical resonator,
resulting in a scattered Stokes photon that is down-shifted to a
lower frequency. The scattered Stokes light together with the
incoming pump light generates electrostrictive pressure which
amplifies the initial acoustic wave. Energy and momentum are
conserved in this process through the generation of phonons at
the same acoustical frequency from which the pump light was
initially scattered. The process is illustrated in Figure 1(b) and
is similar to stimulated Brillouin scattering that takes place in
bulk materials [6].
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(c) Microscope image of the oscillator
Fig. 1. Surface acoustic wave optomechanical oscillator: Theory and practical
realization
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The experimental realization of a SAW-OMO (Figure 1(a))
requires two optical whispering gallery modes that have extremely close frequencies (in relative optical terms) but at the
same time have different wavevectors. This requirement can
be expressed as follows
MP = MS + MA
ωP = ωS + ωA .

(1)
(2)

Here the Mi parameters are the number of periods of the
optical modes (‘P’, ‘S’ subscripts) and of the acoustical
mode (‘A’ subscript) around the circumference of the sphere,
and their relationship describes momentum conservation. The
simultaneous frequency relationship ωi describes energy conservation. This phase matching requirement is the result of
solving for a synchronous solution [9] to the optical and acoustical wave equations that describe the processes of photoelastic
scattering and optical electrostriction within the sphere. Light
is coupled in and out of the microsphere resonator [10] using
a tapered optical fiber [11]–[13]. Optical quality factors are in
the range of 108 .
Previous demonstrations of oscillations induced via Brillouin scattering, shown in CaF2 [14] and in silica [15],
depended on back-scattering from the acoustical wave to close
the internal feedback loop in the above described process.
When we consider momentum conservation in back-scattering,
the resulting phonons have a wavelength that is approximately
half of the pump light used. For a 1.5 um wavelength pump
propagating in silica, this translates to an optical wavelength
of 1 um within the resonator, and an acoustical wavelength
of 0.5 um resulting in frequencies in the 11 GHz range [15]
for when silica is the host material. However, the lifetime
for such hypersonic phonons is extremely short, resulting in
low acoustical finesse. The acoustical frequencies are primarily
dictated by material properties in this case.
A question arises whether lower frequencies, dictated to
some extent by geometry, can be targeted instead. Lower
frequency phonons would have much longer lifetimes within
the host material, and would have a much higher acoustical finesse within the microsphere. As opposed to previous
demonstrations of backward scattering, here we rely on forward scattering [8], [16] to generate lower frequency phonons.
Momentum conservation for forward scattering dictates that
the acoustic frequency is significantly smaller, and is of the
order of 100 MHz.
III. I DENTIFICATION OF MECHANICAL MODES
Previous OMO demonstrations, have primarily been based
on mechanical parametric oscillation of optical microcavities.
The standard varying parameter in these cases is the optical
path length and the mechanical modes can be described as
breathing modes (Figure 2(a)). The resulting optical spectrum at the output thus shows modulation effects (phase and
amplitude) with sidebands at both higher and lower frequencies. Higher frequency harmonics of these sidebands are also
present [4].

(a) Breathe modes generate both upper and lower sidebands
(with higher harmonics) to the optical input.

(b) Surface acoustic modes only generate a single reddownshifted sideband.
Fig. 2.

Differentiating mechanical modes through optical output signals.

Fig. 3. Verification of the surface-wave nature of a 150 MHz oscillation.
Only one Stokes red-shifted optical line is present adjacent to the pump.

In the case described in this work, the mechanical excitation
is a surface mode that travels unidirectionally along the equator
(Figure 2(b)). Light that is scattered from this traveling mode is
always downshifted from the pump due to the always-receding
nature of the mode. The optical path length does not change.
As a result, there is only a single Stokes-frequency optical
sideband that appears at the output.
Since there is a difference between the optical signatures
of the two types of mechanical modes, we can distinguish
between them by resolving the spectra of the output light
using an optical spectrum analyzer. We have experimentally
studied the optical spectra to confirm the generation of surface
mechanical modes (Figure 3).
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(a) Many low frequency oscillations (50 MHz - 1.4 GHz) can be excited (this
work)
Fig. 6. Oscillation linewidth narrows with increasing optical pump power,
consistent with the narrowing of laser linewidth.

(b) High frequency oscillations around 11 GHz can also be excited (prior art)
Fig. 4. Excitation of various oscillation frequencies while slowly scanning
the pump laser from 1520 - 1570 nm.

Fig. 7. Initial phase noise measurements indicate a 1/f 3 slope. The phase
noise measurement from a 94 MHz oscillation at -35 dBm signal power is
pictured here.

Fig. 5. The capability for continuous frequency tuning using temperature
exists. The tuning slope for a given oscillation depends on the specific
combination of optical and mechanical modes that participate in the process.
The pictured measurement is for a 141 MHz oscillation.

IV. E XPERIMENTAL RESULTS
A. Oscillation frequency and tuning
We have experimentally determined (Figure 4) that a single
device can show hundreds of discretely-selectable oscillation
frequencies through the described process. In the experiment
shown in Figure 4(a), we scanned the pump laser from 1520
nm – 1570 nm in order to probe many pump modes, while
keeping the electrical spectrum analyzer on the ‘peak hold’
setting. In the low frequency regime that this paper describes,
we were able to capture oscillations ranging from 50 MHz up
to 1.4 GHz.
We can combine this result with the previously demon-

strated ability to excite acoustical modes in the X-band
(11.5 GHz) frequency regime via Brillouin back-scattering
(Figure 4(b)). The implications of this combined result are
that a single device can produce oscillations ranging from
50 MHz–1.4 GHz, and also from 10 GHz–11.5 GHz. Indeed
there is a large gap between these frequency ranges where
oscillations have not been experimentally demonstrated. We
can, however, begin to fill this gap by using different pump
wavelengths and different materials.
Beyond the capability for discrete frequency selection with
this oscillator, we can also thermally tune the oscillation
frequency (Figure 5). Here, the major effect responsible for
tuning is the positive temperature coefficient of material stiffness for silica. The tunability however does appear to depend
on the specific mechanical and optical modes that participate
in any given oscillation. It must be noted that temperature
change also affects the optical modes.
B. Noise performance
We have performed several experiments studying the noise
performance of these oscillators. Our data shows narrowing
of the oscillation linewidth as a function of increasing pump
optical power (Figure 6). The linewidth narrowing is consistent

990

with lasing processes. This line narrowing behavior should
continue until the system reaches the Schawlow-Townes limit.
We also have preliminary phase noise measurements which
indicate a 1/f 3 characteristic close to carrier (Figure 7).
V. C ONCLUSIONS
We have experimentally demonstrated a class of optomechanical oscillators that excite surface acoustic waves on silica
microspheres through electrostrictive pressure generated by
light. While SAW are typically generated on planar piezoelectric substrates, with metal electrodes used for applying
electric fields, here we apply the electric field through a set
of virtual electrodes formed by light which co-propagates
with the traveling acoustical mode. Additionally, the excitation
mechanism of electrostriction is available in any dielectric
material, opening up broad possibilities in material selection.
Since SAW-based sensors are well-studied, the potential applications of this technology extend beyond oscillators into
various sensing techniques.
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Low-phase-noise and stable microwave signals are of prime importance in a variety of scientific
and technological fields, such as, for example, atomic frequency standards1,2, radar and remote
sensing, and very long baseline interferometry. The combination of ultra-stable lasers 3 and low
noise optical frequency division by use a femtosecond laser presents a possibility to realize extremely low phase noise microwave source with reliable and operational-level technology. We
have previously reported phase noise levels at -120 dBc/Hz at 1Hz from a 12 GHz carrier, with
white phase noise plateau approaching -140dBc/Hz 4,5,6.
We present here new strategies to improve the phase noise of our generated microwave signal
and increase reliability of the system. A 250MHz repetition rate fiber-based femto-second laser
system with an Electro-Optic Modulator inside its cavity is realized at a quasi-industrial level, in
close collaboration with RD teams from MenloSystems GmbH. This system was characterized to
allow about 500 kHz control bandwidth with moderate amplitude modulation cross-talk. Using
this unique feature, we were able to reach the ultra-stable regime, where the spectral linewidth of
the optical comb is limited by that of the continuous laser reference it’s locked to, instead of its
intrinsic noise properties. This very large bandwidth improves significantly our capability to
generate low-noise microwave signals with a scheme simpler than previously reported. Incidently, it also renders direct optics-to-optics comparission simpler and more stable.
We have also improved significantly the relative intensity noise (RIN) of the fiber-based optical
frequency comb, and studied extensively how to decrease its impact on low-phase noise microwave generation via photo-detection. A thorough characterization of the amplitude-phase conversion factor of several commonly used photodetector has been realized (see 7 for more details).
Amplitude-phase conversion factor below 0.03 rad per relative intensity change can be realized
reliably for a given set of operating conditions when generating 12 GHz microwave signals. The
currently achieved intrinsic RIN (below -135 dBc/Hz in the 10Hz-100kHz Fourier frequency
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range) 8 of our laser leads us to state with confidence than the residual amplitude phase conversion is a negligible compared to other sources of excess noise, in particular shot noise which
arise from limited microwave signal to noise ratio.
To finish, and in order to improve the shot noise limit of our system, we have implemented experimentally a repetition rate multiplication technique 9 which allows us to go from 250 MHz to
4 GHz repetition rate with a simple and compact device based on a ladder Mach-Zender Interferometr topology. This multiplication is realized with minute degradation in low Fourier frequencies phase noise spectrum as we confirmend experimentally. The resulting increase in useful signal at 12 GHz (up to -4 dBm obtained with a High Linearity Photodiode from Discovery Semiconductor) allows us to obtain a white residual phase noise plateau at ~156dBc/Hz (for a very
preliminary result), at the very best level of performance ever achieved for microwave generation
with femtosecond frequency combs.
These three techniques put together pave the way to a very simple and compact microwave generator with ultra-low phase noise on a very broad part of the Fourier frequencies spectrum. We
can therefore envision in a close future to generate a microwave signal at 12 GHz with a phase
noise at -120 dBc/Hz flicker noise at 1Hz from the carrier, 10-16τ -1 Allan deviation (with τ>1 the
number of averaging seconds) and a white phase noise plateau approaching -160dBc/Hz.
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Abstract—Scattering mechanisms in optical fiber induce noise in
the spectra of optical signals travelling through the fiber. This
fiber-induced noise limits the quality factor of optical fiber
resonators and degrades low-noise signals transmitted via
optical fiber. In this work, we present preliminary data from
our systematic study of optical scattering in fiber. We present
noise spectra for Rayleigh and Brillouin scattering. We also
demonstrate suppression of these scattering mechanisms via
laser frequency modulation.

I.

INTRODUCTION

Length dependent noise in optical fiber limits the
performance of radio frequency (RF) photonic systems [1,2].
The sources of this optical-fiber-induced noise must be
indentified and mitigated in order to optimize RF-photonic
systems. Optical scattering represents one class of fiberlength-dependent mechanisms that can induce noise in optical
signals transmitted via fiber. Interactions between incident
light and density fluctuations in optical fiber can alter the
wave vector and frequency of portions of the incident light.
These interactions alter the phase delay and loss experienced
by light in the fiber in a random fashion. These random
variations in phase and amplitude amount to noise imprinted
on the incident optical signal.
In this work, we present preliminary data from our
systematic study of optical scattering in fiber. The data we
present exhibits evidence of both Brillouin and Rayleigh
scattering in fiber.
Our data demonstrates that both
mechanisms can contribute to the noise induced on optical
signals transmitted via fiber. Furthermore, we demonstrate
that this optical noise converts to electrical noise after
photodetection, thereby increasing the noise of any RF signals
imprinted on the optical beam. Finally, we demonstrate the
suppression of both Brillouin and Rayleigh scattering by
frequency modulating the incident optical signal.
II.

OPTICAL SCATTERING MECHANISMS

A. Rayleigh Scattering
Rayleigh scattering can be described as scattering of
incident light off of stationary density fluctuations in the

optical fiber [3]. Whenever light approaches the boundary
between two regions with different indices of refraction, a
portion of the light is reflected off of the interface. Since the
dimensions of these density fluctuations are on the order of the
wavelength of the incident light, the light can be scattered in
many directions. Since these density fluctuations are located
randomly along the length of the fiber, the induced scattering
generates phase and amplitude noise.
The density fluctuations can themselves be induced by the
incident light via electrostriction leading to stimulated
Rayleigh scattering (STRS) [4]. The limited data in the
literature on Rayleigh scattering in optical fiber suggests that
the Rayleigh gain bandwidth is on the order of 10 kHz [5]. In
addition, because the density fluctuations are nearly stationary,
Rayleigh scattering does not induce a significant frequency
shift in the scattered light. The scattering data we present at
power levels below 10 dBm are consistent with the above
characteristics of Rayleigh scattering.
B. Brillouin Scattering
Brillouin scattering is caused by the interaction between
the incident light and phonons within the fiber [6]. These
phonons can be thought of as moving density fluctuations as
opposed to the stationary density fluctuations that cause
Rayleigh scattering. Because phonons have a finite energy,
the interaction induces a frequency shift in the scattered light.
This frequency shift is approximately 11 GHz in optical fiber.
Due to the conservation of both energy and momentum, the
finite phonon momentum causes Brillouin scattering to occur
primarily in the counter-propagating direction.
At approximately 10 MHz, the Brillouin scattering
bandwidth is significantly greater than that of Rayleigh
scattering. As in the case of Rayleigh scattering, the incident
light can amplify phonons via electrostriction thereby leading
to stimulated Brillouin scattering (SBS). The data we present
in this work shows that SBS requires significantly greater
power levels than STRS. This result is consistent with the
literature [5].

This work was funded by the U.S. Defense Department Coalition
Warfare Program.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

994

C. Backscattered versus transmitted spectra
Our ultimate goal is to determine the effects of both
Rayleigh and Brillouin scattering on the spectrum of the light
transmitted through a length of optical fiber. It is this
transmitted spectrum that is converted into electrical phase
noise in RF-photonic systems. However, we first characterize
both scattering mechanisms by measuring the spectrum of the
backwards scattered light. Both Rayleigh and Brillouin
scattering contribute to the backward scattered light whereas
most other fiber length dependent noise mechanisms do not.
Therefore, the backward scattered spectrum allows us to
analyze the effects of both scattering mechanisms separately
from other noise phenomena such as Kerr interaction or
dispersion.
III.

bandwidth of the optical spectrum analyzer (0.01 nm). We
require higher resolution measurements to properly resolve the
SBS bandwidth and determine the effects of Rayleigh
scattering.

OPTICAL DOMAIN MEASUREMENTS

We began our study with broadband optical domain
measurements. These measurements were performed with an
optical spectrum analyzer with a bandwidth greater than 300
nm at 1550 nm. Performing broadband measurements
allowed us to determine the spectral regions in which the
backscattered light was concentrated.

Figure 2. A plot of the optical spectra of the backscattered light from a 6
km spool of single-mode fiber with varying input power levels.

IV.

ELECTRICAL DOMAIN MEASUREMENTS

In order to gain greater resolution, we performed
electrical-domain measurements on the backscattered optical
spectrum. By down-converting the backscattered signal into
the electrical domain, we sacrifice bandwidth but increase
spectral resolution. Since we had already determined the
spectral regions of interest using our optical domain
measurements, we could perform narrow-band high-resolution
measurements around these regions.
A. Experimental Setup
Figure 1. A schematic diagram of our optical-domain backscatter
measuremets.

A. Experimental Setup
Fig. 1 shows a schematic diagram of our optical-domain
backscatter measurement setup. We used a 100 mW
distributed feedback (DFB) semiconductor diode laser. The
variable optical attenuator (VOA) was used to alter the optical
power into the fiber without changing the relative power
spectrum of the incident light. The circulator separated the
incident light from the backscattered light. The latter was sent
to our optical spectrum analyzer.
B. Experimental Results
Fig. 2 shows the optical spectra of the back-scattered light
from a 6 km spool of single-mode fiber with varying input
power levels. The data highlights three regions of interest:
the spectral region around the wavelength of the incident light,
and the regions approximately 0.1 nm above and below the
wavelength of the incident light. The latter two regions
correspond to the anti-Stokes and Stokes wavelengths induced
by Brillouin scattering [6]. The increased optical power
measured in the Stokes region for input power levels above 11
dBm is due to SBS. However, the bandwidth of the Stokes
spectrum shown in Fig. 2 is limited by the resolution

Figure 3. A schematic diagram of our electrical-domain coherent
backscatter measuremets

We use the same laser, VOA, and circulator used in the
optical-domain measurements. We use photodetectors to
convert the backscattered light into electrical currents which
we then transmit to a high-resolution electrical spectrum
analyzer (ESA). However, the backscattered optical power
can be as low as –60 dBm. At such low power levels, the
photodetector output is dominated by shot noise. To increase
the sensitivity of our electrical domain measurement, we used
a coherent detection scheme. We split off 25% of the laser
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power and sent it into one input of a 2-by-2 optical combiner.
This portion of the laser power was used as a local oscillator
(LO) signal. The backscattered light from the circulator was
sent into the other input of the combiner. The combined
optical signal was then sent to a pair of balanced detectors.
The output current from the balanced detector pair was
proportional to the product of the backscattered and LO field
amplitudes. In other words, we used the LO signal to
coherently amplify the backscattered signal above the shot
noise level of the photodetectors.

Fig. 5 shows a plot of the backscattered power spectra
from a 6 km spool of single-mode fiber. We measure
significant levels of power-dependent noise for incident power
levels as low as –10 dBm.

B. Experimental Results
In the electrical domain, the spectral regions of interest
are: the region around the Stokes-frequency shift
(approximately 11 GHz), and the region around DC where
which corresponds to the region around the incident light
central frequency in the optical domain.
1) Brillouin Scattering Data

Figure 5. A plot of the backscattered power spectra from a 6 km spool of
single-mode fiber measured in the electrical domain for varying input power
levels. These spectra were measured in the frequency range around DC.

At offset frequencies less than 10 kHz, the relative noise
power increases with increasing input power. However, for
offset frequencies greater than 10 kHz, the relative noise
power decreases with increasing optical power. This gain
filtering suggests a Rayleigh scattering bandwidth of
approximately 10 kHz. This result is consistent with the
literature on Rayleigh scattering in optical fiber [5].

Figure 4. A plot of the backscattered power spectra from a 6 km spool of
single-mode fiber measured in the electrical domain for varying input power
levels. These spectra was measured in the frequency range around the
Brillouin-induced Stokes shift.

Fig. 4 shows a plot of the backscattered power from a 6
km spool of single-mode fiber measured in the electrical
domain. The peak backscattered power for all input power
levels was approximately 10.61 GHz. The bandwidth of the
Brillouin scattered spectra was on the order of 10 MHz. We
were able to measure Stokes-shifted signals above the shot
noise level for input power levels above 8 dBm. Due to the
limited bandwidth of the SBS spectrum, we expect that the
Brillouin scattered light will only directly interfere with RFsignals with frequencies within 10-20 MHz of the 10.6 GHz
Stokes frequency.
2) Rayleigh Scattering Data
To investigate the Rayleigh spectra, we measured the
spectrum of the electrical signal from the photodetectors
around DC. In particular, we focused on the range of
frequencies between 10 Hz and 1 MHz. This range
corresponds to the frequency range shifted between 10 Hz and
1 MHz from the central frequency of the incident optical
beam.

Figure 6. A plot of the relative backscattered power versus incident optical
power for varying offset frequencies.

Fig. 6 shows a plot of relative backscattered power versus
incident optical power for varying offset frequencies. These
level curves highlight the gain filtering induced by STRS. At
10 and 100 Hz offset from the central frequency of the
incident light, the scattered power increases with the incident
power until approximately 8 dBm. At incident power levels
greater than 8 dBm, the relative backscattered power spectral
density remains fixed at approximately –85 dBc/Hz at 10 Hz
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offset frequency. It is at this power range that we begin to
observe significant Brillouin scattering. This data suggests
that at power levels above 8 dBm, SBS draws power away
from the Rayleigh scattering process, thereby clamping the
STRS gain.
V.

producing scattered light in both the forward and backward
directions.

TRANSMISSION SPECTRA

Having characterized both Brillouin and Rayleigh
scattering in our fiber spools, we then measured the spectra of
the transmitted light through the same spools. We focused on
the region between 10 Hz and 1 MHz from the central
frequency of the incident light. This region will be converted
to electrical noise at the photodetector regardless of the RF
frequency of the specific RF-photonic system. The Stokes
frequency range, on the other hand, will only be relevant for
RF-photonic systems operating at or near 10. 6 GHz.
A. Experimental Setup
Figure 8. A plot of transmitted power spectra through a 6 km single-mode
fiber spool for varying input power levels. This input power range from –4
to 11 dBm is dominted by stimulated Rayleigh scattering.

2) Brillouin Scattering Regime

Figure 7. A schematic diagram of our electrical-domain transmitted
spectrum measurement setup.

Fig. 7 shows a schematic diagram of our transmitted
spectrum measurement setup. We use the same laser and
VOA used in our previous measurements. However, we
remove the circulator and measure the transmitted optical
power from the fiber under test. After the photodetector, a
low noise amplifier (LNA) is used to increase the sensitivity
of our measurement system. The LNA is AC-coupled with a
0.2 Hz corner frequency. This AC-coupling effectively filters
out the DC current from the incident light beam. Suppressing
this DC current allows us to measure the much lower noise
levels in the range between 10 Hz and 1 MHz around the
central carrier.
B. Experimental Data
We varied the optical power into the fiber from –4 dBm to
17 dBm. We found two qualitative regimes: a low-power
regime where the noise spectra were dominated by Rayleigh
scattering; and a high-power regime where Brillouin scattering
affected the noise spectra. We present experimental data for
these two regimes separately in the following subsections.
1) Rayleigh Scattering Regime
Fig. 8 shows a plot of transmitted power measured in the
electrical domain from a 6 km spool of single-mode fiber.
The input power levels ranged from –4 to 11 dBm. For input
power levels below 11 dBm, the spectra resemble the
Rayleigh backscatter data we presented in previous sections.
We observe the same gain-filtered noise spectrum with a 10
kHz bandwidth. This is consistent with our initial hypothesis
that Rayleigh scattering in optical fiber is largely isotropic,

Figure 9. A plot of transmitted power spectra through a 6 km singl-mode
fiber spool for varying input power levels. This input power range from 11
to 17 dBm is dominated by stimulated Brillouin scattering.

Fig. 9 shows a plot of the transmitted power measured in
the electrical domain from a 6 km spool of single-mode fiber.
The input power levels ranged from 11 to 17 dBm. For this
range of input power levels, we found that the spectra deviate
significantly form backscattered spectra for the same spool.
We find that for offset frequencies beyond the Rayleigh
scattering bandwidth, the transmitted noise increases with
increasing optical power.
This increased noise can be
explained by pump depletion due to SBS. The SBS effect
randomly removes power from the incident light and transfers
it to the Stokes beam. This random power modulation results
in an increase in the noise spectra of the incident light beam.
At power levels above 13 dBm, we observe Fresnel fringes
in the transmitted spectra. The frequency spacing of these
Fresnel fringes (~17 kHz) corresponds to a cavity length equal
twice the length of the fiber spool under test. These Fresnel
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fringes can be explained by double Brillouin scattering. As
the incident light travels down the length of the fiber, SBS
generates a Stokes beam that travels in the opposite direction.
This backscattered Stokes beam in turn generates an antiStokes beam with the same frequency as the original incident
light beam. This Stokes-induced anti-Stokes beam then
reflects off connectors at the other end of the fiber and travels
back down to the photodetector. At the detector, the doublescattered beam interferes with the original incident beam to
generate Fresnel fringes. Our data demonstrates that, despite
the Stokes frequency shift, SBS can contribute indirectly to
the noise in the frequency range close to the original incident
optical beam’s central frequency.
VI.

modulation, external amplitude modulation, and direct
frequency modulation via modulation of the laser drive
current. The data shows that frequency modulation is the
most effect means of suppressing SBS. In both cases, a 10
MHz RF modulation tone with 10 mW of power was used.
Frequency modulating the laser led to a SBS suppression
factor of 50 dB, whereas amplitude modulation only reduced
the SBS gain by 15 dB.

SCATTERING SUPPRESSION

Our ultimate goal is to characterize fiber-length-dependent
noise in RF-photonic systems and investigate means of
suppressing this noise. It is well known that length dependent
noise is present in optoelectronic oscillators (OEOs) [1].
Maleki et al. have demonstrated that frequency modulation of
the laser in an OEO can suppress some of this fiber-length
dependent noise [7]. Fig. 10 shows the phase noise from a 6
km OEO with and without frequency modulation. The data
shows that frequency modulation can suppress the phase noise
of the OEO by more than 10 dB.

Figure 11. A plot of the peak Stoke power from a 6 km spool versus input
optical power for various modulation schemes.

B. Rayleigh Scattering Suppression
To determine the effect of laser frequency modulation we
measure the backscattered power in the electrical domain at 10
Hz offset frequency for varying input power levels with and
without laser frequency modulation. This measurement
allows us to estimate the peak Rayleigh scattered noise power
versus input power in a 6 km single-mode fiber spool.

Figure 10. A plot of the phase noise from a 6 km OEO with and without
laser frequency modulation.

If the fiber-length-dependent noise observed in the OEO is
caused in part by either Brillouin or Rayleigh scattering, we
would expect that laser frequency modulation would also
suppress the Rayleigh or Brillouin scattered power.
A. Brillouin Scattering Suppression
To determine the effect of frequency modulation on the
Brillouin scattered spectrum, we repeat our optical-domain
measurements while modulating the incident light into the
fiber. The incident light is modulated in two ways. We
modulate the drive current into the laser. Doing so modulates
both the amplitude and the frequency of the laser signal. To
separate the effect of laser amplitude modulation from
frequency modulation, we also amplitude modulate the laser
output using an external amplitude modulator.
Fig. 11 shows the peak optical Stokes power (relative to
the input power) versus input optical power for three cases: no

Figure 12. A plot of the peak Rayleigh-scattered power from a 6 km spool
versus input optical power with and without laser frequency modulation.

Fig. 12 shows a plot of the peak Rayleigh-scattered power
form a 6 km spool of single-mode fiber versus input optical
power with and without laser frequency modulation. The data
shows that frequency modulation suppresses the Rayleighscattered power by more than 50 dB. Like SBS, STRS is
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suppressed by frequency modulation of the incident optical
beam.
VII. CONSLUSIONS
In this work, we present data demonstrating the effects of
Brillouin and Rayleigh scattering on both the backscattered
and transmitted spectra of light incident on a length of singlemode optical fiber. Our data shows that both Rayleigh and
Brillouin scattering contribute to the noise within 1 MHz of
the central frequency of the transmitted optical beam. This
scattering-induced optical noise is converted to RF noise after
photodetection. Our data shows that Rayleigh scattering
dominates the scattering-induced noise at input power levels
below 11 dBm. Stimulated Brillouin scattering dominates the
noise at input power levels above 11 dBm. At input power
levels above 13 dBm, we observe evidence of noise induced
by double-Brillouin scattering in a 6 km fiber spool. Finally,
we show that laser frequency modulation reduces the
magnitude of both Rayleigh and Brillouin-induced noise in
optical fiber.
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Abstract— Optical fiber-length-dependent flicker phase noise
has been identified as a major limit to the reduction of phase noise
in opto-electronic oscillators (OEOs). We outline a systematic
approach to model the optical path of the OEO, and investigate
the sources of length-dependent phase noise in the optical path
and how they are effected by the dispersion and Kerr nonlinearity
of the optical fiber.

I. I NTRODUCTION
Optical fiber-length-dependent flicker phase noise is a major limit in opto-electronic oscillators (OEOs) and other RF
photonic devices [1]. Identifying the sources of this effect and
mitigating them is important to increase the performance of
RF photonic systems using long fiber lengths. A number of
different phenomena can in principle contribute to this effect,
these include: the conversion of laser frequency noise into
RF phase noise via fiber dispersion [2]; the conversion of
laser amplitude noise into RF phase noise via third order
dispersion and Kerr nonlinearity; parametric amplification of
the laser noise, which is then converted into RF phase noise
in the photodetector or RF amplifiers; and the conversion of
laser noise into RF phase noise via scattering processes in the
optical fiber, including Brillouin and Rayleigh scattering and
scattering from end-faces and connectors [3].
Due to the increase in the system Q as the length of the
optical fiber is increased, the RF phase noise of an OEO should
decrease with increasing fiber length; however, in experimental
systems this expected decrease is not observed at lower frequencies. Fig. 1 shows the experimentally measured RF phase
noise in an OEO with three different fiber lengths. While the
phase noise around 10 kHz decreases with increasing length,
the phase noise below 1 kHz is considerably higher than that
the expected phase noise (shown as the dashed lines); indeed,
in the measured system at frequencies around 10 Hz there was
essentially no improvement in the phase noise when the fiber
length was increased by an order of magnitude, from 500 m
to 6 km. This has been found to be consistent with a flicker
noise source that increases as the fiber length is increased [5].
In order to understand the sources of this length-dependent
flicker noise and their relative effect on the RF phase noise in
the OEO we model the optical transfer of both signal and noise
through the optical path, including the effects of laser noise,
fiber loss, dispersion, and Kerr nonlinearity. We show that for
physically realistic noise powers the effects of laser amplitude

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Fig. 1. The experimentally measured phase noise in an OEO (solid lines)
and the theoretically expected phase noise (dashed lines) for three different
lengths of fiber illustrating the length-dependent flicker noise in the OEO [4].

noise amplification and conversion to RF phase noise are much
smaller than the white noise floor of the system and are not
candidates for sources of length-dependent flicker noise.
II. M ODELING THE OPTICAL PATH
A typical OEO system configuration is illustrated in Fig. 2
which shows the evolution of the signal and the noise sources
in both the optical and electronic domains. These noise sources
include the shot noise of the photodetector, the thermal and
flicker noise in the amplifier, the laser noise, and spontaneous
scattering noise induced in the optical fiber.
The RF signal undergoes a complex nonlinear evolution as
it travels through the optical path from point (1) in Fig. 2
where it is AM modulated onto the optical carrier (2) by the
electro-optic modulator (EOM) and travels through the optical
fiber (3). The photodetector (4) converts the optical signal to
the RF domain again, and mixes the multiple harmonics of the
RF signal around the optical carrier, giving multiples of the
RF signal frequency, which are then amplified and filtered in
the RF domain to produce a single RF frequency, and lastly
fed back into the modulator.
A. The electo-optic modulator
Firstly, the electro-optic modulator imprints the electronic
input signal onto the laser output. The generic expression for
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oscillator around the optical carrier,
∞
Elaser X m h
j η1 Jm (v1 Vin )
2 m=−∞
i
n
o
+ η2 Jm (v2 Vin ) exp(jψ) exp jm[ω0 t + φ(t)) . (4)

Eopt (t) =

B. Laser phase and amplitude noise

Fig. 2. The OEO system showing the sources of noise and the harmonics
of the RF signal at different points in the loop.

the electric field at the output of the modulator is given by the
equation,
Eopt (t) =


1
Elaser (t) η1 exp[jv1 Ain (t)]
2
+ η2 exp[jv2 Ain (t) + jψ] , (1)

where Ain (t) is the RF input signal, η1,2 are determined by the
extinction ratio, v1,2 are determined by Vπ and the modulator
chirp, and ψ is determined by the bias.
Directly after modulator the optical power is given by,

P0  2
η1 + η22 + 2η1 η2 cos[(v2 − v1 )Ain (t) + ψ] ,
4
(2)
where P0 is the laser input power.
These modulator parameters of Eq. 1 can be related to the
physical device parameters the half-wave voltage Vπ , the bias
voltage VB , and the modulation depth η by the following
relations
P (t) =

η = 2η1 η2
π
Vπ =
v1 − v2
Vπ
π
VB =
ψ−
π
2

(3)

with the restriction that η12 + η22 = 1.
Using these parameter definitions Eq. 2 is equal to the
standard formula for optical power after the modulator that
was given in Yao-Maleki [6], Furthermore, we assume the RF
input to the modulator is a cosine with amplitude Vin (t) noise
and φ(t) phase noise given by


Ain (t) = Vin (t) cos ω0 t + φ(t) .
Then we use the Jacobi-Anger expansion and write the optical
signal as a multi-scale expression for the harmonics of the RF

A likely source of length dependent flicker noise comes
from the laser noise converted to RF phase noise by some
process in the fiber. It is therefore important to take the laser
frequency and amplitude noise into account in any noise model
of the OEO. The laser frequency and amplitude noise in an
OEO was recently measured by Volyanskiy et al. [2]. Their
measured spectra showed the laser frequency noise with a
1/f slope at frequencies below 1 kHz and RIN with a slope
of 1/f to 1/f 1.5 at lower frequencies. In this paper we use
laser frequency noise and RIN noise power spectra that are
within the range of their experimentally measured results. The
experimental results also depended strongly upon the power
of the laser; in the simulations we do not change the laser
noise so that the effects of fiber nonlinearity can be isolated.
We model the 1/f noise using a spectral filtering algorithm
as described in Levy et al. [5].
The laser output including RIN and laser phase noise is
given by,
"
#
Z t


0
0
Elaser (t) = E0 1 + αRIN (t) exp jωc t + j
∆ω(t )dt ,
0

(5)
where E0 is the field amplitude of the laser, ωc is the optical
carrier frequency, αRIN (t) is the laser amplitude noise, and
∆ω(t) is the laser frequency noise.
C. The optical fiber
The signal from the modulator is directly coupled into an
optical fiber. We model the propagation of the optical signal
through the fiber including the effects of loss, dispersion, thirdorder dispersion, and Kerr nonlinearity using the following
equation [7],
α
∂E
β2 ∂ 2 E β3 ∂ 3 E
∂E
= − E −β1
−j
+
, +jγ|E|2 E (6)
∂z
2
∂t
2 ∂t2
6 ∂t3
where α is the fiber loss, β1 = 1/vg with vg being the group
velocity, β2 = β 00 (ωc ) the dispersion, β3 = β 000 (ωc ) is the
third-order dispersion, and γ is the nonlinear coefficient. Here
we take typical parameters for the Corning R SMF-28 fiber
of α = 0.16 dB/km, β2 = −20 ps2 /km, β3 = 0.1 ps3 /km,
γ = 0.0015 (W m)−1 .
The laser frequency noise is inherently large at optical frequencies due to the large operating frequency of the laser. The
optical phase noise is therefore extremely large, which greatly
restricts the time discretization of the numerical simulations
if implemented directly. For efficient simulations we do not
explicitly calculate with the laser phase noise, instead we
make the substitution E(t, z) = Elaser (t)A(t−z/vg , z); where
Elaser (t) is given by Eq. 5 and A(t, z) is the propagating
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envelope initially given by the modulator response, delayed
by the group velocity. This leads to an equation in A(t, z)
2
3
β3 
α
β2 
∂A
' − A−j
∂t +j∆ω(t) A+
∂t +j∆ω(t) A
∂z
2
2
6

2
+ jγP0 1 + αRIN (t) |A|2 A, (7)
where we no longer need to directly model the large laser
phase noise.
Furthermore, to model the frequencies close to the RF
harmonics we can expand the field A(z, t) near the harmonics
of the RF oscillation frequency, w0 . Namely, we write
A(z, t) =

M
X

am (z, t) exp(jmω0 t),

(8)

m=−M

Fig. 3. Theoretical optical power in the harmonics for a 10 GHz OEO after
6 km of transmission through SMF-28 for different input laser powers.

where M is the number of harmonics that are modeled in
the optical domain. This assumption is equivalent to assuming
the noise spectrum is slowly varying compared to the RF
oscillation frequency. Substituting Eq. 8 into Eq. 7 we arrive
at a set of coupled PDEs
2
α
β2 
∂ am
= − am − j
∂t + j∆ω(t) am
∂z
2
2
M
M
X
X


β3
3
aj ak a∗j+k−m .
+
∂t + j∆ω(t) am + jγ
6
k=−M l=−M

(9)
The nonlinear term contains all cross-phase modulation and
four wave mixing terms. The numerical solution of these
coupled equations allows the noise signals close-in to the
carrier to be propagated with full nonlinear dynamics.
D. Detection
The detector completes the optical path and converts the
optical signal to the electronic domain. Using the notation of
Eq. 8 the detected signal at the fundamental RF frequency is
given by the following equation
VRF (t) = ρR

∞
X

am (L, t)a∗m−1 (L, t) exp(jω0 t)

m=−∞

All other harmonics will be filtered in the electronic domain,
so we need only consider in this fundamental RF frequency.
If the optical fiber is modeled as a perfect delay with no
other effects then the RF signal reduces to the equation given
by Yao and Maleki [6]
(ideal)

VRF

(t) =

III. T HE LARGE SIGNAL BEHAVIOR
As a first step, it is necessary to find the stationary state of
the system. Once the steady state is identified, it is possible
to calculate the impact of the laser, photodetector, and RF
amplifier noise on the OEO’s phase noise.
In general there will be two main effects on the evolving
harmonics in the optical domain: Firstly, increasing the nonlinearity will increase the power transferred to the harmonics
further from the carrier in the optical domain due to spectral
broadening. Secondly, the phase of the harmonics will rotate
due to both dispersion and nonlinear effects leading to reduction of the detected signal, if a perfect modulator is considered.
The calculated power in the optical harmonics at the end
of a 6 km optical fiber is shown in Fig. 3. As expected
as the optical power is increased the power in the signal
broadens in the frequency domain. For power levels below
100 mW the majority of the power is in the three lowest order
harmonics; however, above this cutoff power in the higherorder harmonics increases quickly.
The phase of the harmonics is changed by dispersion
and nonlinearity, if we neglect the amplitude changes just
described, which is approximately valid for laser powers less
than 100 mW, we can write the phasor at the end of the fiber
as the input phasor rotated by a phase θm

 1
am (L) = am (0) exp − αz + jθm
2
Assuming that the majority of the signal comes from the three
lowest order harmonics (m = −1, 0, 1) the relative depahsing
factor between the beating harmonics is given by



P0
πVB 
πVin 
Rρη cos
J1
cos ω0 t + φ(t)
2
Vπ
Vπ

δ=

where R is the impedence. We use this ideal response of the
optical path as a comparison for the results of the different
optical effects.

θ1 (L) + θ−1 (L)
− θ0 (L)
2

For dispersion alone this dephasing factor would be given by
β2
δ=
ω0 L; however, in the presence of nonlinearity it must
2
be calculated numerically. Assuming an ideal modulator any
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Fig. 4. Calculated detected power for a 10 GHz OEO for a modulator with
zero chirp, η = 0.7, Vπ = 5.1 V and VB = 2.6 V. The solid black line is
the expected detector power if only fiber loss was considered.

Fig. 5. Calculated detected power for a 10 GHz OEO for a modulator with
a chirp of α = 0.6, η = 0.7, Vπ = 5.1 V and VB = 2.6 V. The solid black
line is the expected detector power if only fiber loss was considered.

dephasing would cause a decrease in the detected signal that
is given by

a RF phase noise due to propagation through a fiber of length
L of,
φRF (z) = β2 ω0 L∆ω(t),
(11)

(ideal)

VRF (t) = exp(−αL) cos(δ)VRF

(t)
which is the same equation given by Volyanskiy et al. [2].

This is shown in Fig. 4 where the detected power for an
unchirped modulator for different laser powers is shown. The
lower power curve is considerably decreased over the case
where there is only fiber loss, and increasing the power causes
the Kerr nonlinearity to increasingly oppose the phase rotation
due to the dispersion.
For a modulator with non-ideal extinction ratio and chirp
the RF harmonics will have different phases immediately
after modulation which will be further changed by optical
propagation. This can increase or decrease the detected signal
depending on the chirp of the modulator. Most commercial
modulators have chirps that cancel the effect of anomalous
dispersion; therefore having modulator chirp will increase the
detected signal in the presence of optical dispersion. This is
shown in Fig. 5. The detected power for low laser powers is
higher than that in Fig. 4 due to the modulator chirp.
IV. RF AND OPTICAL NOISE BEHAVIOR
A. Dispersion
Expanding Eq. 7 and neglecting third order dispersion,
nonlinearity, higher order noise terms and assuming the laser
frequency noise is a slow signal compared to the frequencies
of interest we obtain
∂A
∂A
α
β2 ∂ 2 A
− β2 ∆ω(t)
'− A−j
∂z
∂t
2
2 ∂t2

(10)

the left hand side can now be seen as a random timing jitter
driven by the laser frequency noise, and the terms on the righthand side of Eq. 10 give the fiber loss and a phase rotation
in the frequency domain. The timing jitter of β2 ∆ω(t)z can
be converted to a phase shift of the RF frequency leading to

B. Kerr nonlinearity
In recent experimental measurements the RF phase noise in
an OEO using standard fiber as well as dispersion shifted fiber
(DSF) were compared [4]. The experimental results failed to
show the expected decrease in length-dependent flicker noise
that would be expected if the conversion of laser frequency
noise to RF phase noise discussed in the previous section
was dominant. Furthermore, the results were highly power
dependent indicating that there is a dominant nonlinear process
that drives the length-dependent flicker noise. In this section
we investigate the Kerr nonlinearity of the fiber and determine
its role in length-dependent noise in the OEO.
Considering Kerr nonlinearity alone the optical signal only
experiences a nonlinear phase rotation. After direct detection
this has no effect on the noise or large signal dynamics of the
OEO. However, the combination of nonlinearity and dispersion
can have complex effects. In the previous section these effects
were investigated with regards to the large signal behavior.
The effect of nonlinearity and dispersion can also affect the
noise, specifically it can cause noise mixing of noise between
channels through cross-phase modulation and in addition can
cause parametric amplification of noise, where power from the
pump is transferred via four-wave mixing to the noise.
To investigate their effects on the noise after detection we
use numerical simulations of the optical path described in the
preceding sections, from modulator input to detector output.
We begin taking a system with a noise-free RF input and
adding laser phase noise alone to the simulations. As discussed
previously, dispersion directly converts laser frequency noise
to RF phase noise after detection. This is shown in Fig. 6 the
dashed lines indicate different laser powers, while assuming
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(a)

(b)

(a)

Fig. 6. The theoretical detected RF (a) frequency and (b) amplitude noise
converted from a typical laser frequency noise spectrum by dispersion and
nonlinearity in a 6 km length of SMF-28 fiber.

(a)

(b)

Fig. 8. The theoretical detected RF (a) phase and (b) amplitude noise spectra
after optical propagation with an RF phase noise input for a 6 km length of
SMF-28 fiber.

(a)

(b)

Fig. 7. The theoretical detected RF (a) phase and (b) amplitude noise spectra
after optical propagation with a typical laser RIN at the input for a 6 km length
of SMF-28 fiber.

the same laser frequency noise at each power. We see that
the RF phase noise is the same independent of power, and
has excellent agreement with the linear calculation of Eq. 11
shown as the solid line.
Figure 7 shows the results of similar numerical experiments
where in this case the only noise in the simulations is the
laser RIN noise. The RIN converts directly to RF amplitude
noise as expected, and is also parametrically amplified through
propagation in the fiber, but only at powers which are considerably higher than that used in experimental OEOs and only by
a small amount. Kerr nonlinearity and third order dispersion
can also convert RIN to RF phase noise as seen in Fig. 7a;
however, this is expected to be negligible — it is well below
the white noise floor of the system.
With zero laser noise the conversion of a typical RF phase
noise on the input signal before the modulator to RF phase
and amplitude noise at the detector output is shown in Fig. 8.
The RF phase noise out is not affected by Kerr nonlinearity
and remains constant at different powers. Similarly, with zero
laser noise the conversion of a typical RF amplitude noise
on the input signal before the modulator to RF phase and
amplitude noise at the detector output is shown in Fig. 9.
The RF amplitude noise marginally decreases with increasing

(b)

Fig. 9. The theoretical detected RF phase and amplitude noise spectra after
optical propagation with an RF amplitude noise input for a 6 km length of
SMF-28 fiber.

laser power, due to nonlinear squeezing effects. Third order
dispersion converts RF amplitude noise to RF phase noise,
which is less than other sources of RF phase noise in the
system, and as the amplitude noise is gain clamped by the
saturable gain of the loop, is not expected to be large at low
frequencies.
V. C ONCLUSION
We are conducting a systematic investigation of the optical
domain portion of OEOs with a view to modeling major
optical processes that contribute to length-dependent RF phase
noise. To date we have investigated the effects of dispersion
and nonlinearity on both the large signal and noise in the OEO
optical path. As has been previously demonstrated, dispersion
converts laser frequency noise to RF phase noise; however,
experiments have indicated that this is not the only source
of length-dependent noise and the noise increases nonlinearly
with the optical power. We have found that the Kerr nonlinearity of the fiber was not the cause of this observed nonlinear
length-dependent RF phase noise. In the future we plan to
theoretically investigate other possible nonlinear amplification
processes in the fiber, in particular Brillouin and Rayleigh
effects.
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Abstract— We report on a study of hyper-parametric oscillation in high-Q calcium fluoride and magnesium fluoride optical
microresonators, and show that, magnesium fluoride microresonators generate wider Raman-free Kerr frequency combs at
telecom wavelengths, in contrast with calcium fluoride ones. We
observed 30 nm wide frequency combs in magnesium fluoride
microresonators pumped with only 2 mW of continuous wave
1543 nm light.

I. I NTRODUCTION
Optically pumped solid state microresonators allow generating optical frequency combs resulting from four-wave mixing
(FWM) in the resonator host material (frequently dubbed as
Kerr combs) [1]-[11]. The efficiency of the FWM process
depends on group velocity dispersion (GVD) and the thermorefractive properties of the resonator modes. Anomalous GVD
as well as small thermo-refractivity is desirable for generation
of octave-spanning Kerr combs [8]. On the other hand, stable
frequency combs are also produced in resonators possessing
normal GVD [2], [3], [12]. In this work we discuss results of
our recent efforts on optimization of the resonator morphology
and host material selection for generation of stable Kerr combs
at telecom wavelengths. We have compared optical combs
generated in calcium (CaF2 ) and magnesium (MgF2 ) fluoride
whispering gallery mode (WGM) resonators. The resonators
are characterized with the opposite signs of GVD at 1543 nm.
We found that the Kerr comb generation in magnesium fluoride
resonators suffer less from the stimulated Raman [13], [14] as
well as Brillouin [15], [16] scattering, compared to the comb
generation in calcium fluoride WGM resonators. The power
efficiency of the comb generation in MgF2 WGM resonators
is also superior.
II. K ERR COMBS IN M G F2 RESONATORS
Generation of Kerr frequency combs usually starts with so
called hyper-parametric oscillation resulting from conversion
of two pump photons into two Stokes and anti-Stokes photons
[12]. Having competing hyper-parametric oscillation [17], [18]
and Raman lasing [13], [14] is an undesirable feature in the
Kerr comb generators. Usage of a resonator host material
possessing anomalous GVD is one of the ways for suppressing Raman lasing, since the anomalous GVD relaxes phase
matching conditions required for the efficient comb generation,
and the threshold of the hyper-parametric oscillation becomes
lower than that of Raman lasing. The resonator host material
also should have a low thermo-refractive constant to reduce
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related low frequency instabilities. We found that magnesium fluoride possesses both of these properties. In addition,
crystalline MgF2 features an excellent mechanical stability,
hardness, and optical transparency, making it promising for
production of very high-Q WGM microresonators [19], [20],
[21], [22], [23]. Resonators made with MgF2 are attractive
because they allow dual mode thermal stabilization that can
lead to stable and power efficient RF oscillators without any
atomic frequency references involved [24].

Fig. 1.
(a) and (b) Spectra of optical frequency combs generated in
two different MgF2 whispering gallery mode microresonators pumped with
approximately 2 mW of continuous wave light. The combs have 34.7 GHz (a)
and 27 GHz (b) repetition rates corresponding to the FSR of the resonators.
No SRS is observed.

We have demonstrated an optical frequency comb generated in MgF2 WGM resonators characterized with 34.7 GHz
and 27 GHz FSRs, and loaded Q-factor of about 109 . The
resonators were fabricated from a commercially available zcut MgF2 optical window by mechanical polishing. The shape
of the resonators in the vicinity of mode localization was
that of an oblate spheroid (with removed polar cups). One
of the resonators (see Fig. (3)) was characterized with radius
a = 1 mm, corresponding to 34.67 GHz free spectral range
(FSR) of the fundamental mode family. The other resonator
was characterized with radius a = 1.27 mm, corresponding to
27 GHz FSR of the fundamental mode family. The resonators
were pumped optically using identical 1543 nm distributed
feedback diode lasers self-injection locked [25] to WGM
modes of the resonators. The locking occurred due to the
intrinsic Rayleigh scattering in the resonators host material.
The optical power emitted by the lasers was approximately
4 mW. The coupling efficiency of the pump light to the
corresponding resonator mode was approximately 30%, while
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Material
Silica [1]
Silica [8]
CaF2 [2]
CaF2 [3]
Si3 N4 [26]
Si3 N4 [27]
MgF2 [28]
MgF2 [this work]

Pump, mW,
130
2,500
50
25
310
300
2
2

Width, THz
63
165
24
4.3
35
75
2.4
4.4

Repetition, GHz
895
850
25
14
403
204
35
27

TABLE I
PARAMETERS OF VARIOUS K ERR COMBS .

Fig. 2. Frequency spectrum of the RF signal produced by the 27 GHz
frequency comb impinging (Fig. 1b) on a fast photodiode, and recorded
using an RF spectrum analyzer (blue circles). The resolution bandwidth of
the measurement and the span are 300 Hz. The instantaneous linewidth
determined by fitting the skirts of the RF spectrum with a Lorentzian line
(red solid line) is 0.4 Hz. The center frequency of the RF line is drifting in
time determining the long term (in)stability of the signal resulting from the
thermal drifts in the setup, while the instantaneous linewidth is a measure of
the short term stability intrinsically determined by the oscillation process (see
[25] and references therein). The measured RF carrier frequency is 27 GHz,
and the corresponding frequency detuning is calculated from this frequency.

50% of the light exiting the resonators is collected into a
multimode fiber coupled to an optical spectrum analyzer. An
example of the observed frequency spectra of the generated
combs is shown in Fig. 2. No stimulated Raman scattering
(SRS) was observed with the resonators.

with several exceptions. Nonlinear refractive index n2 and
corresponding XPM/SPM interaction constant g for various
transparent materials is shown in Table II. Coupling parameter
characterizing comb generation g = h̄ω02 n2 c/(Vn20 ) (where
ω0 is the frequency of the cw pumping light, n0 is the linear
refractive index of the material; see also [30]) is found for
a resonator with mode volume V = 2 × 10−7 cm3 (1 mm
mode radius, 3 μm radial mode depth, 10 μm mode height)
pumped at 1,550 nm. Notations ”o” and ”e” stay for ordinary
and extraordinary polarization of light. The results vary from
research to research within 20% margin.
Data presented in Table 1 suggests that the four-wave
mixing should have similar efficiency in the dielectrics provided that losses and phase matching conditions are identical.
Some materials, like chalcogenide glasses and semiconductors
have much larger nonlinearity. However, this nonlinearity is
usually accompanied by nonlinear absorption that reduces the
efficiency of the four-wave mixing.
Material
Al2 O3
CaF2
MgF2
SiO2
Fused silica
LiNbO3
Si3 N4
As2 Se3

n2 , 10−16 cm2 /W
2.8 [31]
1.9 [32]
0.9 (e,o) [32], [33]
3.4 [34]
2.6 [35]
20 (o)/ 5 (e) [36]
25 [37]
1200 [38]

g, 10−3 rad/s
2
2
1 (e,o)
3
3
9 (o)/ 2.5 (e)
14
500

TABLE II
C UBIC NONLINEARITY OF OPTICAL MATERIALS
Fig. 3. A picture of MgF2 resonator characterized with 34.7 GHz free
spectral range on the manufacture post.

To our knowledge this is the most power-efficient, in terms
of spectral width and pump power ratio, frequency comb
generator reported so far (see Table I).
This is also the first demonstration of Kerr comb generation in an anisotropic crystalline material [29]. Our previous
attempts to produce frequency combs in crystalline SiO2 ,
LiNbO3 , and LiTaO3 WGM resonators were unsuccessful,
even though those materials are characterized with large values
of cubic nonlinearity and low values of optical attenuation
that facilitate generation of Kerr combs. Fast cubic nonlinearity is approximately the same in transparent dielectrics

We see the reason for this in the interplay of the not optimal
GVD, leading to increase of the comb generation threshold,
and the low enough threshold of the SRS, competing with
the Kerr comb generation, in the materials. SRS results in
the pump depletion suppressing Kerr comb generation. Kerr
combs always have lower threshold compared with SRS in the
MgF2 WGM resonator we studied.
We studied the dependence of the comb optical spectrum
on resonator loading, while keeping the laser current constant
(Fig. 4). The detuning of the frequency of the pumping light
from the corresponding optical resonance was kept as small
as possible, though we did not control this parameter directly.
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As expected, no comb was observed when the coupling prism
touched the resonator surface and the loaded Q-factor became
too small to support the comb generation. The loading was
then decreased until hyper-parametric oscillation started and
several spectral lines of the comb separated by almost a THz
appeared. A further decrease of the resonator loading resulted
in the reduction of the repetition rate and creation of higher
density combs. After stabilization of the resonator loading,
adjustment of the laser current produced stable Kerr frequency
combs with desirable repetition rates and spectral shapes.

and internal losses. Due to the energy and photon number
conservation we find ω̃− + ω̃− = 2ω.
We introduce dimensionless variables ξ = g|A|2 /γ0 where
A = |A| exp iφ0 ; B+ = |B+ |/|A| where B+ = |B+ | exp iφ+ ;
B− = |B− |/|A| where B− = |B− | exp iφ− ; ψ = φF0 −
φ0 where F0 = |F0 | exp iφF0 ; φ = 2φ0 − φ+ − φ− ; Δ+ =
(ω+ − ω̃+ )/γ0 ; and Δ− = (ω− − ω̃− )/γ0 . Furthermore, we
introduce f = (g/γ0 )1/2 |F0 |/γ0 , Δ0 = (ω0 − ω)/γ0 , and
D = (2ω0 − ω+ − ω− )/γ0 . For the sake of simplicity we
assume γ± = γ0 .
The characteristic equation for Eqs. (2) and (3) is



 λ + 1 + i(Δ+ − 2ξ)
−iξeiφ
 = 0. (4)


iξe−iφ
λ + 1 − i(Δ− − 2ξ) 

which has two solutions
1 2
λ± =
−1 ±
4ξ − (2Δ0 − D − 4ξ)2 −
(5)
2
i
(Δ+ − Δ− ).
2
The instability condition for the sidebands (oscillation condition) is
(6)
4(ξ 2 − 1) − (2Δ0 − D − 4ξ)2 > 0
where ξ is given by steady state solution of Eq. (1)


ξ 1 + (Δ0 − ξ)2 = f 2 .

Fig. 4. Growth of the frequency comb generated in the MgF2 resonator
(FSR=34.67 GHz) pumped with cw light. The loading of the resonator
decreases (the Q-factor increases) from (a) to (c). The comb with higher
repetition rate is generated in the overloaded resonator. Increase of the loaded
Q-factor results in filling the gaps between the modes. Finally the comb
transforms to that in Fig. (1a).

III. DYNAMICS OF THE COMB GROWTH AND ITS ANALYSIS
According to our experiments with WGM resonators characterized with anomalous GVD, Kerr frequency combs with
higher frequency repetition rates have lower threshold compared with smaller repetition rate combs. To explain the observation and to find the dependence of the threshold conditions
on the repetition rate we consider the case of two sidebands
only and the pump (a model of a hyper-parametric oscillator
[30]), and assume the power of generated sidebands is much
smaller than the pump power. The set of equations linearized
with respect to sidebands can be written as follows


Γ0 − ig|A|2 A = F0 ,
(1)
∗ 2
A ,
Ḃ+ = −Γ+ B+ + 2ig|A|2 B+ + igB−

∗
∗
∗
= −Γ∗− B−
− 2ig|A|2 B−
− igB+ (A∗ )2 ,
Ḃ−

(2)
(3)

where Γ0 = i(ω0 − ω) + γ0 , Γ± = i(ω± − ω̃± ) + γ± ,
F0 stands for the cw pump amplitude; ω0 , ω+ , and ω− are
the eigenfrequencies of the modes; ω is the frequency of
the pump, ω̃+ and ω̃− are the frequencies of the generated
sidebands. Decay rates γ0 , γ+ , and γ− represent both coupling

(7)

Eq. (6) results in the threshold condition for the normalized
amplitude of the pump field inside the resonator



1
1
2
ξ± =
2Δ0 − D ±
(2Δ0 − D) − 3 .
(8)
3
4
√
Since, by definition ξ ≥ 0, we find 2Δ0 − D > 2 3. In the
case of anomalous GVD the pump mode can be dynamically
stable (no bistability observed) and modulationally
unstable
√
[39]. The conditions are: 1 < f 2 < 8/(3 3) and λ+ > 0.
This analysis allows us to find the dependence of the
preferred repetition rate of the comb on the loaded bandwidth
of the resonator. In the experiment we kept the optical pump
at the corresponding resonance, selecting Δ0 = ξ, and ξ = f 2
(Eq. (7)). The maximal gain (5) (λ+ = ξ − 1) occurs when
D = −2ξ. The value of D depends on the comb repetition
rate and is a free parameter in our case. Since the oscillation
threshold power corresponds to ξ = f 2 = 1 (λ+ > 0),
the hyper-parametric oscillation that eventually leads to Kerr
frequency comb generation starts in the mode pair for which
D = −2, or
νi+j + νi−j − 2νi  γF W HM .

(9)

where νi is the frequency of ith mode, and γF W HM = 2γ0
is the full width at half maximum (FWHM) of the loaded
resonance.
The condition (9) is valid for resonant tuning of the external
pump and can be fulfilled only in the case of anomalous
GVD [4]. The resonant tuning here is determined in terms of
the optically pumped, not the ”cold”, resonator. Because the
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modes are nonlinear, the SPM results in a shift of the optically
pumped resonance when the optical pump power increases.
To stay resonant, i.e. to maintain the maximal optical power
within the resonator for a fixed power of the external pump,
the pump frequency should be properly adjusted such that the
condition Δ0 = ξ is preserved.
The simplest theoretical model of the Kerr comb growth can
be built based on the model described above of three-mode
hyper-parametric oscillator [30]. Increase of the optical pump
power above the oscillation threshold results in generation
of the two preferable optical sidebands. Those sidebands
beat with themselves and the pump light and produce higher
order sidebands via the XPM effect. The threshold of the
comb generation is determined by the threshold of the hyperparametric oscillation, and the higher order sidebands are
always phase locked to the lower order sidebands [12].
The comb repetition rate depends on the switching dynamics
of the system. The hyper-parametric oscillations have the
pump-power-dependent gain maximum. Generation of a higher
frequency repetition rate comb is expected at the higher pump
power [9]. This is a result based on the notion of compensation
of the nonlinear phase shift by the anomalous GVD [4]. On the
other hand, an adiabatic increase of the pump power results in
broadening of the lower repetition rate frequency comb started
at lower pump power. This process is stable if growth of the
higher-order optical sidebands properly reduce the power of
light confined within the optical mode.
Since the power level of the optical pumping used in
our experiment is limited, the comb generation starts only
when the Q-factor of the mode exceeds a certain level. The
corresponding FWHM of the maximally overloaded mode is
approximately 2 MHz. Calculating the GVD of the fundamental mode sequence using Sellmeier equation for MgF2
(Fig. 5) we find that, according to (9), the lowest threshold is
reached for the modes being at 0.6 THz from the carrier, which
approximately corresponds to the comb observed in Fig. (4a)
for the case of highest loading of the resonator. Reduction
of the loading results in the reduction of the preferred comb
repetition rate and to the growth of the comb at a single
FSR as in Fig. (4b and 4c). The simplest three mode analysis
[30] cannot explain this process, and numerical methods [39]
should be applied.
We did not observe nonlinear processes other than fourwave mixing in MgF2 resonators. It does not mean that the
processes are absent there. The most probable reason is that
the four wave mixing dominates at the wavelength and power
levels of the pumping light as well as the WGM resonator size
and shape we utilized. The spectrum of the observed nonlinear
phenomena is much broader in the case of CaF2 resonators.
In what follows we discuss two cases of competition of the
comb generation process with SRS and SBS processes.
IV. C OMPETITION OF K ERR COMBS AND SRS IN C A F2
RESONATORS

GVD depends on the size of the resonator and the wavelength of the pumping light, so there is an optimal combination

Fig. 5. GVD of the WGM spectrum found in terms of frequency difference
νi+j + νi−j − 2νi , where i is the azimuthal number of the pumped mode
(i = 5, 548 in the case of the resonator with 36.67 GHz FSR). The FSR of
the resonator is defined as νF SR = νi − νi−1 = 34.67 GHz. The optical
pump is extraordinarily polarized with respect to the crystalline axis (electric
filed vector is collinear with the resonator axis and the symmetry axis of
the crystal). The estimated value of GVD of the modes of the resonator
2
with 36.67 GHz FSR is β2 = −(νi−1 + νi+1 − 2νi )(ne /2πcνF
SR ) =
−4.5 ps2 /km, where ne = 1.38 is the extraordinary index of refraction of
the material, c is the speed of light in the vacuum. Similar calculations can
be done for the resonator with 27 GHz FSR.

Fig. 6.
Competition of stimulated Raman scattering (SRS) and hyperparametric oscillation in a fluorite microresonator. (b) Optical spectrum
generated in a CaF2 resonator having 34.6 GHz FSR, and pumped with 1 mW
of continuous wave 1532 nm light. (a) and (c) show details of the spectrum.
The observed SRS is more efficient than the hyperparametric oscillation
process. Nonlinear interaction of the Stokes Raman comb with the carrier
results in generation of ”anti-Stokes” sidebands in the vicinity of the carrier
as well as the second lower frequency manifold of the Raman comb. It worth
noting that the manifold also experiences Raman gain since the Raman line
is broad enough.

of those parameters for Kerr comb generation. For instance,
CaF2 WGM resonators demonstrate generation of Ramanfree, stable, and wide enough Kerr fundamental combs with
repetition rates around 10 GHz and centered at 1550 nm, in the
vicinity of zero GVD point of the material [12]. On the other
hand, SRS [13] becomes preferable in smaller CaF2 resonators
(35 GHz FSR) pumped at 1532 nm, and phase locked Raman
frequency combs are readily observed there [14]. One of the
reasons is that the GVD of CaF2 is normal in the resonators
at 1532 nm, while it is nearly zero at the Raman wavelength.
The resonator prefers to oscillate at smaller normal FSR.
An example of competition of the FWM and SRS processes
in those resonators is illustrated by Fig. (6). Raman Stokes
line is generated as a dual frequency comb around 1611 nm.
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in an overmoded CaF2 resonator pumped with 1550 nm light
(Figure 8a). Because we studied only the light scattered in
the forward direction, we have observed pronounced second
order SBS harmonic. The first order harmonic was visible due
to Rayleigh scattering within the resonator modes. The AntiStokes line was generated due to four-wave mixing process.
All three generated harmonics are phase locked with the pump
light, since they produce single RF tone at the fast photodiode
(Figure 8b). The locking occurs due to four-wave mixing.

Fig. 7. Microwave spectrum generated by the optical signal shown in Figure 6
on a fast photodiode. The existence of the RF lines possessing different
frequencies can be explained by the different values of the FSR at different
optical wavelengths. FSR is about 4 MHz smaller at the carrier wavelength
(1532 nm) than at the Raman wavelength (1611 nm). This is verified by using
an optical high-pass filter. The repetition rates of the combs are determined
by the different FSR values.

At the same time the Kerr comb is generated around the
optical pump line (1532 nm). FWM of the Raman combs and
pumping light results in generation of an anti-Stokes frequency
comb in the vicinity of the pump line, as in dual-pump fiberoptic parametric amplifiers [40]. To verify the phase locking
feature of the generated optical combs we sent them to a fast
photodiode and found that the combs produce several narrow
RF signals separated by several MHz, Fig. (7).
V. C OMPETITION OF K ERR COMBS AND SBS IN C A F2
RESONATORS

Stimulated Brillouin scattering (SBS) is usually forbidden
in solid state ring microresonators with high quality factors.
The reason for this is the phase mismatch between the optical
phonons and light. If the pump light is resonant with a mode
of the resonator, the scattered light has no optical mode to
interact with. Moreover, if occasionally such a mode is present,
the overlap integral between the acoustic mode as well as the
pump and Stokes optical modes tends to be zero. The absence
of SBS in optical microresonators is used as an advantage in
studies of weaker nonlinear effects such as four wave mixing
and stimulated Raman scattering. On the other hand, it is
interesting to understand for which morphology as well as
dimensions of the microresonators the SBS is not forbidden.
An SBS laser based on a microresonator should possess a low
threshold as well as narrow linewidth.
A triply-resonant SBS was demonstrated recently in overmoded WGM resonators [15], [16]. Since the enhanced SBS
uses bulk, not surface, acoustic modes, the observed SBS
frequency was given by the properties of the resonator host
material, and shape of the resonator was less important. Due
to the high absorption of the hypersound waves the finesse of
the acoustic ”mode” can be less than one, which simplified
phase matching of the process.
We observed interplay between SBS and four-wave mixing

Fig. 8. (a) Optical signal resulting from the competing stimulated Brillouin
scattering (SBS) and four wave mixing in a CaF2 WGM resonator. The
resonator is pumped at 1550 nm. The frequency of the SBS Stokes line is
12.1 GHz. (b) RF signal produced by the optical signal on a fast photodiode.

The Brillouin frequency shift for the case of backscattering
along the axis of a cubic crystal can be found approximately
as
2n0 C11 + C12 + 2C44
ΔνB =
.
(10)
λ0
2ρ
where n0 = 1.424 is the refractive index of the material
at λ0 = 1550 nm, ρ = 3.18 g/cm3 is the density of the
material. Calcium fluoride is a cubic crystal described by three
independent elastic constants: C11 = 1.6420, C12 = 0.4398,
C44 = 0.3370 [×1011 Pa]. Substituting these values into
Eq. (10) we find ΔνB  12.1GHz. Further analysis shows
that the polarization of the phonons is nearly collinear with
their wave vector in the case of the highest–frequency branch.
Hence, the observed SBS process results from the interaction
of light and longitudinal hypersound wave.
VI. C ONCLUSION
We have observed very efficient generation of Kerr frequency combs in optically pumped magnesium fluoride whispering gallery mode resonators and found that the resonators
are free from the undesirable competition of the four-wave
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mixing and Raman as well as Brillouin stimulated scattering observed in calcium fluoride resonators under similar
conditions. The MgF2 kerr comb generators are useful for
spectroscopy, production of spectrally pure RF signals, and
for generation of nonclassical states of light.
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Abstract— Atom interferometers allow the measurement of the
acceleration of freely falling atoms with respect to an experimental platform at rest on Earth’s surface. Such experiments have
been used to test the universality of free fall by comparing the
acceleration of the atoms to that of a classical freely falling object.
In a recent paper, Müller, Peters and Chu [Nature 463, 926-929
(2010)] argued that atom interferometers also provide a very
accurate test of the gravitational redshift (or universality of clock
rates). Considering the atom as a clock operating at the Compton
frequency associated with the rest mass, they claimed that the
interferometer measures the gravitational redshift between the
atom-clocks in the two paths of the interferometer at different
values of gravitational potentials. In the present paper we analyze
this claim in the frame of general relativity and of different
alternative theories, and conclude that the interpretation of
atom interferometers as testing the gravitational redshift at the
Compton frequency is unsound. The present work is a summary
of our extensive paper [Wolf et al., arXiv:1012.1194, Class. Quant.
Grav. in press], to which the reader is referred for more details.

I. I NTRODUCTION
The gravitational redshift, considered as one of the “classical tests” of general relativity (GR), is actually a test of one
facet of the Einstein equivalence principle (EEP). The weak
version of the equivalence principle has been verified with high
precision using torsion balances [1] and Lunar laser ranging
[2]. The gravitational redshift was predicted by Einstein but
not observed for a long time. It became observable with the
advent of high precision quantum spectroscopy and was first
measured in 1960 by Pound and Rebka [3], who used gamma
ray spectroscopy of the radiation emitted and absorbed by 57 Fe
nuclei. The emitter and absorber were placed at the top and
bottom of a 22.5 m high tower at Harvard and the frequency
difference predicted by GR was measured with about 1%
uncertainty.
In a test of the gravitational redshift using clocks, one
checks that the clock rates are universal — i.e. the relative
rates depend only on the difference of gravitational potentials
(as determined by the trajectories of massive test bodies) but
not on the nature and internal structure of the clocks. In 1976 a
hydrogen-maser clock was launched on a rocket to an altitude
of 10, 000 km and its frequency compared to a similar clock
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on ground. This yielded a test of the gravitational redshift
with about 10−4 accuracy [4]. The European Space Agency
will fly in 2013 the Atomic Clock Ensemble in Space (ACES)
[5], including a highly stable laser-cooled atomic clock, which
will test (in addition to many other applications in fundamental
physics and metrology) the gravitational redshift to a precision
of about 10−6 . The gravitational redshift is also tested in null
redshift experiments in which the rates of different clocks
(based on different physical processes or different atoms) are
compared to each other [6].
Quite generally in a modern context, tests of GR measure
the difference between the predictions of GR and of some
generalized alternative theory or theoretical framework (see [7]
for a review). It has to be kept in mind that the classification
and inter-comparison of different tests have then to be defined
with respect to the framework used.
Atom interferometers have reached high sensitivities in the
measurement of the gravitational acceleration [8], [9]. This
yields very important tests of the weak equivalence principle
(WEP) or universality of free fall (UFF) when comparing the
free fall of atoms with that of classical macroscopic matter (in
practice a nearby freely falling corner cube whose trajectory is
monitored by lasers). The relative precision of such tests of the
UFF is currently 7 × 10−9 , using Cs [8], [10] or Rb [9] atoms.
Although it remains less sensitive than tests using macroscopic
bodies of different composition [2], [1] which have reached a
precision of 2 × 10−13 , this UFF test is interesting as it is the
most sensitive one comparing the free fall of quantum objects
(namely Cæsium atoms) with that of a classical test mass
(the corner cube). In this contribution, which summarizes the
extensive paper [11], we investigate whether such experiments
can also be interpreted as tests of the gravitational redshift.
II. OVERVIEW OF OUR EXTENSIVE PAPER [11]
In a recent paper, Müller, Peters and Chu [10] (hereafter
abbreviated as MPC) proposed a new interpretation of atom
interferometry experiments as testing the gravitational redshift,
that is also the universality of clock rates (UCR), with a
precision 7×10−9 , which is several orders of magnitude better
than the best present [4] and near future [5] clock tests.
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A. Analogy with clock experiments
The main argument of MPC (see also the more detailed
papers [12], [13]) is based on an analogy between atom
interferometry experiments and classical clock experiments.
The idea of clock experiments is to synchronize a pair of
clocks when they are located closely to one another, and
move them to different elevations in a gravitational field. The
gravitational redshift will decrease the oscillation frequency
of the lower clock relative to the higher one, yielding a
measurable phase shift between them. There are two methods
for measuring the effect. Either we bring the clocks back
together and compare the number of elapsed oscillations, or
we measure the redshift by means of continuous exchanges
of electromagnetic signals between the two clocks. In both
methods one has to monitor carefully the trajectories of the two
clocks. For example, in the second method one has to remove
the Doppler shifts necessarily appearing in the exchanges of
electromagnetic signals.
In the first method, the phase difference between the two
clocks when they are recombined together, can be written as
a difference of integrals over proper time,
Z

Z
I
∆ϕclock = ω
dτ − dτ ≡ ω dτ .
(1)
I

z

e

II

The two clocks have identical proper frequency ω. We denote
by I and II the two paths (with say I being at a higher altitude,
H
i.e. a lower gravitational potential) and use the notation dτ
to mean the difference of proper times between the two paths,
assumed to form a close contour. The integrals in (1) are
evaluated along the paths of the clocks, and we may use the
Schwarzschild metric to obtain an explicit expression of the
measured phase shift in the gravitational field of the Earth.
The phase shift measured by an atom interferometer contains a contribution which is similar to the clock phase shift
(1), so it is tempting to draw an analogy with clock experiments. In this analogy, the role of the clock’s proper frequency
is played by the atom’s (de Broglie-)Compton frequency ωC =
mc2 /~, where m denotes the rest mass of the atom. However
the phase shift includes also another contribution ∆ϕ` coming
from the interaction of the laser light used in the beam-splitting
process with the atoms. Thus,
I
∆ϕ = ωC dτ + ∆ϕ` .
(2)
Here we are assuming that the two paths close up at the entry
and exit of the interferometer; otherwise, additional terms
have to be added to (2). The schematic view of the atom
interferometer showing the two interferometer paths I and II
is given by Fig. 1. The first term in (2) is proportional to the
atom’s mass through the Compton frequency and represents
the difference of Compton phases along the two classical
paths. In contrast, the second term ∆ϕ` does not depend on
the mass of the atoms.
At first sight, the first term in (2) could be used for a test
of the gravitational redshift, in analogy with classical clock
experiments, and the precision of the test could be very good,
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Fig. 1. Space-time trajectories followed by the atoms in the interferometer.
Laser pulses occur at times ta , tb = tc and td , separated by time intervals
T and T 0 (we have T 0 = T when gravity gradients are neglected). The twophoton Raman transitions are between two hyperfine levels g and g 0 of the
ground state of an alkali atom.

because the Compton frequency of the Cæsium atom is very
high, ωC ≈ 2π × 3.0 × 1025 Hz. However, as shown in a
previous brief comment [14] and the detailed paper [11], this
re-interpretion of the atom interferometer as testing the UCR
is fundamentally incorrect.1
At this point, we want to mention other crucial differences
between atom interferometry and clock experiments, which
reinforce our conclusions. In clock experiments the trajectories of the clocks are continuously controlled for instance
by continuous exchange of electromagnetic signals. In atom
interferometry in contrast, the trajectories of the atoms are
not measured independently but theoretically derived from the
Lagrangian and initial conditions. Furthermore, we expect that
it is impossible to determine independently the trajectories of
the wave packets without destroying the interference pattern
at the exit of the interferometer.
Another important difference lies in the very notion of a
clock. Atomic clocks use the extremely stable energy difference between two internal states. By varying the frequency of
an interrogation signal (e.g. microwave or optical), one obtains
a resonant signal when the frequency is tuned to the frequency
of the atomic transition. In their re-interpretation, MPC view
the entire atom as a clock ticking at the Compton frequency
associated with its rest mass. But the “atom-clock” is not a real
clock in the previous sense, since it does not deliver a physical
signal at Compton frequency, as also recently emphasized in
the same context in [16].
Note also that the phase shift (1) for clocks is valid in any
gravitational field, with any gravity gradients, since it is simply
the proper time elapsed along the trajectories of the clocks in
1 See also the reply of MPC [15] to our brief comment. After completion
of our work [14], [11], several independent analysis have appeared [16], [17]
supporting our views and consistent with our conclusions.
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a gravitational field. By contrast, the phase shift (2) is known
only for quadratic Lagrangians [18] and cannot be applied
in a gravitational field with large gravity gradients, or more
generally with any Lagrangian that is of higher order.
B. Analysis in general relativity
The clear-cut argument showing that the atom interferometer does not measure the redshift is that the “atom-clock”
contribution, i.e. the first term in (2), is in fact zero for a
closed total path [18], [19]. As a specific example, let us
consider the prediction from GR, which has been extensively
treated in [20]; here we only present a very basic analysis
sufficient for our purposes. The appropriate Lagrangian is
given by the proper time dτ = (−gµν dxµ dxν /c2 )1/2 , i.e.
LGR = −mc2 dτ /dt, and is derived to sufficient accuracy using
the Schwarzschild metric generated by the Earth,
LGR (z, ż) = −mc2 +

1
GM m
− mgz + mż 2 ,
r⊕
2

(3)

2
is the Newwhere r⊕ is the Earth’s radius, g = GM /r⊕
tonian gravitational acceleration, G is Newton’s gravitational
constant, M is the mass of the Earth, m the mass of the atom, c
the speed of light in vacuum, z is defined by r = r⊕ + z with
r the radial coordinate, and we neglect the post-Newtonian
corrections. For simplicity we restrict ourselves to only radial
motion, which is sufficient for the arguments in this paper.
The equations of motion are deduced from (3) using the
principle of least action or the Euler-Lagrange equations, and
read evidently z̈ = −g. Then, when integrating (3) along
the resulting paths, and calculating the difference of action
integrals ∆ϕS as defined by the first term in (2), one finds

∆ϕS = 0 .

(4)

The key point about the result (4) is a consistent calculation
of the two paths in the atom interferometer and of the phases
along these paths, both derived from the same classical action,
using in a standard way the principle of least action. At the
deepest level, the principle of least action and its use in atom
interferometry comes from the Feynman path integral formulation of quantum mechanics or equivalently the Schrödinger
equation [18]. Thus only the second term ∆ϕ` remains in (2).
The final phase shift,
∆ϕ = ∆ϕ` = k g T 2 ,

(5)

depends on the wavevector k of the lasers, on the interrogation
time T and on the local gravity g. This shows that the atom
interferometer is a gravimeter or accelerometer. The phase
shift (5) arises entirely from the interactions with the lasers and
the fact that the atoms are falling with respect to the laboratory
in which the experiment is performed. The atom’s Compton
frequency is irrelevant.
C. Analysis in the modified Lagrangian formalism
This framework, which we call the “modified Lagrangian
formalism”, is an adaptation for our purpose of a powerful
formalism for analyzing tests of the EEP and its various

facets: the WEP, the local Lorentz invariance (LLI) and the
local position invariance (LPI) [21], [22], [7]. This formalism
allows deviations from general relativity and metric theories
of gravity, with violations of the UFF and UCR, and permits
a coherent analysis of atom interferometry experiments.
The formalism is defined by a single Lagrangian, that is
however different from the GR Lagrangian. For our purposes
it is sufficient to use a strongly simplified “toy” Lagrangian
chosen as a particular case within the “energy conservation
formalism” of Nordtvedt and Haugan [21], [22] (see [7] for a
review). To keep in line with MPC we choose an expression
similar to the Lagrangian of GR given by (3), namely
1
GM m0
(a) 
− 1 + βX m0 g z + m0 ż 2 ,
Lmodified = −m0 c2 +
r⊕
2
(6)
(a)
where βX denotes a dimensionless parameter characterizing
the violation of LPI, and depending on the particular type
X of mass-energy or interaction under consideration; e.g.
(a)
βX would be different for the electromagnetic or the nuclear
interactions, with possible variations as a function of spin or
the other internal properties of the atom, here labelled by the
(a)
superscript (a). Thus βX would depend not only on the type
of internal energy X but also on the type of atom (a).
The Lagrangian (6) describes the Newtonian limit of a large
class of non-metric theories, in a way consistent with Schiff’s
conjecture and fundamental principles of quantum mechanics.
Most alternative theories commonly considered belong to this
class which encompasses a large number of models and frameworks (see [7] and references therein), like most non-metric
theories (e.g. the Belinfante-Swihart theory [23]), some models
motivated by string theory [24], some general parameterized
frameworks like the energy conservation formalism [21], [22],
the THεµ formalism [25], and the Lorentz violating standard
model extension (SME) [26], [27].
Within this general formalism there is no fundamental
distinction between UFF and UCR tests, as violation of one
implies violation of the other, thus testing one implies testing
the other. Depending on the theory used, different experiments test different parameters or parameter combinations
at differing accuracies, so they may be complementary or
redundant depending on the context. By varying (6) we obtain
the equations of motion of the atom as
(a) 
z̈ = − 1 + βX g ,
(7)
which shows that the trajectory of the atom is affected by
the violation of LPI and is not universal. In fact we see that
(a)
βX measures the non-universality of the ratio between the
atom’s passive gravitational mass and inertial mass. Thus,
in the modified Lagrangian framework the violation of LPI
(a)
implies a violation of WEP and the UFF, and βX appears
to be the UFF-violating parameter. This is a classic example
[21], [22] of the validity of Schiff’s conjecture, namely that
it is impossible in any consistent theory of gravity to violate
LPI (or LLI) without also violating WEP.
The violation of LPI is best reflected in classical redshift
experiments with clocks which can be analysed using a cyclic
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gedanken experiment based on energy conservation [21], [22],
[7]. The result for the frequency shift in a Pound-Rebka type
experiment is
(a)  g ∆z
,
(8)
Z = 1 + αX
c2
(a)

where the redshift violating (or UCR violating) parameter αX
is again non-universal. The important point, proven in [21],
(a)
[22], [7], is that the UCR-violating parameter αX is related
(a)
in a precise way to the UFF-violating parameter βX , namely
(a)

(a)

βX = αX

EX
,
m c2

(9)

where E X is the internal energy responsible for the violation
of LPI, and m is the sum of the rest masses of the particles
constituting the atom. Therefore we can compare the different
qualitative meaning of tests of UCR and UFF. For a given
set of UFF and UCR tests their relative merit is given by (9)
and is dependent on the model used, i.e. the type of anomalous
energy E X and its dependence on the used materials or atoms.
We now consider the application to atom interferometry. In
the experiment of [8], [10] the “atom-clock” that accumulates a
phase is of identical composition to the falling object (the same
(a)
atom), hence one has to consistently use the same value of βX
when calculating the trajectories and the phase difference using
the Lagrangian (6). It is then easy to show that ∆ϕS = 0 with
the above Lagrangian [18], [20], [28]. The vanishing of ∆ϕS
in this case is a general property of all quadratic Lagrangians
and comes from consistently using the same Lagrangian for
the calculation of the trajectories and the phase shift. It is
related to the cancellation between the kinetic term and the
gravitational potential energy term in the Lagrangian (6).
Then the total phase shift of the atom interferometer is
again given by the light interactions only, which are obtained
from the phases at the interaction points evaluated using the
trajectory given by (6). One then obtains
(a) 
∆ϕ = ∆ϕ` = 1 + βX k g T 2 .
(10)
We first note that in this class of theories the Compton
frequency plays no role, as ∆ϕS = 0. Second, we note that
(a)
although βX appears in the final phase shift, this is entirely
related to the light phase shift coming from the trajectory of
the atoms, and thus is a measurement of the effective free fall
(a)
acceleration (1+βX )g of the atoms, which is given by (7). In
[8], [10] the resulting phase shift is compared to k g̃ T 2 where
g̃ is the measured free fall
of a falling macroscopic
 acceleration
(corner cube) 
corner cube, i.e. g̃ = 1 + βX
g, also deduced from
(7). In this class of theories the experiment is thus a test of the
UFF, as it measures the differential gravitational acceleration
of two test masses (Cæsium atom and corner cube) of different
internal composition, with precision
(Cs)

βX

(corner cube)

− βX

. 7 × 10−9 .

(11)

Note that this expression is equivalent to the one obtained by
MPC in their recent paper [13] (p. 4), but different from the

one obtained in the same paper (p. 3) for UCR tests.2
D. Analysis in the multiple Lagrangian formalism
In the second framework, which we call the “multiple
Lagrangian formalism”, the motion of test particles (atoms
or macroscopic bodies) obeys the standard GR Lagrangian in
a gravitational field, whereas the phase of the corresponding
matter waves obeys a different Lagrangian. The MPC analysis
in [10] belongs to this framework,3 which raises extremely
difficult problems.
The WEP is assumed to be valid for the motion of massive
classical particles which thus obeys the standard Lagrangian
of general relativity, Lparticle = LGR , i.e. to first order
Lparticle = −m c2 +

1
GM m
− m g z + mż 2 .
r⊕
2

(12)

On the other hand the action integral to be used for the
computation of the phase shift of the quantum matter wave
is assumed to be calculated from the different Lagrangian
Lwave = −m c2 +

1
GM m
− (1 + β)m g z + mż 2 ,
r⊕
2

(13)

where the parameter β that measures the deviation from GR
(i.e. β = 0 in GR) enters as a correction in the atom’s
gravitational potential energy. Integrating the Lagrangian (13)
along the paths given by the Lagrangian (12) shows that
∆ϕS = β k g T 2 , where β takes the meaning of a redshiftviolation parameter. In particular we notice that β could
(a)
be “universal”, in contrast with the parameter βX in (6)
which depends on the type of atom (a) and on some internal
energy X violating LPI. In the multiple Lagrangian formalism,
because WEP is valid we can always test the value of β by
comparing g as obtained from the free-fall of test bodies, to
the phase difference cumulated by matter waves (as proposed
by MPC [10]).
The most important problem of this formalism is that
it is inconsistent to use a different Lagrangian (or metric)
for the calculation of the trajectories and for the phases of
the atoms or clocks. More precisely, it supposes that the
fundamental Feynman path integral formulation of quantum
mechanics, which is at the basis of the derivation of the
phase shift in an atom interferometer [18], has to be altered
in the presence of a gravitational field or could be wrong.
Physically it amounts to making the distinction between the
atoms when calculating their trajectories and the same atoms
when calculating their phases, which is inconsistent as it
2 In [13] atom interferometer tests set limits on the same parameter
combination as classical UFF tests, namely β1 + ξ1bind − β2 − ξ2bind ([13],
p. 4), where the subscripts refer to test masses 1 and 2 (e.g. 1 = Cs and 2 =
falling corner cube in [8] whilst 1 = Ti and 2 = Be in [1]), and ξ bind refers
to the nuclear binding energy of the test masses. On the other hand UCR tests
in [13] set limits on either β1 − ξ2trans or ξ1trans − ξ2trans ([13], p. 3), where
ξ trans is related to the atomic transition of the atom used in the clock and
not to its nuclear binding energy.
3 See “Methods” in [10], where they consider two scenarios. The first one
clearly states that the trajectories are not modified whilst the atomic phases
are. The second uses g 0 for the trajectories and g(1+β) for the phases, which
again corresponds to two different Lagrangians.
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is the same fundamental matter field in both cases. Even
more, the basis for the derivation of the atom interferometry
phase shifts is unjustified because the Feynman formalism
is violated. To remain coherent some alternative formalism
for the atomic phase shift calculations (presumably modifying
quantum mechanics) should be developed and used. More
generally the multiple Lagrangian formalism supposes that the
duality between particles and waves in quantum mechanics
gets somehow violated in a gravitational field.
The above violation of the “particle-wave duality”, implied
by the multiple Lagrangian formalism, is very different from a
violation of the equivalence principle in the ordinary sense. In
this formalism a single physical object, the atom, is assumed
to be described by two different Lagrangians, Lwave applying
to its phase shift, and Lparticle applying to its trajectory. By
contrast, in tests of the equivalence principle, one looks for
the modification of the free fall trajectories or clock rates as a
function of composition or clock type. Thus, different bodies
or clocks are described by different Lagrangians, but of course
for any single type of body we always have Lwave = Lparticle .
The pertinent test-bed for equivalence principle violations is
the modified Lagrangian formalism reviewed in Section II-C,
which does not imply any particle-wave duality violation.
The second problem of theories in the multiple Lagrangian
formalism and of the interpretation of MPC is the violation
of Schiff’s conjecture [29]. Indeed, we have assumed in this
Section that the LPI aspect of the equivalence principle is
violated but that for instance the WEP aspect remains satisfied.
In a complete and self-consistent theory of gravitation one
expects that the three aspects of the Einstein equivalence
principle (WEP, LLI and LPI) are sufficiently entangled together by the mathematical formalism of the theory that it is
impossible to violate one without violating all of them. The
Schiff conjecture has been proved using general arguments
based upon the assumption of energy conservation [21], [22];
it is satisfied, for instance, in the THεµ formalism [25].
A contrario, we expect that violating the conjecture leads
to some breakdown of energy conservation. In the present
case this translates into postulating two Lagrangians (12)
and (13) for the same physical object. Explicit theories that
are logically and mathematically consistent but still violate
Schiff’s conjecture are very uncommon (see [7] and references
therein).
We conclude that the general statement of MPC according

to which the atom interferometer measures or tests the gravitational redshift at the Compton frequency is incorrect. Instead,
the interpretation of the experiment needs to be considered
in the light of alternative theories or frameworks. Although
one can consider particular alternative frameworks in which
the statement of MPC could make sense, such frameworks
raise unacceptable conceptual problems which are not at the
moment treated in a satisfactory manner. In particular, they
break the fundamental principles of quantum mechanics which
are used for calculating matter wave phases. In most common
and plausible theoretical frameworks the atom interferometry
experiment tests the universality of free fall with the Compton
frequency being irrelevant.
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Abstract— We present our cold atom interferometer using
Rb developed to perform absolute g measurement similar to
the Stanford experiment [1] which used Cs. The device and
the measurement protocol are described and an example of 12
days continuous measurement is presented. This measurement
shows the capabilities of the instrument in the frame of a watt
balance experiment, avoiding the use of environmental models
to extrapolate the accurate value of g needed to link the Planck
constant to the kilogram [2]. Limits in terms of sensitivity and
accuracy are finally presented.

87

2D-MOT

1.4 m

87Rb

I. I NTRODUCTION
Based on techniques used on atomic clocks at LNE-SYRTE,
we use atom interferometry to perform an absolute measurement of the gravitational acceleration g with 87 Rb free falling
atoms [3]. Mainly used by geophysicists, absolute gravimeters
allow geodesists to determine the distance between the geoid
and the referential ellipsoid. Since the end of 80’s and the
proposition of Brian Kibble [4], absolute gravimeters are
involved in fundamental metrology in the frame of watt
balance experiments, participating in the kilogram redefinition
and in which an absolute g determination is needed [5]. The
most widely used absolute gravimeters measure the free fall
of a corner cube using an optical interferometer [6]. The
aging of the mobile part of these devices depends directly
of the number of drops of the test mass. To preserve the
instrument, most operators use a relatively low repetition rate
and include dead time periods in g determinations which
degrade the sensitivity of the measurement. In contrast, our
instrument allows performing continuous g measurement at a
large cycling rate of 3 Hz. It has recently participated in several
comparisons with corner cube gravimeters [7], [8], [9].
We present here the device and the algorithm we use to
perform continuous g measurement rejecting most of the systematic phase shifts. A measurement of 12 days is presented
and the efficiency of the algorithm is discussed.
II. ATOMIC GRAVIMETER CAG
The cold atom gravimeter (CAG) developed at LNE-SYRTE
uses atom interferometry to perform a cyclic absolute measurement of g. At each cycle, a new cold cloud of Rb atoms
is prepared in a UHV chamber, to be used as a test mass.
During their free fall, these atoms undergo three stimulated
Raman transitions that respectively separate, redirect, and

978-1-61284-110-6/11/$26.00 ©2011 IEEE

seismometer

double
magnetic
shields

Raman beams
collimator

σ+

σWest
3D-MOT
beam

East
3D- MOT
beam
symmetric
detection

3D-MOT

σ-

σ+

λ/4
retro-reflection
mirror
isolation
platform

Fig. 1. Schematic of the cold atom gravimeter (CAG). A cold 87 Rb atomic
sample is prepared by 2D- and 3D-magneto-optical trapping. After a short
sub-Doppler cooling phase, where the atoms reach a temperature of ∼ 2µK,
the trapping beams are switched off and the atoms start their free fall in the
vacuum chamber. During the free fall, a sequence of three stimulated Raman
transitions is used to realize the atomic interferometer. These transitions are
performed with two vertical, counter-propagating, circularly polarized laser
beams, addressing the hyperfine transition of rubidium at 6.834 GHz via
two-photon excitation. The phase shift at the output of the interferometer is
deduced from a symmetric fluorescence measurement of the atomic state at
the bottom of the vacuum chamber [11].

recombine the atomic wave function, resulting in an atomic
interferometer. The total phase shift between the two paths of
this atomic interferometer depends on g, and scales with the
square of the time interval between two consecutive Raman
pulses. The phase difference is given by ∆Φg = ~keff ·~g T 2 [10],
where ~keff = ~k1 − ~k2 is the effective wave vector with
|~keff | = |~k1 | + |~k2 | for counter-propagating beams.
A more complete description of the CAG is given in Figure 1. The vacuum chamber lies on top of a passive isolation
platform. The non-filtered vibration noise is measured with a
Guralp seismometer rigidly attached to the vacuum chamber,
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and is used to post-correct the atomic signal [3]. We use a
mirror to retro-reflect the Raman beams, which is placed inside
the chamber, leading to reduced optical wavefront aberrations.
Furthermore, the fluorescence detection is performed with a
double set of detectors placed symmetrically at opposite sides
of the atomic cloud [12].

realized with half Rabi frequency allow correcting for this
effect by extrapolating to zero. Finally, the algorithm contains four configurations measuring respectively ∆Φ↑,Ωeff ,
∆Φ↓,Ωeff , ∆Φ↑,Ωeff /2 and ∆Φ↓,Ωeff /2 . They allow to determine
∆Φg = keff gT 2 only affected by the Coriolis and the wavefront distortion biases.

III. M EASUREMENT AND PROTOCOL
The Raman lasers come from two extended cavity diode
lasers based on the design described in [13], and amplified
by two independent tapered amplifiers. They are phase-locked
onto a low phase noise microwave reference source, which is
swept according to ω2 − ω1 = ω2 (0) − ω1 (0) + αt in order to
compensate for the Doppler shift induced by gravity. This adds
a αT 2 term to the interferometer phase, which is eventually
cancelled it for a perfect Doppler compensation. The central
fringe of the interferometer thus corresponds to α0 = ~keff · ~g .
The value of g is therefore derived from the frequency chirp
and from the mean effective wave-vector. We use a positive
(resp. negative) frequency chirp to build an interferometer with
k↓ (resp. k↑ ).
A maximal sensitivity to phase fluctuations is achieved
when operating the interferometer at half fringe, which corresponds to ∆Φ = ±π/2. The Raman phase is modulated
by ±π/2 so that the measurement is always performed at
half fringe height, alternately on both sides to the central
fringe as in an atomic fountain clock. From two consecutive
measurements of the transition probability Pi and Pi+1 , the
phase error can be estimated. In practice, a correction G×(Pi −
Pi+1 ) is added at each cycle to α, in order to stir the chirp rate
onto the central fringe. This realizes an integrator, whose time
constant can be set to a few cycles by adjusting the gain G.
This locking technique has the advantage of rejecting offset
and contrast fluctuations, while preserving maximal sensitivity
to phase fluctuations.
The measurement of g is shifted by many systematic effects.
These systematic phase shifts can be sorted into two classes
of error sources, either dependent (∆Φdep ) or independent
(∆Φindep ) on the direction of ~keff pointing upwards or
downwards (↑ / ↓). The difference of the atomic phases
accumulated along the two paths of the interferometer can thus
be expressed as ∆Φ↑/↓ = ±~keff · ~g T 2 ± ∆Φdep + ∆Φindep .
Taking that into account, the measurement procedure we use
interleaves g measurements with k↑ and k↓ :
Half difference and half sum of successive ∆Φ↑ and ∆Φ↓
measurements allow to separate ∆Φindep from keff gT 2 +
∆Φdep . ∆Φindep originates from effects related to perturbations of the internal degrees of freedom of the atoms (such
as magnetic field gradient, one-photon light shift) and from
radio-frequency phase shifts [14]. ∆Φdep = ∆ΦC + ∆ΦW F +
∆ΦLS2 with ∆ΦC the Coriolis phase shift, ∆ΦW F the wavefront aberration phase shift and ∆ΦLS2 the two-photon light
shift. ∆ΦLS2 is due to off-resonant Raman transitions which
shift the atomic levels and therefore modify the hyperfine
transition frequency [15]. As it scales linearly with the Rabi
frequency of the Raman lasers Ωeff , additional measurements

∆Φg + ∆ΦC + ∆ΦW F

=

∆Φ↑,Ωeff /2 − ∆Φ↓,Ωeff /2
∆Φ↑,Ωeff − ∆Φ↓,Ωeff
−
2

While alternating k↑ and k↓ configurations does not degrade the sensitivity in the g measurement, the arithmetic
involved when canceling the two photon light shift leads
√ to
a degradation in the short term sensitivity by a factor 10
with respect to a single configuration measurement. Indeed,
as the sensitivity of a single configuration measurement σ∆Φg
is independent of the pointing direction of ~keff and of the
Rabi frequency Ωeff , summing quadratically the uncorrelated
sensitivities σ∆Φ of the right terms
p in the previous equation
leads to a sensitivity on ∆Φg of 5/2 × σ∆Φ . As each ∆Φg
is obtained with four measurement points, it corresponds to
an effective cycle time of 4Tc , where Tc is the cycle time
of the experiment.
p This√leads to
√ a global degradation of the
sensitivity of 5/2 × 4 = 10 with respect to a single
configuration measurement.
IV. R ESULTS
Figure 2 shows a continuous g measurement during 12
days in November 2010. It was performed in our laboratory
dedicated to gravity measurements [2] close to the LNE watt
balance project [5] nearby Paris. The points represented on
this figure are obtained switching from one configuration to
the next one every 100 shots. Each point thus represents
400 drops (about 170 s). Only three outliers out of 6 000
points over the 12 days measurement have been withdrawn
from the figure. The measurements have been corrected from
atmospheric pressure and polar motion effect on g [16] but not
from tides, which they follow in very good agreement with a
local tidal model [2]. The residuals obtained by correcting the
data from tides are represented at the bottom of the figure for
bins of 170 and 10 000 s. We see resolved temporal changes
in the noise which we attribute to variations in human activity
over nights and days or week-ends.
The Allan standard deviation of the residual signal is
represented as black dots in Figure 3. It averages down
as white noise in τ −1/2 and corresponds to an equivalent
sensitivity at 1 s of σg = 70 µGal1 . The sensitivity remains
lower than 1 µGal after 5 000 s and flickers at the level of
0.7 − 0.8 µGal, which is comparable to the accuracy of our
local tidal model [2]. It is thus difficult to assess whether
the long term stability is limited by our instrument or by
the tidal model itself. On the same figure, the blue squares
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Fig. 2. Top, continuous g measurement from November 10th to November
22nd 2010 uncorrected from tides (bins of 400 drops). (Red solid line) Tide
model. Bottom, residuals, in gray for bins of 400 drops (170 s), in black for
bins of 10 000 s.

represents the Allan standard deviation of the half difference
when alternating only two configurations k↑ and k↓ . Note that
for this plot we selected data only at full intensity, which
amounts to taking only half of the data points, keeping the
same effective cycle time of 4 Tc . The algorithm suppresses
the fluctuations of ∆Φindep and allows to obtain a sensitivity
of 0.6 µGal after 3 000 s. Nevertheless the measurement is still
sensitive to the two-photon light shift fluctuations represented
by the bump on the red plot at about 20 000 s. Finally
the improvement of stability for long term measurement with
four interleaved configurations clearly illustrates the efficiency
of the two photon light shift rejection. We also represent
as red stars the Allan standard deviation of the corrected
signal obtained with a single configuration during three hours,
considered here as continuous. The corresponding
red slope
√
representing the white noise should be 10 lower than the
black one and the sensitivity as explained previously but it is
even better as the data computed only include three hours of
g measurements obtained during a night. Then the sensitivity
at 1 s is 1.5 µGal instead of 2.2 µGal.
The total accuracy of the instrument is 5.2 µGal, mostly due
to the wave-front distortion bias [12]. It could be reduced if we
limit the transverse motion of the cloud. Three comparisons
with different free fall corner cube gravimeter [6], [17], [18],
[19] performed from October 2009 to April 2010 [7], [8], [9]
showed good agreements (4.3 ± 6.4 µGal) and differences up
to 15 µGal.
V. C ONCLUSION
We presented the LNE-SYRTE absolute atomic gravimeter,
developed in the frame of the LNE watt balance experiment. It
allows performing continuous g measurement at a high cycling
rate of 3 Hz, avoiding the use of environmental models for
the watt balance measurement sessions. The algorithm we use
allows to suppress most of the phase shifts. The sensitivity of

1

0 .1

1

1 0

1 0 0

(s )

1 0 0 0

1 0 0 0 0

1 0 0 0 0 0

Fig. 3. Allan standard deviation of corrected g signals. Black dots: using the
four configurations algorithm to reject the LS2. Blue squares: half difference
of only
ptwo configurations alternating k↑ and k↓ . It corresponds to a blue
slope
5/2 lower than the black one. Red stars: using a single configuration
measurement taken as continuous during about 3 h.

the instrument is 1 µGal after 5 000 s time measurement and
flicker at 0.7 µGal level that corresponds to the accuracy of our
tidal model. The accuracy is 5 times bigger than the targeted
accuracy we expect to reach when improving the uncertainty
associated to the wave-front distortion correction which is the
limiting effect of such a device. For that purpose, the next
step consists in limiting the transverse motion of the cloud
by cooling the atoms further down in a dipole trap or using
horizontal Raman beams to limit the cloud expansion.
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Abstract— The properties of a new class of electromechanical
resonators based on GaN are presented. By using the flexural
modes of a doubly clamped beam, the two-dimensional electron
gas (2-DEG) present at the AlGaN/GaN interface can be
modulated by a field effect arising from the GaN buffer
piezoelectricity. This leads to active piezoelectric transducers for
which we show experimental results with detailed bias condition
studies up to 10 MHz. Associated with modeling of the
transduction physics, this allows explaining how the 2-DEG
properties lead to the transconductance effect in the
electromechanical domain.

transistors [15]. Here we present an overview of a new class of
electromechanical resonators based on GaN. The main idea is
to use the 2-DEG at the AlGaN/GaN interface and the
piezoelectric properties of the heterostructure in order to
convert piezoelectric polarization generated in the bulk into an
amplified current. Active piezoelectric transducers with
experimental results are demonstrated with detailed bias
condition studies up to 80 MHz. In particular, the importance
of the 2-DEG properties is emphasized for the understanding
of the electromechanical transconductance.
II.

I.

INTRODUCTION

A. Development of MEMS compatible epilayers

Gallium nitride is the second most used semiconductor
material after silicon, with applications driven by
optoelectronics, RF devices and DC power converters. All
these devices benefits from GaN-on-silicon increasing
material quality [1, 2]. Moreover, GaN combines piezoelectric
properties to a high sound velocity, which could make
possible the co-integration of SAW devices with HEMTs
amplifiers [3, 4]. Among high frequency devices, SAWS [5,
6] and bulk acoustic filters [7] have already been studied.
Quasi-static MEMS devices have been investigated for
studying the gauge factor, which points out the importance of
transport interaction with piezoelectric effects [8-10].
Moreover, GaN is able to withstand high electric fields and
high temperatures, thus being a very interesting material for
sensors operating in harsh environments [11, 12]. With the
advances in RF power electronics, GaN heterostructures have
reached high electron mobility in two dimensional electron
gas (2-DEG) that makes them attractive for exploring active
piezoelectric devices for high frequency resonant sensors [13].
The concept of small signal amplification coupled to
transduction of motion in resonators dates back to Nathanson
[14]. Recently, this approach has been revisited in silicon,
with active devices exploiting the piezoresistive effect inside

Today, electronic grade GaN material is obtained by
heteroepitaxy on silicon carbide, sapphire, or silicon
substrates. Typical epilayers stacks consist in a nucleation
layer, followed by a GaN buffer where the dislocation density
lowers from its bottom to the top. Given the temperature
growth range (800-1000°C) and the substrate properties, large
thermal stresses develops at cooling, thus preventing to grow
more than 2-3 µm of high quality GaN onto silicon or silicon
carbide. As far as MEMS applications are concerned, ilicon is
the prominent choice for the substrate material since it allows
taking advantage of existing high aspect ratio machining
techniques such as deep reactive ion etching (DRIE). In
addition, silicon when patterned by fluorinated plasma or by
wet etching techniques exhibits a high selectivity over GaN.
Moreover, GaN-on-silicon has been demonstrated on 200 mm
wafers using MOCVD technique [17]. In MBE growth on
silicon substrates, 2µm thick GaN can be obtained provided
that the large thermal mismatch (115%) effect is mitigated by
using AlN/GaN/AlN layers, thus reducing induced stress.
Here, buried cracks appear in this region and a compressive
mean stress is obtained in the thick GaN layer [18]. In order

This work was supported by the French National Agency (ANR) in the
frame of its programme in Nanosciences and Nanotechnologies (MEMSGAN
project n°ANR-08-NANO-023).
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to overcome the stress issues due to the use of standard
HEMT wafers,1 µm thick AlN/GaN buffer epilayers have
been engineered for MEMS applications. Using in situ wafer
curvature measurement [19] as well a systematic processing
of test structures, the growth process was optimized.
Epilayers with a mean tensile stress in the range 250-400
MPa with no buried cracks have been obtained (Figure 1).
Figure 2. Architecture of the processed devices. Together with AlGaN/GaN/
HEMTs with large sizes (leftmost part), R-HEMTs transducers are
fabricated. The Schottky gate and the actuator electrode are defined
simultaneously. After passivation and metal pads deposition,
micromechanical beams are etched in the GaN epilayer. Then, the resonators
are released by Si substrate etching.

Figure 3. Optical image of a 50 µm long flexural GaN MEMS resonator with
fully integrated transducers. The actuator is here the Schottky gate at left side
of the beam. At right, a Resonant High Electron Mobility Transistor (RHEMT) enables active mechanical detection.
Figure 1. Micromechanical test structures of released AlGaN/GaN. The
optimized growth conditions of the buffer allows to reach a tensile stress
lower than 400 MPa.

III.

B. Simultaneous fabrication of HEMTs and R-HEMT
transducers

ELECTRICAL AND MECHANICAL CHARACTERIZATION

A. Transducers properties

The fabrication of GaN resonators consists in processing
HEMTs and R-HEMTs transducers first, and then defining
mechanical parts. In our fabrication runs, we used two GaN
epilayers: both are terminated by a 22 nm AlGaN barrier, the
first one has a thickness 2.3 µm and a -2.3 V pinch-off
voltage, the second is 1.8 µm thick and a -4.5 V pinch-off
voltage. To make transistors and transducers ohmic contacts,
we deposit a 350 nm Ti/Al/Ni/Au stack which is annealed
during 30s at 850°C. Then a damage implant is used to define
the 2-DEG electrical path for the R-HEMT channel extension
and the actuator bottom electrode. A Mo/Au gate is formed
by lift-off and 150 nm SiO2 is deposited to passivate the
devices. This layer is etched to make bridged connections to
source and drain contacts as shown on Figure 2. This
architecture allows using all the beam width as the R-HEMT
drain extension, thus maximizing the signal. After the
passivation step, a hard mask is deposited and patterned,
followed by the etching of the entire GaN stack down to the
silicon substrate. Then the resonators are released by isotropic
etching of silicon using xenon difluoride process. Figure 3
shows a 50 µm long flexural resonator after release.

The testing of GaN MEMS devices involves optical, DC,
and AC electrical measurements. The setup is based a vacuum
testing chamber with coplanar probes enabling measurements
from 77K to 330K. Three different bias tees are used at the
actuator, drain, and source ports. The actuator is reverse
biased in order to maintain the Schottky in the reverse regime,
and the AC voltage is provided by port 1 of a network
analyzer (Agilent 8753). The main effect observed in these
resonators is shown on Figure 4. It consists of the increase of
the motional current with applied drain bias, each maximum
having first a linear dependence before 2V, and then followed
by saturation (in practical, due to the high current density of
0.8A/mm enabled by the heterostructure, the small
interconnecting metal bridge collecting the drain current
withstands only voltages up to 4V).
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Figure 4. Optical GaN resonator response versus DC voltage applied on the
drain at 0V on the gate. The amplification provided by the transducer enables
motion detection with a ~20dB improvement as compared to a passive
piezoelectric of similar size. The shift of the resonance frequency is
attributed to the static piezoelectric strain due to the drain-source field, in
addition to the portion of source lying inside released area.
Figure 6. DC transconductance characteristics and electromechanical
response versus gate in the linear and saturated regime (300K). A strong
analogy is observed, evidencing the importance of 2-DEG mobility in the
amplification-detection mechanism. The DC transconductance with other test
structures allows to extract local and mean mobility, which are necessary to
understand the response to the 2-DEG to additional carrier concentration
originated by the piezoelectric buffer

Figure 5. GaN resonator response versus the gate DC voltage (77K). The
vibration modes are the 2nd and 3rd flexural of a 100 µm long doubly clamped
beam. They evidence a variation of the resonator admittance that clearly
denotes transconductance in the electromechanical domain.

The observation of amplification raises questions about the
amplification mechanism and the physical effect occurring
under the R-HEMT channel. A first calculation of the current
in the linear regime shows that the corresponding sheet carrier
density in the 2-DEG agrees with the order of magnitude of
equivalent fixed piezoelectric charge generated in the GaN
buffer and the heterostructure. A detailed study of the
response, at cryogenic temperatures and on various
resonators/vibration modes was performed. in Figure 5, we
show at 77K the vibration spectra of a 100µm long resonator
versus gate voltage. For both flexural modes of order 2 and 3,
we observe that the R-HEMT response follows dependence
very similar to the well known transconductance in
AlGaN/GaN HEMTs. In particular, the gate completely
switches-off the response near the pinch-off voltage (-2.4V),
and a maximum is reached in the linear regime at a -1.8V
value. This confirms that the electromechanical response
occurs in the 2-DEG and not across parasitic conduction. On a
different epilayer (Vpinch-off=-4.7V), the transconductance
recorded under DC conditions confirms the analogy with the
electromechanical admittance (Figure 6).
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Figure 7. Extrinsic model of the R-HEMT. The active transducer includes 3
zones where the 2DEG can be influenced by the piezoelectric properties of
the GaN buffer. Zones 1 and 3 are the access region with carriers having a
mobility different from the 2-DEG located in the zone 2. With the gate bias,
the carrier number and thus the local mobility can be tuned, resulting in a
modulation of piezo-amplified transduction.

The HEMT DC transconductance (Gm) is known to display
a pronounced maximum, since the main effect of the gate
voltage is to control the mean carrier number in the channel.
The mean carrier concentration turns in modifying the local
mobility of the carriers, which is reflected in the extrinsic
transconductance. The systematic observation of such maxima
in the resonator response points towards the fact that the
change of carrier concentration is the dominant mechanism in
our case. We developed a quantitative approach based on 3
different zones in the R-HEMT showed in Figure 7. The idea
is to take into account the response of the 2-DEG in the
different zones, the zone 2 being the only one with mobilities
controlled by the gate.

Figure 8. Performance of amplitude detection with the R-HEMT biased at
saturation. The beam length is 100µm and a stiffness of 15 N/m. A
resolution of 1.2 × 10-13 m. Hz ½ is reached.

IV.

RESONATOR RESPONSE UP TO 100 MHZ

In order to evaluate the capability of R-HEMT transducers
to detect motion at higher frequency, we acquired vibration
spectra up to 100 MHz. First, a comparison between optical
measurements and electrical response was performed (Figure
9). Together with FEM simulation, the conclusion is that RHEMT senses all the flexural modes with out-of-plane
motion.

B. Minimum detectable amplitude with the R-HEMT
transducer
Given the previous observation, we can bias the R-HEMT
close to its maximal electromechanical transconductance and
look for the minimum detectable signal in the saturation
regime of the transistor. Figure 8. shows typical resolution
reached with a 1.5 MHz resonator. Using laser Doppler
vibrometry, the amplitude was calibrated so that the 2 mV
excitation voltage corresponds to a floor of 1.2×10-13 m.Hz½.
Given that the stiffness constant is 15 N/m, this first result is
promising for force measurements applications.
Figure 9. 1-25 MHz study of a 100µm long GaN resonator. The top curve
represents the vibration amplitude recorded by a Laser Doppler Vibrometer,
with the excitation provided by the piezoelectric 2-DEG actuator. The bottom
curve is the power transmitted by the resonator measured at the R-HEMT
drain. All the flexural out-of-plane modes are detected,.
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Figure 10. Electrical response up to 85 MHz. FEM simulations including the
epitaxial stack and the exact dimensions of the released areas of the
measured resonator allows to identify high order flexural modes, as well
membrane-like modes involving peripheral motion.

At frequencies beyond the laser Doppler Vibrometer
bandwidth, the transduction still evidences vibration modes.
Finite Element Modeling allows identifying several high order
flexural modes (Figure 10), and also confirms that in plane
flexural modes are not detected by the R-HEMT. This is
consistent with the interpretation that the 2-DEG screens the
piezoelectric polarization, which leads to a charge density in
the GaN buffer only when it has a non vanishing divergence.
V.

CONCLUSION

We have presented the development of Gallium nitride
MEMS resonators based on AlGaN/GaN heterostructures
grown on silicon substrates. The use of piezoelectricity and 2DEG in the R-HEMT device allows providing active
transduction that evidences harmonic response up to 77 MHz
on flexural beams.
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Abstract—A capa
acitively transd
duced micromecchanical resona
ator
coonstructed in hot
h filament CV
VD boron-doped microcrystallline
diiamond (MCD)) structural matterial has posted a measured Q of
1446,580 at 232.4
441 kHz, which
h is 3× higher than the previious
hiigh for condu
uctive polydiam
mond. Moreoveer, radial-conttour
m
mode disk reson
nators fabricateed in the same MCD
M
film and usin
ng material miismatched stem
ms, cf., Figure 1, exhibit a Q of
711,400 at 299.86 MHz, which iss the highest serries-resonant Q yet
m
measured for an
ny on-chip resonator at this frrequency. The mam
teerial used here further exhibiits an acoustic velocity of 18,516
m
m/s, which is no
ow the highest to date among
g available surfface
m
micromachinable materials. For many poten
ntial applicatio
ons,
th
he hot filament CVD method demonstrated
d
in
n this work is qu
uite
en
nabling, since it
i provides a much
m
less expen
nsive method th
han
m
microwave CVD
D based alterna
atives for depossiting doped CVD
C
diiamond over larrge wafers (e.g., 8”) for batch fabrication.
f

I.

INTTRODUCTION

Frequency-selective resonaators with on-cchip Q’s >30,0
000
att GHz frequencies, if possiblle, would offerr a paradigm shift
inn transceiver design
d
by enab
bling narrow baand low inserttion
looss RF channell-select filters capable
c
of supp
pressing adjaceentchhannel interferrers directly after the antenn
na in the receeive
chhain, thereby significantly
s
im
mproving robu
ustness and pow
wer
coonsumption. Unfortunately, no
n existing room
m temperature onchhip resonator can yet achieve such Q’s at GH
Hz frequenciess.
Neverthelesss, recent advan
nces in capaciitively transduced
m
micromechanicaal resonator teechnology havee yielded deviices
thhat draw ever closer to thiss goal, with Q’s
Q reaching past
p
2000,000 at HF [1], 160,000 at VHF [2] and 14,600
1
at 1.2 GHz
G
[33]. Among stru
uctural materiaal options for capacitive
c
reso
onatoors, polydiamo
ond is among the most com
mpelling, since its
accoustic velocity
y is considerab
bly higher than that of other popp
ullar surface-miccromachinable materials, su
urpassing polyssilicoon by 2.3× and
d SiC by 1.6× and
a allowing polydiamond
p
reesonaators to achiev
ve GHz frequen
ncy with largerr, more easily definnable dimensions. Furthermore, phonon-ph
honon interacttion
baased loss theorry predicts poly
ydiamond to acchieve the high
hest
f×
×Q product at GHz frequencies among alteernative materials,
suuch as silicon, quartz, SiC and
a AlN [4][5]]. Indeed, conttour
m
mode micromecchanical disk resonators
r
fabrricated in poly
ydiam
mond with (m
material-mismaatched) polysillicon stems have
allready demonsstrated very im
mpressive Q’s of
o 11,555 at 1.14
1
G
GHz and 55,30
00 at 498 MHz [6]. Howeveer, most previous
w
work on high Q diamond reson
nators [6][7] em
mploy microwave
The authors wo
ould like to thank DARPA
D
for supporting this work.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Figure 1: SEM image of a 300-MHz contour mode disk ressonator with
fully surroounding electrode used for high freqquency HFCVD ppolydiamond
resonator eevaluation.

plasma CVD (MPCVD
D) tools [8] thaat are often connstrained to
deposit films over smaall areas, due too the high costt of generatwafers. Hot filaament CVD
ing a unniform plasmaa over large w
(HFCVD
D) [9] presentss an alternativee deposition tecchnique that
can unifformly depositt polydiamond over large areea wafers at
much loower cost. Unffortunately, preevious attemptss to employ
HFCVD
D diamond maaterial for micromechanicall resonators
have so far yielded vaastly inferior peerformance, caausing some
to dismiiss HFCVD ass a viable optioon for MEMS--based resonators.
Thiss work dispels such doubts bby demonstratinng HFCVD
diamondd MEMS resonnators with unnprecedented peerformance.
Specificcally, it presennts a capacitivee-comb transduuced micromechaniical resonatorr constructed in HFCVD bboron-doped
microcry
rystalline diam
mond (MCD) sstructural mateerial with a
measureed Q of 146,5880 at 232.441 kHz, which iss 3× higher
than thee previous marrk for MPCVD
D-based devicees [7]. Furthermorre, contour modde disk resonattors fabricated in the same
HFCVD
D film and usiing material-m
mismatched steems demonstrate a Q of 71,400 att 299.8 MHz, w
which is the hiighest series
resonantt Q measured at this frequeency for an onn-chip room
temperaature micromeechanical resonnator, recordinng an f×Q
product of 2.13×1013 H
Hz that is on ppar with similarr resonators
VD diamond [6]. The materiaal used here
fabricateed using MPCV
further eexhibits an acooustic velocityy of 18,516 m//s, which is
now thhe highest too date amongg available ssurface micromachhinable materiials. It is veryy possible thaat this new
polydiam
mond recipe caan eventually eenable an increease beyond
the Q>330,000 at GHz frequencies reqquired for nextt-generation
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TABLE I.

COMPA
ARISON OF ACOUS
STIC VELOCITIES AND
A
THEORETICALLY
PREDIC
CTED QUALITY FAC
CTORS AT 1GHZ AN
ND 3GHZ

Material

va (m/s)

QTheory @ 1GHz[4]

QTheory @ 3GHzz[4]

D
Diamond
SiC
Quartz
Si
AlN

18
8,500
13
3,300
5,720
5
8,500
8
10
0,970

380,000
32
20,000
39,000
3
36,000
3
8,700
8

380,000
116,000
13,000
36,000
3,400

Figure 3: ((a) Photo of the spp3 Model 650 HFC
CVD diamond depposition reactor
used in thiis work. (b) Uniforrm film depositionn over nine 4” waffers in a single
batch.

Figuure 2: Schematic descriptions of (a)) a microwave plaasma CVD (MPCV
VD)
systtem; and (b) a ho
ot filament CVD (HFCVD)
(
polydiaamond deposition system
m.

R
RF channel-seleecting transceiv
ver front-ends [10].
[
For this and other potentiallly high volumee applications, the
hoot filament CV
VD method dem
monstrated in this
t work is qu
uite
ennabling, since it
i provides a much
m
less expen
nsive method th
han
m
microwave CVD
D based alternaatives for depossiting doped CV
VD
diiamond over laarge wafers (e.g
g., 8”).
II.

THE DIAMOND FREQ
QUENCY & QUA
ALITY FACTOR
R
ADVA
ANTAGE

Anchor losss and intrinsicc material losss due to phon
nonphhonon interactiions are the tw
wo major Q lim
miting mechanissms
foor room tempeerature GHz frequency micro
omechanical reesonaators operated under vacuum
m. To alleviate the former, variouus anchor design practices, from
f
the use off Bragg reflecttors
too quarter-waveelength supportt design, are co
ommonly used
d to
m
minimize energy
y lost to the sub
bstrate via anch
hors. Once ancchor
loosses are suffiiciently remov
ved (if ever), intrinsic mateerial
loosses remain to
o set the Q. Wh
hile a completee understanding
g of
inntrinsic dissipaation mechanisms in microm
mechanical reso
onatoors remains elu
usive, recent stu
udies predict an
n f×Q product that
t
iss linear with freequency [4][5]—a prediction
n that deviates sigs
niificantly from earlier
e
belief in
n a frequency independent up
pper
lim
mit. Table I prresents a comparison of prediicted material Q’s
Q
baased on phonon
n-phonon energ
gy dissipation calculations [4
4] at
1--3 GHz for co
ommon MEM
MS resonator materials,
m
togetther
w
with measured acoustic
a
velocitties. Polydiamo
ond clearly stan
nds
ouut among materials in this table,
t
having more
m
than 3× the
prredicted Q and
d 1.4× the acou
ustic velocity of
o its closest co
ompeetitors, perhapss making it thee material of choice
c
for high
h Q,
hiigh frequency micromechanic
m
cal resonators.
III.

POLYDIAMOND
O
DEPOSITION TECHNIQUES
E

Figure 2 describes the two most common methods for th
hinfilm deposition
n of polydiam
mond: microwaave plasma CV
VD

Figure 4: SEM of a fabricaated comb-driven folded-beam resoonator used to
evaluate diifferent HFCVD ddiamond depositionn recipes.

(MPCV
VD) [8] and hott filament CVD
D (HFCVD) [9]]. As shown
in the fi
figure, an MPC
CVD tool suppplies energy foor CVD via
microwaave plasma, whhich must be uuniform over thhe receiving
wafer too ensure diamoond film uniforrmity. Despite their previously m
mentioned prow
wess in attaininng high Q at hiigh frequency, the hhigh cost of thee technology nneeded to generrate uniform
microwaave plasmas over large suubstrates oftenn constrains
MPCVD
D diamond tools to small areaa film depositioons, making
them lesss suitable for hhigh volume baatch productionn.
In contrast, a hot filament CVD
D tool suppliess energy for
reactionn via direct heaat delivered byy filaments longg enough to
extend oover several w
wafer-sized subbstrates. The fiilaments are
simple aand easy to reeplace, and thee tool is muchh simpler to
build annd operate, heence its muchh lower cost. Before this
work, H
HFCVD had noot been able too produce diam
mond micromechaniical resonatorss with Q and acoustic velocity performance eequaling that oof the more exppensive MPCV
VD, causing
many w
would-be-adopteers to shy awayy from the form
mer.
Thiss work uses an sp3 Model 650 HFCVD diam
mond deposition reeactor, picturedd in Figure 3, to explore moore fully the
efficacyy of the hot filaament approacch and perhapss dispel prevailing biases againstt it. Since vibbrating resonattors for RF
applicattions are of maain interest, Q and acoustic vvelocity are
the maiin metrics useed to gauge peerformance in this work.
Since thhe mechanismss for Q-limitingg loss are oftenn frequency
and devvice geometry ddependent, evaaluations are ddone at both
low andd high frequenccies, as is now ddescribed.
IV.

H OT FILAMENTT CVD POLYDIIAMOND FOR HIGH Q LOW
F REQUENCY MICROMECHANIICAL RESONATTORS

To eevaluate the low
w frequency m
material Q as a function of
HFCVD
D polydiamondd deposition reccipe, folded-beeam electrostatic coomb-driven ressonators [11], ssuch as depicteed in Figure
4, were used. As amplly covered in thhe literature, thhese devices
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(a)

Oxide Hard Mask
Polydiiamond

A
Anchor
Opening

Sacrificcial Oxide
P-tyype Substrate
Released Resonattor

(b)

P++ Doping

Anchor
Electrode

Electtrode

Figure 6: Measured frequenncy response for tthe polydiamond rresonator using
HFCVD recipe, shoowing a measured Q of 146,580 at 2232.441 kHz.
the best H

Oxide Pedesstal
P-tyype Substrate

P++ Doping

Fiigure 5: Two-mask
k comb-driven fold
ded-beam resonato
or process flow crrossseections after: (a) diamond and hard mask deposition; and (b) diamond etch
e
annd HF release.

em
mploy capacitiive-comb transsducers to lineearize the ac voltagge-to-force traansfer function
n, as well as compliant
c
fold
dedbeeam suspensions that alleviaate the effects of
o residual streess.
Suuch devices maake for excellent gauges of in
ntrinsic materiaal Q
att low frequenccies, since theiir stiffnesses on
o the order of
o 1
N
N/m are quite low, making energy lossess to the substrrate
thhrough anchorss quite small. If anchor lossses can be made
siignificantly sm
maller than thee intrinsic matterial Q, then the
m
measured Q morre accurately gauges
g
the intrin
nsic material Q.
Q
A. Two-Mask HFCVD
H
Polydiiamond Fabriccation Process
Figure 5 sum
mmarizes the quick
q
two-mask
k fabrication prop
ceess used to ach
hieve folded-beam comb-driveen resonators. The
T
prrocess starts with
w p++ dopin
ng of substratess via boron solidsoource (to form a blanket grou
und plane), folllowed by a 2 μm
LPCVD deposittion of sacrificcial oxide at 45
50°C. Anchorss to
phically defineed and etched into
i
thhe substrate aree then lithograp
thhe oxide, follo
owed by HFCV
VD deposition
n of boron-dop
ped
poolydiamond via recipes (one for each wafeer) summarized
d in
Table II. Here, an array of reecipes is used with
w the intentt of
he material Q. For
finnding optimal conditions thaat maximize th
eaach recipe, the diamond deposition process consists
c
of:
1. Seeding
g of nano-diam
mond particles by spin coatting
onto the wafers a liquid loaded with
w
hydrocarb
bon
nano-paarticles, prepareed via ultrason
nic agitation off fine diam
mond powder in
n DI water [12].
2. Flowing
g CH4, which provides
p
hydroccarbon radicalss as
the sourrce of carbon for
f diamond deeposition; and H2,
which dissociates
d
into
o atomic hydrrogen via therm
mal
energy from the heatiing filaments and
a promotes the
on of sp3 diam
mond bonds ov
ver the undesiired
formatio
sp2 grap
phite phase.
After diamond deposition, a blanket LPC
CVD oxide is depoosited to servee as a hard maask during etching of diamo
ond.
The diamond resonator structu
ure and electrod
des are defined
d by
n etched in an RIE
R chamber with
w
a second lithogrraphy step, then
d 2 sccm CF4 flow at 50 mT
Torr pressure and
a
500 sccm O2 and
7550W power. Th
his recipe, with
h the help of th
he aforemention
ned
oxxide hard mask
k, creates vertical sidewalls. Finally,
F
the waafer
iss diced, and ind
dividual dies arre released in 49
4 wt. % HF viia a
tim
med etch that releases the resonator
r
strucctures, but leaaves
thheir electrodes on oxide pedestals, firmly atttached to the subs

Figure 7: M
Measured frequenncy response (and Lorentzian fit withh dashed lines)
for a polyysilicon resonator w
with identical geoometry to that of F
Figure 6, showing a 3× loower Q of 58,901..

Figure 4 alreaddy presented thhe SEM imagee of a fabristrate. F
cated annd released HFCVD diamondd resonator, witth a zoom in
showingg the 700 nm ggrain size achievved by recipe M
MCD2.
B. Meaasurement Resuults
Fabrricated folded-bbeam resonatoors were measuured using a
two-porrt mixing meassurement setupp, as describedd in [13], at
room tem
mperature andd under 10 Torr vacuum to eeliminate air
dampingg. Figure 6 preesents the meaasured frequenccy response
for the resonator fabrricated using tthe best HFCV
VD polydiamond rrecipe, achieviing a measuredd Q of 146,5800 at 232.441
kHz, whhich surpasses the previous high for conducctive polydiamond [[7] by 3×.
For comparison, ppolysilicon foldded-beam resoonators with
geometrries similar to tthose of the poolydiamond veersions were
also fabbricated using pphosphorus-dooped polysilicoon structural
materiall deposited via LPCVD at 615°C. Figure 7 ppresents the
measureement for one such polysiliccon resonator in a design
nearly iddentical to thatt of Figure 4, eexhibiting a meeasured Q of
58,901 aat 20.883 kHz.. The diamondd version not onnly posts an
11.1× hhigher resonannce frequency than the polyssilicon one,
but alsoo bests its Q byy 2.4×. Since annchor losses arre higher for
the stifffer diamond reesonator, and iif one assumes that other
loss meechanisms (e.gg., surface conntamination) arre comparatively neegligible, thesee measurementts suggest that tthe intrinsic
materiall Q of HFCVD
D polydiamondd structural m
material is at
least 2.44× that of polysilicon in the kkHz frequency range. Given that the previous m
mark for Q in conductive M
MPCVD diamaterial is 47,9900 [7], this m
measurement ffurther indimond m
cates thhat it is possiblle to deposit loower loss matterials using
HFCVD
D than MPCVD
D, with the addditional benefits of higher
throughp
hput and lower ttool cost.
C. HFC
CVD Diamondd Recipe Optimization
To ddetermine the ooptimum HFC
CVD polydiamoond deposi-
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TABLE II. HOT FILAMENT DEPOSITED CVD DIAMOND PROPERTIES VS.
DEPOSITION CONDITIONS

Parameter
CH4 Concentration
Dopant TMB:CH4
Wafer Temp.
Filament Temp.

NCD1
2.7
7500
720
2285

NCD2
1.5
1350
720
2200

MCD1
1.5
2250
710
1975

MCD2
1.0
675
730
2010

Quality Factor, Q
Acoustic Velocity
Resonance Freq., fo
Young’s Modulus
Density, ρ

12,171
16,767
41.840
984
3500

18,246 25,580 146,580
̶
14,442 16,886 18,516 m/s
36.035 210.650 232.441 kHz
730
998
1198
GPa
3500
3500
3500 kg/m3

Unit
%
ppm
°C
°C

tion conditions that maximize Q, resonators using variants of
the deposition recipe were measured and compared. Table II
compares the recipes and resulting measurements, showing a
12× improvement in Q between the initial (NCD1) and final
(MCD2) optimized recipes. Each recipe shown in the table
minimizes residual stress via proper adjustment of the filament
and wafer temperature during deposition, and this makes possible the non-curled folded resonator beams shown in Figure
4. The column denoted as MCD2 indicates the best deposition
conditions for microcrystalline polydiamond, marked by the
highest measured Q of 146,580 and acoustic velocity of
18,516 m/s for conductive polydiamond.
From the table, three important strategies for raising Q can
be inferred:
1. Reduce the TMB:CH4 ratio, which reduces the boron
doping level.
2. Reduce the CH4 flow, which reduces non-diamond
carbon formation, thereby yielding a lower loss film.
3. Target microcrystalline polydiamond (MCD) films instead of nanocrystalline diamond (NCD), since the
former seems to be able to attain higher Q, despite its
surface roughness.
V. HOT FILAMENT CVD POLYDIAMOND FOR HIGH Q
HIGH FREQUENCY MICROMECHANICAL RESONATORS
Because they have historically achieved the highest Q’s
among resonator designs operating past VHF, this work employs radial-contour mode disk resonators, such as shown in
Figure 1, to evaluate the high frequency Q achievable by
HFCVD diamond material. As shown in Figure 1 and in the
cross section of Figure 9-(b), this device consists of a polydiamond disk suspended 700 nm above a polysilicon ground
plane and anchored to the substrate by a polysilicon stem at its
very center. Polysilicon electrodes surround the disk with an
electrode-to-disk gap spacing of only 80 nm. All structural and
interconnect materials are boron-doped, so are conductive.
The disk device operates similarly to the previous foldedbeam resonators, where a combination of a dc-bias and ac
excitation voltages are applied across the resonator-to-input
electrode gap to excite resonance vibration; and currents flowing through the resulting time-varying dc-biased resonator-tooutput electrode capacitive gap are sensed as a measure of the
resonance displacement against frequency. As detailed in [6],
the resonance frequency of a radial-contour mode disk is inversely proportional to radius and directly proportional to
acoustic velocity, the latter of course being one of the major

advantages of diamond.
The prospects of attaining Q’s at high frequencies as high
as seen for the low frequency folded-beam devices of the previous section are mediocre, at best. Indeed, the results of the
previous section, although very impressive, only apply to low
frequency resonators for which anchor losses are small and the
intrinsic material Q is set primarily by TED [14]. At the much
higher frequencies needed for RF applications, Landau-Rumer
regime phonon-phonon interactions supplant TED as the dominant intrinsic material loss mechanism [4], and this changes
the value of the theoretical maximum attainable Q. Perhaps
more importantly, the higher stiffnesses needed to attain high
frequency greatly accentuate the role of supports and anchors
as conduits for energy loss, to the point where anchors generally dominate over other loss mechanisms when a high frequency resonator is operated under vacuum. Indeed, anchor
losses have historically prevented measurement of intrinsic
material Q at UHF frequencies.
Needless to say, the key to attaining a best estimate of the
Q set by intrinsic HFCVD polydiamond material loss mechanisms at high frequency is to eliminate anchor losses.
A. Material-Mismatched Stem forMinimal Anchor Loss
Anchor loss has long been recognized as an important Q
limiter on the micro-scale, from the very first MEMS-based
resonators to reach VHF frequencies with high Q [15], to
more recent rings [3], disks [6], and lamb wave structures [16]
operating at GHz frequencies. Indeed, VHF free-free beam
micromechanical resonators [15] were the first to employ
quarter-wavelength supports attached at nodal points in the
resonator mode shape to minimize support-derived energy
losses—a technique still very much used in the latest generation of GHz devices [3], and still among the most effective at
reducing anchor loss. To be sure, other strategies for reducing
support losses have also been explored, including the use of
Bragg reflectors [17] or photonic bandgap structures [18] between the resonator and substrate, but these have so far not
been as effective as quarter-wavelength supports attached at
nodal locations, at least from the perspective of maximum Q.
Ultimately, the above strategies to suppress anchor loss all
seek to create large acoustic impedance mismatches at the
resonator-anchor boundaries in an attempt to confine the
acoustic energy within the resonator structure during resonance vibration, thereby preventing energy loss to the surroundings. Knowing this, and further recognizing the very
large difference in characteristic acoustic impedance between
polydiamond and other common micromachinable materials,
the work of [6] used MPCVD polydiamond for the disk structure, but polysilicon for the stem, to effect a material mismatch between the disk and stem that reflects energy back into
the disk structure, preventing the energy leakage that would
otherwise occur. The degree of reflection can be modeled and
designed analogously to electrical transmission lines to generate a non-zero reflection coefficient for acoustic waves at the
resonator-anchor boundary, preventing energy from flowing
into the stem anchor towards the substrate, as depicted in Figure 8. Figure 8 specifically illustrates how a stem made in the
same material as the disk does little to impede energy flow;
whereas a mismatched stem made in a material different from
that of the disk suppresses energy loss to the substrate. This
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Fiigure 8: Schematiccs comparing eneergy losses to the substrate (indicateed by
arrrows) for (a) a polysilicon
p
disk with
w
an impedancce matched polysilicon
steem; and (b) a poly
ydiamond disk witth a material-mism
matched (so imped
dancem
mismatched) polysillicon stem, where (b) loses much lesss energy.

sttrategy allowed
d the device off [6] to achievee measured Q’ss as
hiigh as 55,300 at
a 498 MHz, which
w
correspon
nds to a whopp
ping
frrequency-Q pro
oduct of 2.75×1
1013, setting a record
r
for on-cchip
rooom temperaturre resonators at the time of itss publication.
To best min
nimize competiing loss mechaanisms that miight
m
mask the intrinssic structural material
m
Q, the current work borb
roows from that of [6] in its use
u of polydiam
mond for the disk
d
sttructure, but po
olysilicon for th
he stem materiaal.
B. Five-Mask Fabrication
F
Pro
ocess for High
h Frequency
Contour Mode Disk Resonators
The fabricatiion process forr disk resonatorrs uses five maasks
dentical to that of [6], except for the use off an
annd is nearly id
H
HFCVD diamon
nd tool that allows conformaal film deposittion
ovver multiple laarge area waferrs at low cost per
p run, instead
d of
M
MPCVD diamo
ond, which in [6] was limiteed to single sm
mall
arrea depositionss. Figure 9 preesents a very brief process flo
ow.
The process starrts with p++ do
oping of waferrs via boron solidd by subsequen
nt LPCVD dep
positions of 2--μm
soource, followed
LTO and 500-nm
m nitride insulation layers. 50
00 nm of polyssiliosited and borron-doped via solid-source, th
hen
coon is then depo
paatterned and etched to deffine interconn
nects and grou
und
pllanes. A 700-n
nm LTO layer is
i deposited as the bottom sacrificial layer, follo
owed by diamo
ond seeding to nucleate a sub
bseg
of 2-μm
m structural bo
oron-doped miccroquuent HFCVD growth
crrystalline (MCD
D) polydiamon
nd using recipee MCD2 from Tablle II. A 1.2-μm
m oxide layer is deposited via
v LPCVD ussing
flow rates of 40
0 sccm DCS and 100 sccm N2O at 835°C to
m
during th
he subsequent etch
e step, and as
a a
seerve as a hard mask
veertical spacer for the ensuin
ng polysilicon electrode depo
ositioon. The disk reesonator structu
ure is then defiined and etched
d to
yiield the cross-ssection shown in Figure 9-(aa), after which
h 80
nm
m of HTO is LPCVD’ed to
o serve as a siidewall sacrificcial
oxxide that defines the electrod
de-to-resonator gap spacing. The
T
sttem opening an
nd electrode an
nchors are then
n lithographicaally
deefined and etch
hed, each in seeparate sequencces to allow seeparaate optimizatio
on of tiny stem
ms and consideerably larger ellectrrode contact vias.
v
A 3-μm--thick boron-d
doped polysiliccon
deeposition then follows that conformally fills
f
the stem and
a
ellectrode contacct openings to create
c
the aforeementioned maaterial-mismatched
d stems, plus electrodes ov
ver the resonaator
f
lithograph
hy and etch step
p defines the ellecsiidewalls. The final
trrodes, and a sub
bsequent liquid
d HF release freees the resonato
ors,

Oxide Hard
Mask
PolySi
Interconnect

de
Isolation Nitrid
Isolation Oxide
O
P-type Substtrate
Figure 9: Five-mask disk reesonator process fllow cross-sectionss after: (a) diamond depposition and etch (bb) electrode etch aand HF release.

Figure 100: Schematic of thhe one-port mixinng measurement ssetup used for
contour m
mode disk resonatoor response measurrements.

yieldingg cross-sectionss like that of Fiigure 9-(b).
Figuure 1 already prresented an SE
EM image of thhe resonator
measureed in this workk, which has a ddisk radius Rdiskk = 17 μm, a
2 μm-ddiameter acousstic impedancee mismatched polysilicon
stem, annd a fully surrrounding electrrode with an 880 nm electrode-too-resonator capaacitive gap.
VI.

AL RESULTS
EXPERIMENTA

Lakeshore moddel FWPX prrobe station pprovided 50
A L
Torr vvacuum and prrobing to alloow room tempperature frequency characteristic measurementss using the miixing measurementt setup [13] ddepicted in Figgure 10. Here,, a bias tee
combinees a 10-MHz local oscillatoor signal with a DC bias
voltage to generate thhe resonator vooltage requiredd for mixing
measureement; and ann Agilent E50071C Networkk Analyzer
sources out of its port 1 an input RF
F signal that sw
weeps over a
100 kHzz span centereed at 10 MHz below the exppected resonance fr
frequency. As ddetailed in [133], the RF and LO signals
mix viaa the square-laaw voltage-to-fforce transfer function of
the inpuut capacitive traansducer, geneerating a force aat their sum
frequenccy, which equaals the resonannce frequency of the resonator, aallowing port 2 of the netwoork analyzer too sense the
resonantt peak without interference frrom feedthrouggh.
Figuures 11 and 12 present measuured frequency characteristics for HFCVD diam
mond and polyysilicon disks, identically

1030

frequenccies, and woork to demonnstrate this coontinues. If
achievabble with adequuately small mootional impedaance (which
will takke some work),, a paradigm-sshift in the dessign of next
generatiion RF commuunication transcceivers might bbe possible,
such as described in [10], where chhannel-selectinng RF filter
banks ennabled by Q’s this high remoove all interfereers from the
signal ddirected to dem
modulation elecctronics, allow
wing realization of a fast, low pow
wer frequency gating spectruum analyzer
that in tuurn enables truue software-deffined cognitive radio.
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Abstract—For the first time, fabrication of sub-micron thick
single crystal lithium niobate (LiNbO3) membranes on which
Film Bulk Acoustic Resonator (FBAR) is reported. The transfer
of thin single crystal piezoelectric layers on specific base
substrate has been physically and electrically characterized
showing to be an innovative and efficient substrate solution for
FBAR applications: resonances close to 2.35 GHz with an
electromechanical coupling factor of 3.8 % were obtained.
Characterized membranes were obtained using the Smart CutTM
technology developed for piezoelectric material such as LiNbO3.

I.

INTRODUCTION

RF filters are a key component in modern front-end
circuits, especially when multiband/multimode operations are
needed. The use of BAW (Bulk Acoustic Wave) or SAW
(Surface Acoustic Wave) technologies enables synthesis of
low-loss and compact RF filters. The bandwidth of these
filters is primarily defined by the electromechanical coupling
factor of each resonators used to build the filter (ladder or
lattice topologies). The effective required bandwidth of filter
matches at least what is defined by the targeted standard
(usually 60 MHz close to 2 GHz). It is however usually
increased to account for post-process frequency dispersions
and for frequency shifts induced by temperature. Depending
on how tightly frequency can be controlled during process
and on the thermal sensitivity, these margins can range from a
few MHz only up to 15 MHz, increasing the effective
bandwidth requirement. As far as BAW filters are concerned,
usual designs tend to sacrifice effective electromechanical
coupling factor to reach the quality factors required to ensure
low losses, pushing even further requirements in terms of
piezoelectric material properties. Aluminium Nitride (AlN) is
usually sufficient to meet the requirements for most standards
(for example PCS and WCDMA) [1], but is hardly sufficient
for the most stringent applications such as DCS for example
[2]. Thus, the use of materials with larger piezoelectric
properties is a possible approach to overcome these
limitations.
In order to improve piezoelectric properties, the transfer of
thin single crystal piezoelectric layers onto specific base
substrates has shown to be an innovative solution [3].
Incorporated into the engineered substrate, buried metallic

978-1-61284-110-6/11/$26.00 ©2011 IEEE

electrodes enabled the fabrication of HBAR (High Overtone
Bulk Acoustic Resonators). Using this approach, we
fabricated recently HBARs based on a LiNbO3 thin film
transferred onto a LiNbO3 substrate using the Smart CutTM
technology, which allows the transfer of a sub-micron thick
monocrystalline layer [4]. To go one step further, we also
fabricated Film Bulk Acoustic Resonators (FBAR) using the
direct transfer of a LiNbO3 onto a silicon substrate, the
grinding and polishing of the piezoelectric substrate to
decrease the thickness of the piezoelectric layer, and the
forming of free standing membranes through bulk silicon
micromachining [5]. Such an approach can only provide films
with thicknesses of a few tens of micrometers. Therefore,
fabricated resonators exhibited frequencies in the range of
250 MHz. Moreover, the parallelism of the two surfaces of
the grinded film proved to be a critical issue with regard to
quality factors.
This motivated us to investigate the use of the Smart CutTM
technology to transfer a sub-micron thick LiNbO3 layer to
form an FBAR (Film Bulk Acoustic Resonator). In section II
we describe the technique used to obtain sub-micron thick
single crystal lithium niobate films used in FBAR resonators.
We then report on the electrical characterization of the devices
in section III.
II.

SUBSTRATE REALISATION AND CHARACTERIZATIONS

The Smart Cut™ process is a well known method
successfully used by SOITEC for the mass production of SOI
(Silicon on Insulator) wafers [6]. This technology has the
ability to the transfer of piezoelectric materials (Figure 1),
like LiNbO3 [4]. Several articles [5,7] have demonstrated
examples of thin LiNbO3 single crystal layer transferred onto
silicon substrates. This approach suffers from the large
thermal expansion mismatch between silicon and LiNbO3. It
causes large strains, which could be detrimental for the selfstanding membrane. For this reason, we chose the option of
transferring a thin LiNbO3 layer onto a LiNbO3 substrate.
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LiNbO3 Donor wafer

corresponding to the transferred layer can be attributed to
implantation sub-surface damages localised in the first 50 nm.
On the other hand, the shift observed is the expression of a
residual layer strain (about 0.18 %) after transfer. During the
final process steps, the remaining damage are completely
removed, leaving a bulk-like single crystal material.
Furthermore, no extended defects have been observed in the
transferred layer by High Resolution TEM (Figure 3).

LiNbO3 Handle wafer

1. Metal + silicon oxide
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Figure 2. LiNbO3 (110) XRD signals measured right after the Smart Cut™
splitting step for the LiNbO3 layer and for the handle substrate.

Final substrate

Al
Figure 1. Smart Cut™ technology applied to LiNbO3 thin film fabrication.

A cleaning process has been developed, to obtain a particle
free surface without any degradation of the initial roughness,
leaving substrates compatible with the bonding technology
employed. As required by the final structure, a metallic (low
resistivity metal) electrode and PECVD silicon oxide are
deposited on the X-cut LiNbO3 bulk donor/handle substrates.
The donor structure is then subjected to ion implantation
(usually He ions) [8,9]. Top surfaces are then prepared to be
bonded at room temperature to a base X-cut, single side
polished LiNbO3 substrate thanks to a hydrophilic bonding.
Then, a thermal anneal is performed to initiate the splitting of
the donor wafer in order to transfer a 1 µm-thick film of
LiNbO3. Finishing treatments (annealing and polishing) make
LiNbO3 surfaces compatible for device processing. CMP
treatment removes the damaged surface layer resulting from
implantation and from the splitting. It is also used as a way to
control the LiNbO3 layer thickness. After CMP, surface
roughness is as smooth as the initial bulk substrate surface
and compatible with device fabrication requirements (below
0.6 nm RMS) [10,11]. The donor wafer, from which a thin
film has been transferred, can be re-used.
Physical characterizations realized on different samples were
used to determine the crystalline quality of the transferred
LiNbO3 layer. X-Ray Diffraction (XRD) measurements
performed on the as-split transferred layer confirm its singlecrystal nature and quality. The LiNbO3 (110) X-ray spectra
shown in Figure 2 correspond to measurements of the handle
substrate and of the transferred layer performed right after the
splitting step. On one hand, the widening of the peak

LiNbO3

Metal
SiO2
200nm

Figure 3. HRTEM cross section of LiNbO3 thin monocrystalline layer with
metallic electrode for FBAR devices.

After transfer, the LiNbO3 film is isolated from the bulk
substrate (Figure 3) by forming an air-gap between the
transferred layer and the handle substrate so as to realize a
piezoelectric membrane. Finally, a top aluminium electrode is
deposited by evaporation and patterned using wet etch
chemistry.
III.

SINGLE CRYSTAL FBAR ELECTRICAL
CHARACTERIZATION

So as to pattern the only top electrode, we use a set of two
resonators connected in series at the level of the bottom
electrode. These resonators have been probed on wafer using
a vector network analyser. To avoid destruction of the
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membrane, probes were positioned on contact pads located
outside of the membrane. For this reason, however, we
measure both the electrical response of the FBAR located on
the free standing membrane and the response of the resonator
formed by the contact pads located above the continuous
bottom electrode and lying directly in contact with the
substrate, as shown in Figure 4.
Al top electrode

resonance, both for the fundamental and for the second order
resonance above 4 GHz. The effective electromechanical
coupling factor is also well predicted for the second
harmonic, suggesting that the discrepancy between the
relatively small effective coupling factor of the fundamental
(3.8 %) compared to theoretical values (above 45 %) is not
related to insufficient piezoelectric properties of the
transferred film, but to perturbations brought by the proximity
with the low quality factor resonance located at 2.7 GHz.

Membranes
Figure 4. Layout of the resonator indicating the position of the cavity and of
contact pads.

As expected from this layout configuration, electrical
response of resonators, shown in Figure 5, reveals features
associated with both the part of the resonator located over the
cavity and the part located at the level of the ground ring and
of contact pads. Indeed, two relatively sharp resonances are
located at 2.35 GHz for the most coupled mode
(fundamental) and at 2.48 GHz for a less coupled one. Their
effective electromechanical coupling factors respectively
reach 3.8 and 0.7 %, while their quality factors exceed 60.
They could correspond to the resonances of the two shear
waves piezoelectrically coupled in X-cut LiNbO3. A
resonance with a lower quality factor is also visible close to 3
GHz and is likely to correspond to the response of the
electrical pads and of the ground ring, where the vibrations in
the transferred film radiate in the substrate.

Figure 6. Simulation (light grey curve) of the FBAR part of the device.

We also simulated the same material stack radiating in a
semi-infinite X-cut LiNbO3 substrate, representing the
behaviour of the single-side polished substrate. As shown in
Figure 7, the position of the resonance and antiresonance
caused by the piezoelectric film radiating in the semi-infinite
substrate corresponds to theoretical predictions. It is to be
noted that due to the wide spectrum of these resonances,
those caused by the fast shear and by the slow shear wave
merge together.

Figure 5. Electrical response of a LiNbO3 FBAR resonator.

To confirm these assumptions, we simulated both parts of the
material stack using the scattering matrix method [12] and an
estimation of the thicknesses of the various layers obtained
from TEM cross sections as shown in Figure 3. The
membrane part consists in a SiO2 / metal / X-cut LiNbO3 500
nm / Al stack. Its lossless theoretical response (scaled to
match the impedance of the complete device) is
superimposed with measurements in Figure 6. An excellent
agreement is obtained for the position of the fast shear wave

Figure 7. Simulation (light grey curve) of the part of the device located
directly on the substrate.

Finally, we merge the two parts of the device by adding their
admittances, ponderated by their relative areas. We also add
an additional 2 Ω series resistance corresponding to the
resistivity of the electrodes and to the length of the electrical
path. Response shown in Figure 8, shows that the parallel
parasite capacitance brought by the contribution of the part of
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the resonator not located above the air-gap dramatically
decreases the effective electromechanical coupling factor by a
factor close to 10. Therefore, we believe that to the first
order, transferred film has kept most of its piezoelectric
properties. Quality factors at antiresonance seem higher in
simulations than in practice, but it is to be noted that the only
sources of losses included in the model are radiation within
the substrate and the small series resistance. So, material
losses in the stack may account for this phenomenon.
Especially, PECVD silicon dioxide used as a bonding layer
could explain this result.

Figure 8. Comparison between measurement (dark grey) and simulation
(ligh grey) of the full device.

IV.

CONCLUSION

We have reported the first fabrication of sub-micron thick
single crystal LiNbO3 membranes in which FBAR resonators
were fabricated. Unlike previous works, these membranes
were obtained using the Smart CutTM process and are
submicron thick. Furthermore, resonances close to 2.35 GHz
were obtained. Although the electromechanical coupling
factor is only of 3.8 %, simulations reveal that this relatively
low electromechanical coupling factor is largely due to the
parallel parasitic capacitance brought by the large part of the
resonator located outside of the membrane which is also
responsible for the additional resonance damped by radiation
within the substrate. Beyond this first study, future work will
focus on improving the design of these devices, principally by
patterning the bottom electrode to have only the resonators
located on the membrane, and substrate optimization to reduce
material losses.
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Abstract— In the last few years the BIPM has started using
GNSS phase and code observations and the Precise Point
Positioning technique to compute time links for the generation
of TAI. The estimated instability of such links for averaging
time up to 1 month has been taken as 0.3 ns. In this paper, we
investigate methods to estimate this instability, following several
approaches.

I.

INTRODUCTION

In the last few years the BIPM has started using GNSS
phase and code observations to compute time links. The
Precise Point Positioning (PPP) technique has been chosen for
its relative simplicity of operation while delivering state of the
art results, thanks to the precise satellite orbits and clock
products generated by the International GNSS Service.
Following earlier studies [1], the uncertainty uA for PPP links
used in TAI is taken as 0.3 ns. As specified in Circular T, this
value accounts for measurement noise (which is negligible for
PPP due to the low noise of the GNSS phase measurements)
but should also account for all effects with typical duration up
to one month. In this paper we use different techniques to
estimate the time instability of PPP links in the aim of
validating the chosen uA value.

Time and Frequency, the BIPM initiated in 2008 a pilot
experiment, named TAIPPP, where time laboratories
contribute GPS phase and code data and where the BIPM uses
the PPP technique to generate monthly solutions, at first in
slightly deferred time after the regular TAI computation. After
an initial buid-up, some 30 laboratories have regularly
contributed data. Since Circular T 261 (September 2009) PPP
has been used for TAI time links and some twenty such links
are now regularly used.
All results of the PPP computation are posted on the BIPM
web site at ftp://tai.bipm.org/TimeLink/TAIPPP/. In addition,
all available link comparisons between PPP and other
techniques are included in the link comparisons web page at
ftp://tai.bipm.org/TimeLink/LkC.
In March 2011 (the last month in this study), 33 stations
sent Rinex data to the BIPM for PPP computation, see the map
in Fig. 1. Seven of these stations also participate to the
network of the International GNSS Service (IGS) [3] and
clock solutions for these stations are also generally available
from the IGS.

In Section II, some background is given on the use of PPP
links in TAI. In Section III, the instability of these operational
links is studied through the discontinuities between monthly
solutions. Section IV presents results of tests using different
processing software and options, including link comparisons
to Two Way time transfer. Some implications on the present
and future use of this technique in the TAI computation are
discussed in Section V.
II.

BACKGROUND ON PPP LINKS IN TAI

Among GPS processing techniques, Precise Point
Positioning (PPP) appeared as a natural choice for TAI
computation needs because it is particularly adapted to a
global, but sparse, network of stations and because such
processing is flexible and easy to implement [2]. Therefore, to
answer the requests from the Consultative Committee for
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Figure 1. The network of the TAI stations for PPP analysis

The software used in the BIPM operational analysis for
TAI is the GPSPPP software developed by Natural Resources
Canada [4], presently version 1.04/1087, released in May
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2007 and upgraded in July 2008. The software directly uses
IGS files for satellite ephemerides and clocks, as well as for
the absolute antenna phase center offsets [5]. The BIPM uses
the IGS Rapid products, which are available with less than 3
days of delay so are available for the whole month at the date
of TAI computation, therefore these same products will be
used in this study.

no physical process has yet been proposed to explain the
significant bias in discontinuity.
TABLE I.

Station

The main operational parameters of the GPSPPP software
for the computation of 35-day (or 40-day) batches for TAI are
the following: use IGS Rapid SP3 orbits and 5-min satellite
clocks referred to the rapid version IGRT of the IGS time
scale [6]; ionosphere-free linear combination of code and
phase measurements are taken with a priori weights of 1 m for
code and 1 cm for phase; the elevation cut-off is set to 10°; the
observation sampling and clock solution interval are both 5
minutes; the tropospheric zenith delay is modeled as 3mm/√hr
random walk, with the GMF [7] mapping function used; ocean
loading coefficients are from [8]; station coordinates are
estimated on each 1-month batch.
III.

ANALYSIS OF DISCONTINUITIES BETWEEN MONTHLY
PPP RESULTS

A well-known feature of GPS phase and code solutions
based on successive (e.g. daily) batches is the presence of socalled “boundary discontinuities” [9]. The discontinuities are
due to the fact that phases are aligned on codes in different
manners over the two intervals. They may thus originate either
from noise of the code measurements, or from build-up of
errors e.g. in the phase ambiguity determination. The effect of
code noise would decrease, and thus the discontinuities would
also decrease, over long batches only in case of a white noise
processes. However, it has been shown that other noise
processes are present and sometimes dominant [10], so that
discontinuities do not necessarily decrease, and may
eventually increase, as the batch duration increases.
We here examine the 1-month discontinuities observed
over 35 months of PPP analysis for TAI, i.e. from an ensemble
of (at most) 34 discontinuities for 27 stations. Because each
monthly batch has a 5-day common period with the preceding,
we estimate an average value of the discontinuity over the 5day period and we also estimate an average rate of the
difference between the two results over this period. The
determination of discontinuities therefore does not depend on
the stability of either the local reference or the IGS reference
time scale. Table I shows the statistical information computed
from the discontinuity results. We see that the typical
discontinuity (median value) is about 170 ps in phase and
about 4x10-16 in rate. Note that a few of the values may be
affected by cases when one of the monthly processing had an
undetected error, however the large database and the use of the
median should mitigate such effects. Not shown in the Table,
the average value of the discontinuity is nearly always
statistically consistent with zero, with one notable exception:
The equipment designated by nist, operated by the NIST in
Boulder (USA) has a very specific behaviour and the average
value of the discontinuity (-0.32 ns) is very significantly
biased. This equipment is the only one which produces C1/P2
(not P1/P2) data and is also the only one of its brand. However

STATISTICAL DATA ON THE MONTHLY DISCONTINUITIES IN
THE TAI PPP PROCESSING

# disc

Average value of
# points

Phase disc. / ns

Rate disc. /ns/d

brus

32

1408

0.221

0.044

cont

30

1424

0.22

0.137

dt01

14

1110

0.188

0.084

ieng

33

1318

0.132

0.035

impr

30

1398

0.231

0.299

kris

29

1390

0.175

0.044

mbro

26

1344

0.271

0.092

migt

16

1313

0.1

0.03

nict

34

1431

0.159

0.025

nist

30

1400

0.385

0.035

nm0c

34

1403

0.15

0.03

np11

18

1356

0.079

0.027

nrc3

26

1429

0.288

0.053

nrl1

32

1334

0.138

0.038

obet

32

1344

0.225

0.038

opmt

34

1360

0.229

0.079

ptbb

34

1407

0.128

0.028

ro_5

19

1423

0.101

0.028

sg2p

21

1405

0.173

0.047

sp01

31

1440

0.18

0.034

sydn

19

1366

0.437

0.141

tp04

32

1411

0.084

0.023

twtf

30

1422

0.168

0.151

usn3

32

1440

0.139

0.029

vsle

20

1420

0.165

0.068

wab2

32

1408

0.148

0.094

wtza

31

1400

0.125

0.032

IV.

TESTS WITH DIFFERENT PROCESSING SOFTWARE AND
OPTIONS

In this section, we first describe tests carried out using two
releases of the GPSPPP software. In subsection A, we study
the influence on the GPSPPP solutions of the a priori
uncertainty assigned to the phase and code measurements, and
we compare the two releases in this respect. In subsection B,
we form links with the PPP solutions considered in subsection
A, and compare these links to Two-Way time transfer (TW).
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Finally in subsection C we provide a first comparison of
GPSPPP to using the GINS software and the Integer PPP
(IPPP) approach which is based on an integer ambiguity
resolution scheme.
A. Tests with the GPSPPP software
Operational TAI PPP computations are carried out with
the NRCan GPSPPP release 1087, hereafter referred to as
GPSPPP(2007). Recently NRCan has produced the release
05211 hereafter referred to as GPSPPP(2011). Major changes
in release 05211 are (from NRCan release information):
•

combined and stand-alone GPS and/or GLONASS
processing;

•

improved models for GPS yaw/attitude and for station
antenna orientation tracking;

•

improved processing techniques, such as an adaptive
cycle-slip detection and repair, 1ms jumps handling.

cases, although it is not clear what is the main reason for this
change in behavior between the two releases.
B. Comparisons of GPSPPP links with TW
Each monthly computation provides the station clock
results in the form [Reference – IGRT] with a 5-min interval.
Station clock results provide, by simple difference between
two stations, link results which can be compared to the TW
link results when these are available. Because the quality of
several TW links has been somewhat degraded since the
change of satellite and set-up in August 2009, all tests are
carried out with several stations over July 2009 (noted 0907),
and with two specific links (NIST-PTB and KRIS-NICT) over
January 2011 (1101). Note that stations are identified either by
the name of the TAI laboratory (when upper case in used) or
by the name given to the GNSS receiver (lower case).

One important processing option is the a priori uncertainty
for the two types of measurements: Usual default values are up
= 1 cm for phase and uc = 1 m for code, representative of the
actual measurement uncertainties (such a solution is referred
to as “standard”). Here we test the impact of choosing
significantly different values for uc, from 0.5 to 3 m, where
low values of uc tend towards a “code-only” solution while
high values tend towards a “code-free” solution. Such
expressions are hereafter used to design the two types of
solutions.

Figure 2. Rate variation of different GPSPPP solutions with respect to the
code a priori uncertainty.

We observe that solutions with different uc values differ
essentially by a rate of order a few parts in 1016. This causes
somewhat significant differences between the PPP solutions,
e.g. the RMS of the difference between two solutions over one
month is of order 150 ps for a 2x10-16 rate difference. As seen
in Figure 2, the effect is about similar for all stations, except
for nist for which it is much larger. This effect for nist is in
relation with the significant bias in the monthly
discontinuities, where the net effect of a rate which repeats
month after month is to produce a saw-tooth behavior with a
discontinuity always of the same sign. Also we note that the
effect is significantly reduced using GPSPPP(2011) in all

Figure 3. RMS of the difference to TW with respect to the code a priori
uncertainty. Top plot: for several links with GPSPPP(2007) for July 2009;
Bottom plot: for two links and the two GPSPPP releases for January 2011.

As the magnitude of the effect observed in the previous
section is typically of order 150 ps for a given station, the
effect on a given link will typically be of order 200 ps or
larger, so that it might be possible to discriminate between the
different PPP solutions by comparing them to the
independently measured TW links. In this aim, for all pairs of
stations for which TW is available, PPP links are formed for
all types of PPP solution cited in the preceding section and the
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RMS of the difference with TW is computed. We observe
(Figure 3) that for nist “code-free” solutions (solution with a
large code a priori uncertainty) are obviously worse than
“code-only” solutions so that the effect must be affecting the
phase. We note that, for GPSPPP(2007), there seems to be an
“optimal value” of uc, in the sense that for the best links a
minimum can be found in the RMS of the difference to TW.
We also observe (case of kris-nict) that GPSPPP(2007) “codefree” solutions seem sub-optimal compared to the “standard”
solution which has a better agreement with TW. Using
GPSPPP(2011), this feature seems to disappear (all solutions
seem equivalent compared to TW), which may be linked to
the improved physical model in the GPSPPP(2011) release.

C. Tests with the GINS-IPPP software
GINS is a multi-technique geodetic software which is being
developed by CNES-GRGS for more than 40 years [11]. In
addition to the classical double-difference and PPP GPS data
processing strategy, the Integer-PPP (IPPP) technique has
recently been implemented into GINS. IPPP is based on the
resolution of the phase data integer ambiguities at the undifferenced level, a feature that is expected to greatly improve
the solution. This new and alternative approach needs an
accurate model of GPS measurements, precise GPS satellite
orbit and clock products and the a priori knowledge of
individual satellite fractional-cycle biases. The underlying
theory is described by several authors [12, 13, 14, 15]. IPPP
results presented hereafter are derived from GPS satellite
products that are routinely processed by the CNES-CLS IGS
Analysis Center (freely available under the acronym GRG).
As station clock solutions rely on integer phase observations
only, two successive batch series will differ by an integer
number of phase cycles. Continuous (phase) receivers clock
solutions can easily be generated.

Figure 4. Difference between the IPPP solution and the GPSPPP(2011)
“standard” solution for the link nist-ptbb over January 2011 (RMS is 221 ps).

We compute IPPP clock solution difference between NICT
and PTBB stations at a 30 second sampling using daily
batches and then resolve the integer ambiguities between
consecutive days by simple matching. We note that the IPPP

and GPSPPP(2011) “standard” solutions differ somewhat
(RMS = 221 ps) but do not show significant systematic drift
like that observed for the GPSPPP “code free” solution. We
infer that IPPP, like TW in the preceding subsection, seems to
determine that the GPSPPP “code-free” solution is not
optimal. However, with the available data, it is not possible to
use TW to determine the preferred solution among them as it
seems that the comparison to TW is dominated by noise
inherent to TW itself, see Table II.
TABLE II.

RMS OF DIFFERENT COMPARISONS FOR THE LINK NIST-PTB
OVER JANUARY 2011

Comparison

RMS / ns

GPSPPP (2011) – (2007)

0.129

GPSPPP (2011) – IPPP

0.221

GPSPPP (2007) – TW

0.539

GPSPPP (2011) – TW

0.534

IPPP - TW

0.518

V.

DISCUSSION AND CONCLUSIONS

Time links using PPP solutions have been implemented for
TAI computation and now number more than 20, some of
them in combination with TW links [16]. The standard
uncertainty assigned to these links is 0.3 ns and covers all
instability sources with typical duration up to one month.
Several studies presented in this paper have shown the
following:
•

Discontinuities between consecutive monthly PPP
solutions have a median value of order 170 ps.
Assuming that the results for the two stations of a
given link are independent, this indicates that the onemonth time instability of a given link is a the level of
250 ps;

•

One station shows a significant systematic behavior in
discontinuities. Investigations are under way to
determine the causes of this effect.

•

In the best cases, the comparisons to TW are at the
level of 0.2 ns RMS over one month. In other cases,
there is no indication that a larger RMS difference is
due to the PPP processing.

•

Comparisons of PPP links computed with independent
software also show a difference of order 0.2 ns RMS.
More studies are needed to expand the basis of this
comparison.

We therefore conclude that in all typical cases, the value
uA representing the time instability of the link over one month
can be taken as 0.3 ns. We expect that further studies
involving comparison of different processing software will
allow improving on this estimation.
In the present situation, this instability limits the accuracy
of frequency comparisons, e.g. for comparing Cs fountains to
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TAI, to the level of 1-2x10-16 depending on the duration of the
comparison (of order 15-30 days). As the best fountains claim
an accuracy of order 3x10-16 and new frequency standards
have already been shown to have an accuracy budget well
below 1x10-16, it will shortly be necessary to improve the
performances of frequency comparisons.

[6]
[7]

[8]
[9]
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robustness, update rate, latency and satellite clock offset time
interval. The most frequently updated IGS products are the
Ultra Rapid products, which are generated four times a day
with a latency of three hours. NRCan contributes its own Ultra
Rapid product to the IGS for combination. Moreover, the
underlying processes running at NRCan generate these
products much more frequently, 24 times a day, with a latency
of 90 minutes. When used in PPP processing, the reduced
latency of Ultra Rapid products and their quality, as will be
shown later, offer an opportunity for more timely time-transfer
results.

Abstract— The Precise Point Positioning (PPP) time-transfer
technique requires the availability of precise estimates of GNSS
satellite orbits and clock offsets. Several such products are
available from the International GNSS Service (IGS), each
having their own characteristics: robustness, update rate, latency
and satellite clock offset time interval. The most frequently
updated IGS products are the Ultra Rapid products, which are
generated four times a day with a latency of three hours. Natural
Resources Canada (NRCan) contributes its own Ultra Rapid
GPS product to the IGS for combination. However, the
underlying processes running at NRCan generate products much
more frequently - 24 times a day - with a latency of 90 minutes,
offering an opportunity for more timely time-transfer results
when used in PPP. INRIM and NRCan hereby assess the
potential of using the PPP with the NRCan Ultra Rapid GPS
products to serve as a short latency time-transfer tool. A specific
experiment has been set up, where the NRCan Ultra Rapid GPS
products, as well as all currently available IGS products, are
used in PPP time transfer between selected IGS stations
collocated in timing laboratories. Results and relative merits are
compared in light of their respective delivery and frequency
stability characteristic, in view of designing an automated near
real-time monitoring system to assist timing laboratories in
operational maintenance of frequency standards and time scales
dissemination to external users.

I.

Hence two objectives were sought undertaking this work:
1) assess the potential of using Ultra Rapid products in PPP to
serve as a short latency time-transfer tool; and 2) prototype an
automated near real-time monitoring system.
II.

In order to evaluate the time transfer capabilities of the
NRCan PPP and NRCan Ultra Rapid products as a monitoring
tool to assist timing laboratories in their operational
maintenance of frequency standards and time scales
dissemination to external users, a specific experiment has been
set up.
A. Precise satellite orbit and clock products
As indicated in Table I, a list of external products have
been taken into account, namely the NRCan Ultra Rapid
(EMU), the IGS Ultra Rapid (IGU) and the IGS Rapid (IGR)
products.

INTRODUCTION

The PPP time-transfer technique [1] requires the
availability of precise estimates of GNSS satellite orbits and
clock offsets. Several such products are available from the IGS
[2], each having their own characteristics in terms of

978-1-61284-110-6/11/$26.00 ©2011 IEEE

EXPERIMENT

1052

last 24 hours being an extrapolation of the orbital elements and
clocks. However there are no associated RINEX clock format
files, so the satellite clock interval is restricted to 15 minutes.

1) NRCan Ultra Rapid products (EMU)
The EMU products are generated hourly with a delay of 90
minutes after the last observation. They consist of a SP3 format
orbit/clock file at 15 minutes interval for all satellites in the
GPS constellation, covering a total of 48 hours, the first 24
hours being estimated from observations and the last 24 hours
being an extrapolation of the orbital elements and clocks. Also
included is a RINEX clock format file at 30 seconds interval
for all satellites in the GPS constellation for the 24 hours
estimated portion only. The EMU products generation process
was described in [3].

3) IGS Rapid product (IGR)
The IGR products are generated daily with a delay of 17-18
hours after the last observation as a combination of up to eight
individual Analysis Center solutions. The IGR products consist
of a SP3 format orbit/clock file at 15 minutes interval for all
satellites in the GPS constellation and a RINEX clock format
file at 300 seconds interval for all satellites in the GPS
constellation. All clock estimates are referred to the IGRT
timescale [4].

2) IGS Ultra Rapid products (IGU)
The IGU products are generated 4 times a day with a delay
of 3 hours after the last observation as a combination of up to
seven individual Analysis Center solutions, including the
NRCan EMU products. The IGU products also consist of a
SP3 format orbit/clock file at 15 minutes interval for all
satellites in the GPS constellation, covering a total of 48 hours,
the first 24 hours being estimated from observations and the

Delaya

Clock
Interval

Label

Description

Update
Interval

IGR

IGS Rapid

24 hr

17 hr
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6 hr

3 hr

900s

IGU
EMU

EMU

PRECISE SATELLITE PRODUCTS

IGS
Ultra Rapid
NRCan
Ultra Rapid

1 hr

1.5 hr

30s

Time
Reference
Timescale
IGRT

18

Name

Receiver Type

Estimated Portion

Predicted Portion

18
16
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8

8

6

6

4

4

Clocka

2

2

0

Piecewise
alignment

IGS STATIONS SELECTED

Country

20

16

a. after last observation

TABLE II.

IGU

20

Median Orbit RMS (cm)

TABLE I.

Fig. 1 shows the median satellite orbit and clock RMS
differences of EMU and IGU with respect to IGS Rapid
products. It can be seen that the orbit and clock quality are
comparable at the levels of 2-4cm and 80-100ps respectively. It
can also be seen how the prediction degrades, especially for the
clocks.
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Figure 1. Median satellite 3-D position (top) and clock(bottom) RMS of
EMU and IGU vs IGR.
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B. IGS stations selected
As indicated in Table II, a set of 12 IGS stations, mostly
co-located in time and frequency laboratories, have been
selected and considered. Their daily and hourly RINEX 30
seconds observation files have been automatically retrieved
and processed by means of the NRCan PPP algorithm.
C. Automated processing
In order to have an automated operational process,
procedures able to periodically retrieve the required PPP input,
namely the RINEX station observation files and the products
described above, were developed and operated on an NRCan
computer. Three independent automated processes are
regularly scheduled:
•

a process gathering the hourly/daily RINEX
observation files for the selected 12 stations, running
three times per hour, namely 10, 30 and 50 minutes
after the hour;

•

a process gathering the orbit and clock products
(EMU, IGU and IGR), running every 10 minutes,
namely 0, 10, 20, 30, 40 and 50 minutes after the hour;

•

a process checking the presence of specific instances
of each product within their availability window,
running every 10 minutes, namely 5, 15, 25, 35, 45 and
55 minutes after the hour; this process triggers PPP
processing whenever a specific product instance is
detected.

the EMU products for each of the initial 5 days, plus
the latest EMU product, covering the hours of the
additional day (1, 2, 3, … , 24 hours);

•

the IGU products for each of the initial 5 days, plus the
latest IGU product covering the hours of the additional
day (6, 12, 18 and 24 hours);

•

only those data files containing the full 6 days are
processed with the corresponding IGR products.

2003 IERS tide model;

•

Global Pressure & Temperature (GPT) model [5] for
hydrostatic troposphere delay;

•

Kouba’s simplified yaw/attitude model [6];

•

adaptive widelane & narrowlane thresholds for cycle
clip detection;

•

kinematic antenna orientation tracking;

•

station clock constraints;

•

GLONASS-only and GPS+GLONASS processing.

The multi-day solutions were generated using dualfrequency pseudorange and carrier-phase with a 10° elevation
mask and exercising the adaptive widelane and narrowlane
cycle slip detection. One static position was estimated for the
whole multiday period with earth tides and ocean loading
applied. Hydrostatic tropospheric delays were modeled with
Hopfield using pressure and temperature from the GPT model
and 50% relative humidity. The wet troposphere delay
component was estimated with 0.05m/√hr process noise as
well as North and East hydrostatic delay gradients. Finally the
station clocks were estimated at the interval of the satellite
clock products, without constraints. Note the EMU 30 second
RINEX satellite clock files were decimated to 300 seconds to
speed-up the processing. No GLONASS observations or
products were used herein.
The NRCan PPP station clock estimates related to each
product are respectively labeled PPP(IGU) at 900 seconds
interval, and PPP(IGR) and PPP(EMU), at 300 seconds
interval.

As soon as a specific product instance is available, the PPP
processing for the 12 selected stations is scheduled using the
available data and specified products. For each of the product
types, the multiday product selection is as follows:
•

•

III.

RESULTS

The three automated processes were operated continuously
over 6 weeks, namely for the MJD 55399-55441 period (2010
July 22 – 2010 September 2; GPS Week 1593(day 4) –
1599(day 4)), yielding 8844 PPP(EMU) solutions, 1483
PPP(IGU) solutions and 450 PPP(IGR) solutions. All solutions
were automatically graphed and posted on a private WWW
page.
Over the experiment period there were many missed hourly
RINEX observations files but no product outages. The delay in
obtaining monitoring results was 1h40-2h00 for PPP(EMU)
solutions, 3h20 to 3h40 for PPP(IGU) solutions and 17hours to
18 hours for PPP(IGR) solutions. There were two problems in
PPP solutions where receiver tracking malfunctions were
misidentified for 1ms jumps in data, causing the resulting clock
phase graphs to be unreadable.

The station RINEX data files are concatenated to span the
previous 5 days and the first n hours of current day
corresponding to the current product instance time span
(estimated portion only in the case of Ultra Rapid products).
This process provides multiple RINEX data file for each
station per day, each file n hours longer than the previous and
the last file covering the full 6 days.

A. Effect of clock product time reference
The top two panels of Fig. 2 shows PPP(EMU) results for
two single stations, USN3 and AMC2. The rough alignment of
the time reference of the Ultra Rapid clock products to GPS

The NRCan PPP version considered for this experiment is
Version 1.5, Release 06010, characterized by the following
new features:
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time is quite clear, the clock phase and frequency jumps being
readily apparent. For a meaningful clock monitoring
application the single station PPP clock results will need to be
differenced between stations to remove the discontinuous time
reference, as shown in the bottom panel of Fig. 2.

C. Quality of PPP(EMU) and PPP(IGU)
The PPP(EMU) and PPP(IGU) baseline solutions involving
USN3 were differenced with the corresponding PPP(IGR)
solutions for all 6-day solutions ending on Sundays and
Wednesdays 0h00 during the experiment campaign. The mean
bias, standard deviation about mean bias, RMS and maximum
absolute value of the double differences are reported in Table
III and IV and examples are given in Fig. 4.

B. Monitoring results
For visual appreciation of the consistency of the monitoring
results, Fig 3 shows examples of all 6-day PPP(EMU)
solutions ending on Sundays and Wednesdays at 0h00 for all
baselines between USN3, AMC2 and BRUS stations. Each
solution thus overlaps by 3 or 4 days with the previous one.
The PPP(IGU) solutions are similar but at 900 seconds interval
rather than 300 seconds.

Most baselines show biases of less than 100ps and standard
deviations of less than 150ps. In Fig. 4 some baselines show
signs of frequency biases. The frequency bias was estimated
for each solution by differencing the first and last double
difference clock phases and their maximum absolute value is
reported in Table III and IV. In most cases the frequency bias
does not exceed few parts in 1015.

The AMC2-BRUS and USN3-BRUS baselines show a
slow frequency drift followed by a correction in the later part
of August 2010.
TABLE III.

IV.

NRCan PPP estimates generated using the NRCan and IGS
Ultra Rapid products show a good agreement with respect to
those obtained using IGS Rapid products. The level of
performance is very promising, especially taking into account
the reduced latency of the station clock product of about 2
hours when using NRCan products. The monitoring process
can detect nanosecond level clock phase jumps and few parts
in 1015 clock frequency changes. Although the processing is
demanding in terms of computation time and robustness, it was
possible to effectively automate the whole process, from data
collection to plotting of the stations clock differences. Use of
several products is recommended, as was done herein, to cover
for potential product outages. The station clock differences
obtained using Ultra Rapid and Rapid products could be posted
in an dedicated webpage to provide the timing community
timely information, helping in maintaining an objective level
of “quality of service” for the time and frequency laboratories.

IGR-EMU DOUBLE DIFFERENCE STATISTICS

Baseline

Bias
(ns)

SDeva
(ns)

RMS
(ns)

Max(|Δϕ|)
(ns)

Max(|Δf|)
10-15

USN3-AMC2

0.037

0.063

0.073

0.285

1.66

USN3-BRUS

-0.075

0.109

0.132

0.522

1.87

USN3-IENG

0.017

0.111

0.112

0.331

3.32

USN3-NRC1

0.018

0.066

0.068

0.321

1.88

USN3-NRL1

0.021

0.059

0.063

0.311

0.55

USN3-PTBB

-0.096

0.107

0.144

0.443

1.92

USN3-SFER

-0.152

0.145

0.210

1.232

2.15

USN3-SPT0

-0.011

0.112

0.113

0.398

2.10

USN3-SYDN

-0.083

0.350

0.360

1.472

5.84

a. standard deviation about mean bias

TABLE IV.
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IGR-IGU DOUBLE DIFFERENCE STATISTICS

Baseline

Bias
(ns)

SDeva
(ns)

RMS
(ns)

Max(|Δϕ|)
(ns)

Max(|Δf|)
10-15

USN3-AMC2

-0.017

0.075

0.077

0.240

1.16

USN3-BRUS

-0.074

0.159

0.175

0.503

2.33

USN3-IENG

-0.040

0.136

0.142

0.441

2.06

CONCLUSION
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Figure 3. Between station differences results for three stations PPP(EMU)
solutions.

Figure 2. Single station PPP(EMU) solutions for USN3 (top) and AMC2
(middle) and between station differences (bottom).
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Abstract — The GNSS reception chains (timing receiver +
antenna + antenna cable) are used to perform time comparisons
of remote atomic clocks. This time transfer system represents
the basis of the time laboratories contributions for the
realization of the Temps Atomique International (TAI). The
calibration of these chains are necessary to ensure accuracy and
long term stability of time links used in TAI but also in precise
time station (PTS) dedicated to GALILEO.
Currently, the most widely used approach to determine the
electrical-delay of these devices is the differential method
developed by the BIPM (Bureau des Poids et Mesures). Another
solution is the absolute calibration of each reception chain
element in using artificial signals. This method was first defined
and put into operation by NRL (Naval Research Laboratory)
and the University of Colorado. In 2005, CNES (Centre National
d’Etudes Spatiales) decided to develop this technique with a
similar approach.
This paper will compare the results of NRL and CNES absolute
calibrations performed on two different time transfer systems.
First of all, it will describe the calibration method used by each
laboratory and the differences which characterize them. An
uncertainty budget will be presented for the results of both
calibration techniques. Then, both time transfer systems,
composed of different receivers and antennas models, will be
described briefly. Finally, the absolute calibrations results
performed using the NRL and the CNES methods will be
compared..

I.

des Poids et Mesures) in using the differential calibration [3].
One GNSS system is designated as the reference and is in
constant circulation among time laboratories. A relative
calibration is performed between this reception chain and the
laboratory GNSS equipment where both are referenced to the
same clock. With this method, the electrical delay of the
GNSS implement is determined with an uncertainty of about
2.5 ns for P1 or P2 (k=1).
Another method, the absolute calibration, using artificial
signals showed it is possible to calibrate the reception chain
with an uncertainty budget inferior to 1 ns (k=1) [4,5].
This paper proposes a comparison of absolute calibrations
performed at NRL (Naval Research Laboratory) and at CNES
(France space agency) with two different GNSS reception
chains. The first part is dedicated to the receiver calibration
method when the second part describes the antenna calibration
method. In both cases, the general principle of methods and
the differences characterizing the approaches used by CNES
and NRL will be presented. Finally, a calibrations comparison
of the different reception chains performed at CNES and NRL
will be discussed in the last part.
II.

RECEIVER CALIBRATION

The absolute calibration method was first defined and put
into operations by NRL [6] and the University of Colorado
[4]. Since 2005, CNES is developing this method with a
similar approach [5,7].

INTRODUCTION
A.

The construction and the diffusion of the time scales rely
on the utilization of navigation and telecommunication
satellites system. Thanks to this ease of access and use, the
GNSS (Global Navigation Satellites System) time and
frequency transfer is the most used tool to compare remote
clocks. The present GNSS reception chains (multi-channel,
multi-frequency receiver + cable + antenna) and the evolution
of data treatment techniques (P3 or PPP methods) allowed
remote comparison of clocks with a statistical uncertainty of a
few nanoseconds [1, 2]. Currently, the global uncertainty of
these measurements is dominated by the systematic
uncertainty of the reception chain calibration. This
measurement is ensured by the BIPM (Bureau International

978-1-61284-110-6/11/$26.00 ©2011 IEEE

Principle
The approach of the receivers calibration consists in an
artificial reception free of delays, effects and noises upstream
at the output of antenna: atmospheric delays (troposphere and
ionosphere), multipath effects or antenna delay. These
conditions can be only conducted with a GNSS Signal
Simulator (GSS) (Figure 1). The GSS allows to simulate the
signals emitted by the GNSS satellites in real conditions. It is
able to produce the GNSS signal but also all the noises
resulting of natural reception (signal propagation or clock
error,…).
The absolute calibration needs a emitted signal without
noises. The simulator generates only the navigation message
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and two carrier frequencies: L1 modulated by the C/A and P
codes and L2 modulated by P code.
The power of the radiofrequency (RF) signal is -70 dBm
and must be adjusted to correspond to the reception level
acceptable by the receiver (-110 dBm generally). It provides
also a 1PPS (1 Pulse Per Second) signal which lets the
receivers to be synchronized with the simulator.

Figure 1. Schematic of receiver absolute calibration

The internal electrical time delay of the receiver is
calculated thanks to (1):
RxD =

RxR - SR
- LD - SD + Rx 1PPS
c

(1)

where:
- RxD: Receiver delay [ns]
- RxR-SR: Difference between the receiver and simulator
pseudo-ranges [m]
- c: Light celerity (299 792 458 m.s-1)
- LD: 1PPS and RF links delays difference (LDRF-LD1PPS)
- SD: Simulator delay [ns]
- Rx1PPS: Time delay between the receiver internal reference
and the external 1 PPS [ns]
During the calibration measurement, due to their temperature
sensitivity, the receivers and the simulator are located in a
room regulated in temperature.
B. Main differences between both techniques
There are several hardware differences between the CNES
and the NRL calibration benches. The NRL receiver
calibration bench is equipped with a GPS signal simulator
Spirent GSS8000. The reference signals are generated by a
Symmetricom 5071A clock. At CNES, the simulator used is a
Spirent STR4760 and a MASER EFOS supplies the reference
signals. The oscilloscope used by CNES and NRL is the same
model: a fast digital Tektronix DPO7000.
At NRL, the calibrations are performed in room where the
temperature is equal to 297 ± 3 K (24°C). The temperature
regulation of the CNES laboratory is of 293 ± 1 K (20°C).
Three points differentiate the CNES and NRL methods
used to calibrate the time receivers:
•

1 PPS synchronized with the GPS time. In amplifying a single
channel C/A code, the time difference between the rising
1PPS and the code transition can be measured with an
oscilloscope.
The NRL method consists in determining the time
difference by direct reading (Tick-to-Code) with an
oscilloscope. With this approach, the measurement uncertainty
is about 0.2 ns [4]. The CNES method is based on the same
measurement but where a post-treatment is added. The
technique used is the correlation which looks like a standard
GPS signal acquisition. It consists of determining the code
offset versus the PPS generated by the simulator and the
residual carrier phase offset. This method improves upon the
simulator calibration because the time delay is estimated over
more than one code transition [5]. The measurement
uncertainty is the integration time of the correlation which is
equivalent to the oscilloscope resolution. The oscilloscope
used has a resolution of 0.1 ns which will be therefore the
uncertainty of the correlation.
The CNES uses a specific function of the GSS software :
the "Single Channel" setting. This program generates one
signal C/A on one channel without the navigation message. for
To calibrate the simulator, the NRL uses a scenario of a
geostationary satellite because for the Spirent simulator
models 7700 and higher the "single channel utility" gives
incorrect results. It works fine on the 2760 and 4760. It was
checked that both methods give the same results on a
STR4760 simulator.
•

The NRL constructs the pseudo-ranges of the simulated
constellation from the navigation files generated by the
receiver. The CNES uses the pseudo-ranges directly supplied
by the simulator. The calibrations comparison give the same
results in using both treatments with the GSS8000..
•

The utilization of the RF and 1 PPS links

At CNES, the links used for the simulator and the receiver
calibration are not the same. Two different cables are used to
transmit the 1 PPS signal between the simulator and the
oscilloscope (simulator calibration) and between the simulator
and the receiver (receiver calibration). Two RF links are also
used. During the receiver calibration (RxD), the RF link is
composed of a cable, attenuators and a bloc DC to obtain a
acceptable power level for the receivers. For the simulator
calibration (SD), the RF link is different, consisting of a cable,
an isolator and an amplifier to visualise the signal with an
oscilloscope. The RF and the 1 PPS links of the NRL absolute
calibration bench are the same for the simulator and the
receiver calibration. The RF link is made up of a cable, an
amplifier, variable attenuators and a DC block.
C. Uncertainty budget of the receiver calibration

The simulator calibration method

One of principal differences between the NRL and CNES
absolute methods is the way to calibrate the simulator. The
internal delay of the simulator corresponds to the delay
between the beginning of the PRN C/A code and the internal

The pseudo-ranges of the simulated constellation

•

CNES typical uncertainty budget

The uncertainty of the receiver delay is the quadratic sum of
the measurement uncertainty of the simulator calibration, the
RF and 1 PPS links, the pseudo-ranges difference and the

1059

parameter Rx1PPS. The uncertainty varies according to the
receiver kind [8]. This difference is due to the calculation and
the measurement technique of the Rx1PPS parameter which is
defined by each manufacturer.

Antennas used in GNSS reception chain for the time
transfer are active (included an internal amplifier) and have a
Right-Hand Circular Polarization (RHCP). The amplifier does
not allow the reciprocal signal crossing through the antenna.
To calibrate this kind of equipment, it is necessary to use the
method in transmission presented in Figure 2. This experiment
is performed in an anechoic chamber in order to limit the
multi-path effect. The measurement of the transmission delay
between both ports of a VNA gives access to the value of the
antenna group delay. The signal supplied by the VNA is
transmitted by a passive antenna to the receiving antenna
(element to calibrate). The receiving antenna sends then the
signal to the second port of the VNA.

TABLE I.

UNCERTAINTY BUDGET OF DIFFERENT
RECEIVERS ABSOLUTE CALIBRATION

Uncertainty source

Receivers calibration
uncertainty [ps] (k=1)
Septentrio

Dicom

SD (Simulator STR4760)

351

351

LDRF (RF link)

36

36

LDHF (1 PPS link)

25

25

RxR-SR

135

161

Rx 1PPS

184

-

U(receiver)

421

389

Expanded U (Rx)

842

778

will be defined by the connector (antenna/cable). The other
port is defined by the position of the phase center which is the
interface point between the guided environment and the free
space.

TDR

The simulator uncertainty takes into account the
uncertainties of RF and 1 PPS links measurement, the
correlation uncertainty (oscilloscope resolution), the pseudoranges error and interchannel bias (provided by the
constructor). The RF link delay is measured through a VNA
(Vector Network Analyzer). The 1 PPS link delay is
determined with a Time Counter Interval in employing the
double weight method. For the Septentrio receiver, the Rx1PPS
is measured with a time interval counter. It is not necessary to
determine the Rx1PPS value for the Dicom receiver because the
output data are automatically corrected of this bias at each
GPS acquisition.
•

tA

TABLE II.

ERROR ESTIMATE OF THE
RECEIVER ABSOLUTE CALIBRATION

Uncertainty source

Receiving
antenna

tT_ant

tR_ant
Prop

Figure 2. Schematic of a GNSS antenna absolute calibration

In using the method in transmission, the group delay of the
receiving antenna is defined by the following equation (2):

tR_ant= TDR - tA – tT_ant - Prop - tC

(2)

where:
- tR-ant: Electrical delay of the receiving antenna [s]
- TDR: Total time delay of the transmission measurement [s]
- tX: Electrical delay of the cable X [ns]
- tT-ant: Electrical delay of the transmitting antenna [s]
- Prop: Delay due to the signal propagation in the air [s]

Error estimate [ps] (k=1)

Tick-to-Code

200

Delay in Rf pads

100

Delay in the connectors

100

Delay in the DC block

100

Simulator accuracy

1000

U(receiver)

1000

Expanded U (Rx)

2000

III.

tC

Transmitting
antenna

Anechoic chamber

NRL typical uncertainty budget

The uncertainty of the receiver delay is the quadratic sum of
the measurement uncertainty of the Tick-to-Phase, the Tickto-Code, the delays of RF pads, in the connectors, in the DC
block and the simulator accuracy [4].

VNA

ANTENNA CALIBRATION

A. Principle
The antenna calibration consists of estimating the timedelay due to the signal propagation through the antenna. It will
be therefore necessary to determine the input and output ports
of the signal in the device. An antenna allows the transition of
the electromagnetic wave between a guided environment
(cable) and a free environment (air). One of the access ports

B. Main differences between both techniques
There are also hardware differences between the NRL and
CNES antenna calibration benches. The VNA used by CNES
is a Wiltron 37200A. The transmitting antenna is a GPS
antenna 704-X. The anechoic chamber is covered of
Eccosorb CV absorbents that the rejection rate at 1.5 GHz is
of 10 dB.
And another hand, the NRL uses a Broadband Dual Polarized
transmitting antenna, a TECOM antenna (1-4 GHz). The
NRL VNA is a Agilent 8722ES. The reference of the
anechoic chamber absorbents is not known.
The principal difference between the NRL and CNES
approaches to determine the internal delay of a GNSS
antenna is the calibration of the transmitting antenna.
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•

The transmitting antenna calibration
TABLE III.

TYPICAL UNCERTAINTY OF THE
ANTENNAS ABSOLUTE CALIBRATION

To perform the antenna calibration with the method in
transmission, the delay of the transmitting antenna must be
known; thus it must be calibrated. Two methods are available
to calibrate a passive antenna: the method in transmission
(with two identical antennas or with the three-cornered hat
method) or the method in reflection.

Antenna calibration uncertainty
[ps] (k=1)

Source uncertainty

TDT

CNES uses a GPS antenna with a right circular
polarization. To calibrate this antenna, it is necessary to use a
measurement in transmission. With both identical antennas,
the group delay of the antenna is defined by the following
equation (4):

tT_ant= (TDR - tA - Prop - tC)/2

(4)

where:
- tT_ant: Electrical delay of the transmitting antenna [s]
- TDR: Total time delay of the reflection measurement [s]
- tX: Electrical delay of the cable X [s]
- Prop: Delay due to the signal crossing in the air [s]
The NRL uses a bipolarized antenna that can be calibrated
with the method in reflection. During this measurement, the
signal supplied by the VNA and emitted by the antenna is
reflected by an element placed downstream to the output port
at a known distance.

TDR

tA

VNA

Novatel
702-GG

301

Leica
Ashtech
Choke ring
Choke-ring
3D

308

309

tA/tC

36

36

36

Prop

210

210

210

tT-ant

267

267

267

U(Antenna)

456

461

461

Expanded U (Ant)

912

922

922

The total delay uncertainty corresponds to the instrument
measurement noise, the VNA. The propagation error takes
into account the variations of the phase centers and the
measurement error of the distance between both antennas. The
time delay of the transmitting antenna was determined with
the method in transmission with two identical antennas.
•

NRL typical uncertainty budget

The NRL uncertainty estimation of the antenna calibration
takes into account the errors due to the cable A, the anechoic
chamber, the cable C and the total delay measurement. The
total uncertainty of the antenna calibration is the quadratic
sum of these error sources. [4].
TABLE IV.

ERROR ESTIMATE OF
ANTENNAS ABSOLUTE CALIBRATION

Transmitting
antenna

tT_ant

Prop

Reflective
element

Source uncertainty
CableA /Chamber

Figure 3. Antenna calibration with the method in refection

In using the method in reflection, the group delay of the
transmitting antenna is defined by the following equation (5):

tT-ant = (TDR/2) – tA – Prop

Error estimate [ps] (k=1)
100

Cable C

100

Tota delay

100

U(Antenna)

200

Expanded U (Ant)

400

(5)

where:
- tT_ant: Electrical delay of the transmitting antenna [s]
- TDR: Total time delay of the reflection measurement [s]
- tA: Electrical delay of the cable A [s]
- Prop: Delay due to the signal crossing in the air [s]

The Figure 4 presents the results of the receivers absolute
calibration in using the NRL and the CNES methods. This
comparison was performed for a Dicom GTR50 receiver and a
Septentrio PolaRx receiver.

C. Uncertainty budget of the antenna calibration
• CNES typical uncertainty budget

The NRL measurement will be taken as the comparison
reference for all the graphs presented in this section.

IV.

The CNES antenna calibration uncertainty in using the
method in transmission is composed of the measurement
uncertainty of the total delay, the RF links, the distance
between both phase centers and the uncertainty calibration of
the transmitting antenna..
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RESULTS COMPARISON

DICOM Rx

1.5

Septentrio Rx

1

V.

0.5

-0.5
-1
-1.5

C/A

P1

P2

C/A

P1

P2

-2

¤

CNES calibration ▲ NRL calibration
k=2
k=2
4. ::Comparaison between CNES
¤ Figure
Ksj :v
and NRL receiver calibration

The results of the CNES and NRL receiver calibrations are of
the same order of magnitude although all the CNES
measurements are inferior to the NRL measurements. This
difference could arise from the simulator thermal sensitivity.
The CNES measurement points and their uncertainties are
enclosed in the NRL error bars except for the Septentrio
receiver P2 point. Only one measurement of the Septentrio
receiver calibration was performed at NRL. It is therefore
impossible to confirm the truthfulness of this value.

Two reception chains will be composed with the calibrated
elements :
Chain 1 : Dicom GTR50 receiver + Novatel 702-GG
antenna
Chain 2 : Septentrio PolaRx2 receiver + Ashtech Z12-T
antenna
The figure 6 presents the delay difference of these
reception chains for the L1 frequency code C/A and code P
and for the L2 frequency.

Difference between the NRL and
the CNES antenna calibrations /ns

The figure 5 presents the results of the antennas absolute
calibration with the NRL and the CNES method. These
calibrations are performed with two types of antennas:
- A Novatel 702-GG antennas
- An Ashtech Choke-ring

2

Chain 2

Chain 1
1.5
1
0.5
0
-0.5
-1
-1.5
-2

C/A

P1

C/A

P2

P1

P2

¤

CNES calibration ▲ NRL calibration
k=2
k=2
¤
Ksj
:v
::
Figure 6. Comparaison between CNES and NRL

2
1.5

reception chain calibration

1

Novatel

Ashtech

The results of the reception chain calibrations performed at
CNES and at NRL are of the same order of magnitude even if
the error bars do not completely overlap. The difference
between the NRL and CNES reception chain calibrations is
inferior to 1 ns even if the measurement environments are not
identical. These close results allow to validate the absolute
methods put in operations at NRL and CNES and to prove the
reproducibility of this technique.

0.5
0
-0.5

P2

P1

-1

P2

P1

-1.5
-2

CALIBRATION OF THE COMPLETE RECEPTION CHAIN

Thanks to the calibration of the antennas and the receivers,
it is possible to determine the electrical delay and the
uncertainty measurement of the entire reception chains.

0

Difference between the NRL and the
CNES reception chain calibrations /ns

Difference between the NRL and the
CNES receiver calibrations /ns

perhaps allow to obtain a better compatibility between the
measurements.

2

¤

CNES calibration ▲ NRL calibration
k=2
k=2
¤ Figure
Ksj 5.:v ::
Comparaison between CNES

The table IV presents the uncertainty of the reception
chains for the L1 frequency code C/A and code P and for the
L2. The value for a iono-free utilization is also presented.

and NRL antenna calibration

The antenna calibration results are in the same order of
magnitude. There is an overlap of the CNES and NRL
uncertainty bars but not a complete lapping for all
measurements. The reproducibility is not also excellent than
for the receiver calibration. The explanation can be arisen
from the NRL and CNES measurement environments. At
NRL the anechoic chamber is aging and the absorbents
performance deteriorate. Moreover, the absorbents rejection
rate of the CNES anechoic chamber is not very high. The
replacement of the absorbents at CNES and at NRL could

Because the ionosphere delay is frequency dependent, one
can compute P3, the ionosphere-free linear combination of P1
and P2. Knowing the absolute delay for the P1 and P2
pseudorange codes, the ionosphere-free delay is calculated as
follows :
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RxD( P 3 ) =

f1²

f1 ²
RxD( P1 )
f 2 2²

f1²

f2 ²
RxD( P 2 )
f2 ²

(6)

As P1 = 1.575420 GHz et P2 = 1.22760 GHz, the following
approximate equation is used :
(7)
RxD( P3 ) = 2.5457 * RxD( P1 ) - 1.5457 * RxD( P 2 )
The P3 uncertainty is calculated in the same manner :
(8)

u( P3 ) = ( 2.5457 * u( P1 ))² + ( 1.5457 * u( P 2 ))²

This formula gives a result three times superior to the P1
or P2 uncertainty but does not take into account any
correlations between the L1 and L2 uncertainties.
The global uncertainty presented in the table V is the
quadratic sum of the uncertainty of the receiver and the
antenna.
TABLE V.

UNCERTAINTY COMPARISON OF THE NRL AND CNES
ABSOLUTE CALIBRATION OF GNSS RECEPTION CHAINS
Chains

Chain 1
Chain 2

Calibration
method

P3

NRL

1.03

3.07

CNES

0.60

1.78

NRL

1.03

3.07

CNES

0.65

1.93

The comparison between the CNES and NRL results
shows a good compatibility for the receiver and the antenna
calibrations. The results of the NRL and CNES reception
chain calibration are close with a maximum difference of 1 ns
even if the measurement environment are not similar. This
comparison allows therefore to validate the absolute methods
put in operation at NRL and at CNES in proving the
reproducibility of this technique.
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Jiang Z., Petit G., Arias F., Lewandowski W. and
Tisserand L.
Abstract— The calibration uncertainty (uB) is the dominant part
in the total uncertainty budget of the UTC generation [1,3].
There are two calibration strategies: (a) Receiver calibration
and (b) Time link calibration. The state-of-the-art [1,4,5] of the
uB is of order 5 ns for GNSS time transfer based on the strategy
(a) and is 1 ns for TWSTFT based on the strategy (b) in which
the absolute offset is canceled. In the BIPM Circular T, the
uncertainty in UTC-UTC(k) is obtained from the uncertainties in
the links [3]. To reduce the uncertainty in UTC-UTC(k), it is
optimal to use the calibration strategy (b). Earlier investigations
gave theoretical and practical proofs [6-12]. Based on these
studies, we propose the BIPM calibration scheme using a
calibration system composed of three GNSS geodesic receivers:
one is stationary at BIPM and the other two travel between the
laboratories. We describe the set-up of the system, the schedule,
the uncertainty uB and aging of the uB. The uB is expected to be
better than 2 ns for even very long inter-continental UTC
baselines.

I.

uB was 3 ns. It was and is still the lowest value reached for the
GNSS calibration in the BIPM Circular T [1]. A study [8], see
also section IV, proved that we can convert the link calibration
to the absolute receiver calibration if at least one of the
receivers in the network is absolutely calibrated. [8, 9, 12]
generalized the link calibration to all the UTC time link
calibrations and estimated the reachable uB. [10, 11] proposed
a link calibration scheme using a traveling GPS receiver and
realized the link calibrations on the baselines ROA-PTB and
CH-PTB. The uB declared is less than 2 ns.
All these studies and exercises gave encouraging results.
Based on these studies and towards a standardization of the
UTC time transfer calibrations, this paper proposes a new
BIPM calibration scheme that will be tested in a pilot
experiment to strength the Asia-Europe time links. The goal of
the pilot experiment is to reach the expected uncertainties in
the UTC time links:
uA ≤ 0.3 ns
uB ≤ 2 ns

INTRODUCTION

The recently used PPP technique greatly improves the
precise time transfer and is comparable to the impact of the
introduction of TW links 10 years ago. Both have produced
significant progress and trigged the studies in new methods for
the accurate UTC time links. One of the important issues is the
calibration. There are two basic concepts:

If this pilot experiment is successful, we will consider
using the BIPM scheme to calibrate more UTC time links, and
in particular, the inter-continental TW and GNSS baselines.
In the following sections, we first define the ‘total delay’,
then the set-up of the ‘total delay calibration’, the schedule of
the calibration tour, named BIPM scheme, and finally the
uncertainty estimation and conclusion.

a) Receiver-calibration
b) Link-calibration

As discussed in [3], time link calibration uncertainty uB is
the dominant part in the uncertainty of UTC-UTC(k) published
in Section 1 of BIPM Circular T [1]. The so far TW
calibration is based on the (b) concept, i.e., the time link
calibration, and that is why the uB of TW link reaches 1 ns [4].
While the GNSS receiver calibration [5] using the concept (a)
still remains at 5 ns. However for the computation of UTCUTC(k), the calibration concept (b) is required. It is potentially
easy to reduce the uB.
Since 2007, studies of the GNSS link calibration have been
conducted based on the concept (b). TW links have already
been used to calibrate GPS PPP [6] and MC links. The GPS
MC link BEV-PTB [7] is the first calibration using the
concept (b); at the moment of the calibration (Sep. 2008), its

978-1-61284-110-6/11/$26.00 ©2011 IEEE

II.

THE BIPM CALIBRATIN SCHEME

The typical values of time transfer uncertainty are
uA(TW)=0.5 ns, uA(PPP)=0.3 ns and uB(TW)=1.0 when using
the TW portable station. However the uB(TW)=1.0 ns has
never been realized between Asia-Europe. The present value
is 5 ns. The ratio between uA and uB is 1:10. Clearly, the major
difficulty to improve the quality of Asia-Europe time transfer
is the calibration.
When a real TW link calibration is not available, we apply
in the UTC computation a link calibration correction by an
alignment operation, e.g., we align a TW link to the
corresponding GPS link. This calibration correction is the
“total delay of the link” which is the key concept in the BIPM
scheme. Therefore the so called new scheme, in term of the
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link calibration, has always being practiced in UTC
computation. The so far BIPM GNSS links are receiver
calibrated in general while in the new scheme the GNSS links
are link calibrated.
The following notations are used in the paper:
- DlyR/i: the total delay of a receiver system at Lab(i), i = BIPM,
PTB, Lab(k), …
- DlyL/ij: the total delay of a time link system which is the difference
of DlyRi and DlyRj
- Refi: the reference receiver at Lab(i), i = BIPM, PTB, Lab(k), …
- StdB: the BIPM traveling standard equipment consisting of N ≥2
GNSS receivers
- UTCPi: the UTC point at Lab(i), i = BIPM, PTB, Lab(k), … cf.
Figures 1 and 4
- CLBPi: the calibration point at Lab(i). i = BIPM, PTB, Lab(k), …
The DlyR/i is the total delay between this point and the phase
center of the antenna at laboratory i, cf. Figures 1 and 4
- Δ=CLBP i–UTCP i is the cable delay between the UTC point and
the calibration point. This is the only measure of the delay that
should be made and supplied to BIPM by the Lab(i). Δ is
considered as known in the following discussion.

III.

components, e.g. BIPM antenna cable etc., are measured
separately by BIPM and the Lab(k). But this practice is not
necessary and may introduce errors. Table I shows the
discrepancies of the BIPM antenna cable delay and its
uncertainties (SD) measured by 18 laboratories. If we take into
account only the results accompanied with the uncertainties,
the minimum delay is 183.0 ns ±0.5 ns and the maximum is
186.2 ns ±0.01 ns. The difference is 3.2 ns, largely over the
given uncertainties. If we also consider those results that are
not accompanied by the uncertainty, the difference reaches 6.6
ns. The standard deviation is 1.6 ns. This is only a simple
cable, so that it is clear that discrepancies in the delays for
other complex parts of the equipment could be worse. All
these errors will go to the final error budget of the calibration.
It is wiser to avoid all these non necessary measurements by
defining and using the total delay. However, the laboratories
could optionally measure all the components of the all delays.
This information would be helpful in case of doubt.
TABLE I.

THE DELAYS OF THE BIPM CABLE C101 MEASURED BY 18
DIFFERENT UTC LABORATORIES

THE DEFINITION OF THE TOTAL DELAY

The total delay of a link is the difference of the total delays
of two GNSS receivers at the ends of a baseline. It is defined
with the help of the total delay of the receivers.
A. The total delay of a GNSS receiver
The total delay of a GNSS receiver (DlyR) at Lab(k) is the
total electronic delay between the phase center of the antenna
and the UTCPk. It is the sum of all the delays of the cables
plus the pieces of equipment, which include the receiver, the
splitter(s), the frequency distributor(s), the amplifier(s), the
phase micro stepper(s) … and the cables between the antenna
and the receiver as well as the cables between all the
laboratory equipments, including the Δ, on the path of the
satellite signal from the antenna to the UTCPk (Figures 1, 4).
If the CLBPi and UTCPi are not the same, the delay between
them is the Δ which should be measured by the Lab(k).
GNSS Sat.

Total electronic delay
is the delay between the
phase center of the
antenna and the UTCPk

DlyR

B. The total delay of a time link
The total delay of a receiver (DlyR) as defined above is not
measurable with only the BIPM scheme. The DlyR serves in
this section only to define the DlyL, the total delay of a time
link between Lab(i) and Lab(j) in the BIPM scheme:
DlyL(i-j)=DlyR(i)-DlyR(j)
for a UTC link with j=PTB, it becomes:
DlyL(k-PTB)=DlyR(k)-DlyR(PTB)
The total delay of a link DlyL is the CALR in the case of a TW
link. However, the methods to obtain them are quite different.
Figure 2 illustrates the configuration of the geometry of the
DlyL which is directly measurable in the BIPM scheme. By
default, the total delay in the following sections is always that
of the time link DlyL.
GNSS Sat.

Antenna
phase center
DlyRi

Rcv

CLBPk

Antennai

DlyRi
Rcvi
Antenna

Δ=CLBPk–UTCPk

Lab K
UTCPk

Rcvj
Lab(j)

Figure 1.

The total delay of a GNSS receiver (DlyR) at Lab(k)

Figure 2.

In the present BIPM calibrations of C/A receivers, some
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GNSS link

Lab(i)

UTCPi

UTCPj

The total delay of the link Lab(i)-Lab(j):
DlyL (i-j)=DlyR(i)-DlyR(j)

C. The BIPM scheme and the computation of a DlyL
For performing a link calibration with the BIPM scheme,
the travelling receiver StdB does not need to be calibrated and,
furthermore, long-term stability of StdB is not a critical issue.
The only requisite is that the StdB must be stable during the
calibration tour. This is in fact a usual requisite for any
calibration.
Let us first state that measurement noise (assumed white
noise) is not a limiting factor in our calibration scheme, as in
any calibration scheme: because hundreds of measurements
are taken each day, the measurement noise averages out below
0.1 ns and therefore will not be further considered. On the
other hand, the total uncertainty of the calibration depends
highly on the instability of the travelling StdB over the
duration of the calibration trip. In order to limit the
disturbance of this instability, a multi-receiver system and a
rigorous schedule are used in the BIPM scheme. These
measures can greatly reduce the impact of jumps in the StdB
reference during the calibration tour because we can know
exactly, by the comparison between the traveling and the
stationary receivers, the closure measurement at BIPM and the
side by side set-up at Lab(k), where andwhen a jump occurred,
as well as its size.
Compared with the present BIPM calibration, the new
scheme is characterized by:
• the key point is the stability of the BIPM standard which is
composed of N+1 GNSS receivers, one of them staying at BIPM
(in fact, there are more than one GNSS receivers operational at
BIPM and all of them can back up the fixed reference) and a
traveling standard composed of N other receivers (N≥2). For the
pilot experiment, the BIPM standard consists of three GPS
receivers: a reference receiver RefB stays at BIPM plus a traveling
standard with two GPS receivers: StdB1 and StdB2 (Figure 5);
• the clock result of a GPS PPP solution is associated with the phase
center variation of the antenna which will be determined with a cm
level of accuracy by PPP. The laboratories can put the antennas of
the StdB anywhere suitablebut trying to avoid the multi-paths’
effect. Therefore, the StdB ensemble must be of geodetic receivers;
• the common point of the two traveling receivers of the StdB is a
splitter sharing a cable leading to the calibration point (CLBP), cf.
Fig. 5. All the calibrations are made with the CLBP as reference;
• the CLBPk of Lab(k) is referred to UTCPk. The Lab(k) needs only
to measure the delay Δ=CLBP i–UTCP i ;

The BIPM scheme has four steps. Fig. 3 is the set-up of step 3.
1)
2)
3)
4)

start the measurements at the BIPM;
visit the PTB;
visit successively Lab(k), k=1, 2, 3, …;
close the measurements at the BIPM.

IV.

DISCUSSION

The basic idea of this section was proposed for the first
time in [8]. We generalize the principle to adapt it to the new
BIPM scheme. We first prove that the BIPM link calibration
can be converted to the GNSS relative receiver calibration and
then that this relative calibration can be transferred into the
absolute calibration. For a time link network, if one of the
receivers is absolutely calibrated, this absolute scale can be
transferred to all the other receivers.
We then discuss some characters of the BIPM scheme.
A. Convert a link calibration to a GNSS receiver calibration
We recall first that the BIPM scheme is not an absolute
receiver calibration. We are interested in the link calibration
that affects the UTC-UTC(k) and also in an arbitrary time link
UTC(k)-UTC(j). In the following discussion, the “receiver
calibration correction” stands for the delay correction to be
added to the RefGps value (the raw receiver recordings in the
CGGTTS data files).
We take an arbitrary UTC baseline Labk-PTB. Suppose the
receiver delay correction of the GNSS receivers is Xp for PTB
and Xk for Labk; Linkk is the non calibrated GNSS link
between Labk and PTB; LinkK is the receiver calibrated link;
LinkB is the calibrated link by carrying out the BIPM scheme.
We can compute the calibration value of the GNSS receiver at
Labk by two steps: first the link correction between Labk and
PTB and then the receiver correction at Labk, as follows:
LinkK = [RefGps(Labk)+Xk] – [RefGps(PTB)+Xp]

TW sat.

(4.1)

GNSS sat.

TW K-PTB
GNSS K-PTB: Refk-RefPTB

By the definition of the total delay of the link, we have
Ck=Xk– Xp. Introducing it in equation (4.1):

StdB-RefPTB

GNSS
Lab(k)
TW k

GNSS
PTB

• the calibration result is the total delay of a link DlyL. We calibrate
the total delay of all the time links on the route of the traveling
StdB between PTB and Lab(k). The link(s) to calibrate can be of
any types: GPS, GLN and TW (Figure 3);
• since the goal is to calibrate links for UTC, PTB should always be
included. The scheme may be simplified without PTB only if
experiences prove the long-term stability of the RefPTB and the
StdB. But this needs time.

LinkK = [RefGps(Labk) + Ck + Xp] – [RefGps(PTB) + Xp]
= RefGps(Labk) – RefGps(PTB) + Ck = Linkk + Ck = LinkB

(4.2)

TW

Lab(k)
PTB

StdB

RefPTB

Figure 3.
The side-by-side common-clock short-baseline set-up
and the total delay StdB-Refk: DlyL(StdB-Refk)=DlyR(StdB)-DlyR(Refk)

Above the Ck can be obtained through the BIPM scheme and
Xp can be given through earlier calibration (although we do
not need it here). The receiver calibration correction, i.e. the
total delay of the GNSS receiver at Labk can be computed
with the simple relation: Xk = Ck+Xp. The fact that the
receiver delay at PTB Xp is cancelled in equation (4.2)
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confirms that we do not need it to calibrate any receivers and
Ck can be considered as the receiver calibration correction
because Xp can be set to any value e.g. Xp=0.
Now we should prove that such obtained receiver
calibration correction is correct not only for the UTC link
between Labk and PTB but also correct for any link between a
pair of UTC labs. To be general, we take arbitrarily two labs:
Labk and Labj. From the definition of Linkk and the equation
(4.2), we have:
Ck = Xk – Xp = LinkB – Linkk

(4.3)

LinkK=Linkk+Ck=[RefGps(Labk) + Ck]–RefGps(PTB)

(4.4)

Equation (4.10) is that of the traditional BIPM calibration. As
mentioned in the introduction, one of its disadvantages is that
the uncertainty is poor: uB = 5 ns. Equations (4.2) and (4.8) use
the new BIPM scheme calibration and its uB is well reduced,
potentially less than 2 ns [10,11]. Furthermore the BIPM
scheme allows simultaneous multi GNSS receiver calibration
between the UTC laboratories that operate GPS, GLN and TW
facilities. Simultaneous measurement is impossible for the
traditional calibration (eq. 4.10). Possible biases due to, for
example, the long-term variations of the internal reference of
StdB receiver and the geodesic hypothesis etc., are not
avoidable.

Ck – Cj = Xk – Xj = LinkB(Labk – Labj) – Linkk(Labk – Labj)

(4.7)

B. Convert a relative receiver calibration to absolute one
To identify the difference between the BIPM scheme and
the absolute calibration, we name the BIPM-scheme obtained
receiver calibration correction the “relative receiver
calibration”. An absolute calibration is to determine the sum
of the absolute delays of the antenna, the receiver, all the
equipment and the cables on the way of the GNSS signal
passing through, which is absolutely measurable. The direct
output of BIPM scheme is defined with respect to the standard
receiver StdB. In the relation (4.2), we assume that in linkK the
total delay of the GNSS receiver at PTB is absolutely
calibrated. The absolute delay is Xp/A. Let us set, X p/A = Xp +
Xo, Xo here is the difference between the receiver calibration
and the absolute calibration. Therefore, we have at the Labk

LinkB(Labk – Labj) = Linkk(Labk-Labj) + Ck – Cj

(4.8)

Xk = Ck+Xp = Ck+X p/A-Xo,

(4.11)

Similar as the equation (4.1), the calibrated GNSS link equals:

Xk/A = Xk + Xo = Ck+X p/A

(4.12)

LinkK(Labk – Labj)= [RefGps(Labk) + Ck] – [RefGps(Labj) + Cj]

Therefore, to convert the BIPM scheme total delay Ck to the
total absolute delay Xk/A, it is as easy as to add a constant:
X p/A. Again for the UTC generation, we compute the
UTC-UTC(k) and do not need the absolute delay. However,
the total absolute delay is indispensable for the Section 5
where the differences of the UTC and GNSS system reference
time are given.

where Ck is the calibration delay correction applied to the Labk
receiver. As for the receiver of PTB, calibrated or not is not
important to obtain the calibrated linkK (Xp is canceled).
Similar as equation (4.3), the receiver delay corrections:
Ck = Xk – Xp = LinkB(Labk – PTB) – Linkk(Labk – PTB)

(4.5)

Cj = Xj – Xp = LinkB(Labj – PTB) – Linkk(Labj – PTB)

(4.6)

By subtracting equation (4.6) away fromequation (4.5):

(4.9)

In the equation (4.9), Ck and Cj are the GNSS receiver
calibration corrections. Introducing equations (4.6) and (4.7)
into (4.9), we have the GNSS link with the traditional receiver
calibrations Xk and Xj:

It is interesting to point out that:

LinkK(Labk – Labj)= [RefGps(Labk) + Xk–Xp] – [RefGps(Labj) + Xj–Xp]
= [RefGps(Labk) + Xk] – [RefGps(Labj) + Xj]
(4.10)

1) in the UTC network, if any of the receivers is absolutely calibrated
(not necessarily that of PTB), its absolute scale can be transferred
to all the other receivers;

Again, Xp the receiver calibration correction for PTB GNSS
receiver is cancelled in the arbitrary link. Equations (4.8) and
(4.9 or 4.10) give the same result (within their uncertainties)
but with completely different calibration set-ups.

2) if there are more than one receiver absolutely calibrated in the
BIPM scheme, the redundant calibrations can improve the
calibration by a least square adjustment, cf. [17] for details.

From the equations (4.8) to (4.9) and then (4.10), we
transfer the link calibration obtained through LinkB (the new
BIPM scheme) to the receiver calibration (the traditional
calibration scheme). The link calibration corrections differ
from the receiver delay corrections by a common constant:
Xp. However, it is important to understand that:

C. The BIPM scheme is a unified one-for-all calibration
By Figure 3, the set-up of the BIPM scheme at Lab(k)
serves to calibrate all kinds of UTC time links between the
Lab(k) and PTB: TW and all type of GNSS (C/A, P3 or PPP).
This is the so-called unification of all the UTC time links by
the unique BIPM standard [12].

1. it is not necessary to know the value of Xp in the BIPM
calibration scheme for the UTC time transfer;
2. if we know one of the Xk or Xj, we can compute the Xp. It is
easy to prove this by exchanging the positions of Labk and PTB
in equation (4.1), i.e. the Xp of the PTB can be determined at any
Labk

Advantages of the unified approach are:
1. the calibration results will be affected only by the short-term
instability of the StdB;
2. calibration of the TW links, in particular of the very long intercontinental TW links, is possible;
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3. improvement of the calibration uncertainty uB for most UTC
time links, and consequently reduction of the uncertainty of
[UTC − UTC(k)] in the Circular T from 5 to 2 ns, see below V;
4. simplified organization of UTC calibration campaigns;
5. simplified monitoring of these calibrations.

D. The BIPM scheme is more accurate and less manpower,
time and money consuming
In the traditional BIPM differential calibrations of GNSS
equipment, different BIPM standard receivers travel for
different GNSS receivers calibrations: GPS C/A code
receivers, GPS P3 code receivers and GLONASS receivers.
TW calibration is separately. Many of them have never been
achieved. During the calibrations, the visited laboratories have
to determine the position of the BIPM antennas and to
measure all the delays of cables and equipment on the path of
the satellite signal. These increase the total uncertainty and the
labors.
The new BIPM scheme allows the calibration of all types
of links on a baseline; the laboratories measure and supply
only the delay Δ between UTCP(k) and CLBP(k). This saves
time, manpower and reduces the measurement uncertainties.
Generally speaking, if the uncertainty of a receiver
calibration is u, the total uncertainty in UTC-UTC(k) is
uB≈√2×u. However, for a link calibration, we have uB ≤ u.
E. Comparison between the new and the old BIPM schemes
We summarize the features of the new BIPM scheme vs.
the traditional ones.
• The new scheme calibrates links while current
schemes calibrate receiving equipment. Through link
calibration, all existing techniques between a pair of
laboratories can be calibrated at the same time.
• Two receiving systems travel in the new scheme,
providing redundancy and cross-checking. As the
equipment is organized in a unique container and as
the visited lab should only provide a frequency and a
1PPS and only measures the delay of the 1PPS, the
operations are simpler and the risk of mistake is
minimized.
• The receivers provide phase and code measurements
allowing the precise positioning of antennas with
PPP. This is not the case in the present C/A
calibrations.
• Finally the link calibration uncertainty uB is expected
to be 2 ns or below (see next section) while, in the
present scheme, the combination of the uncertainties
of the two receiver calibrations provides a link
uncertainty uB = 5 ns.
V.

THE UNCERTAINTY

The proposal in this section was originally raised in [12].
We generalize it to the new BIPM calibration scheme.
A. The uB of a UTC link Lab(k)-PTB
The calibration uncertainty for the link Lab(k)-PTB can be
estimated by:

uB²(k-PTB)=[uA²(k-PTB)+uA²(StdB)+c²(StdB)]/N

(5.1)

N is the number of BIPM traveling receivers; c is the
conventional short-term-link-instability of the StdB for a
typical calibration tour that consists of 4 occupations of 4
steps: BIPMÎPTBÎLab(k)ÎBIPM. If we set c = 2 ns (as is
shown to be achievable by Esteban et al [10]) and N=1, the uB
of the calibrations are: uB(GNSS P) ≈ 2.23 ns (for uA = 0.7);
uB(GNSS C/A) ≈ 2.60 ns (for uA = 2.0) and uB(TW) ≈ 2.17 ns
(for uA = 0.5). The above estimations are conservative as in
fact N=2 so that the value of uB obtained by equation (5.1)
may be reduced, e.g. to about 1.6 ns for the GNSS P3 code
calibration [17].
B. Aging of the uB
The above estimation is valid only at the moment of the
calibration without taking into account of the evolution of uB
with time. It is logic that without re-calibration or an
independent check, the maximum life of a “free running” uB is
limited, saying about 10 years, e.g., for each of the techniques
uB(>10 year) = 10 ns. A “free running” uB increases with time.
For the purpose of automatic computation, it is useful to
design an analytical model for uB evolution. For example, a
model based on a random walk phase noise or on a flicker
phase noise (or on a combination of both) could be used. In
the following, examples are shown for a random walk model,
although the resulting values are probably overly pessimistic
for the long-term:
uB²(T − T0)k-PTB = uB²(T0)k-PTB + (T − T0) × uA²k-PTB

(5.2)

Here T-T0 is the time since the calibration in months and uA is
the random walk part of the 1-month Type A uncertainty of
the link taken to be: uA(GNSS C/A code) ≈ 0.7 ns; uA(GNSS P
codes) ≈ 0.5 ns and uA(TW) ≈ 0.3 ns. The values of uB for
different calibration ages calculated on the basis of the above
hypothesis are presented in Table III. The unit is ns.
TABLE II.

EVOLUTION OF UB INCREASING WITH TIME AS A RANDOM
WALK PROCESS

Link

uB(T0)
/ns
TW
1.0
GNSS P
2.0
GNSS C/A
3.0

uA uB(1yr)
/ns
/ns
0.3
1.4
0.5
2.6
0.7
3.9

VI.

uB(3yr) uB(5yr) uB(10yr) uB(>10yr)
/ns
/ns
/ns
/ns
2.1
2.5
3.4
10
3.6
4.4
5.8
10
5.2
6.2
8.2
10

.

.

THE EXPERIMENT SET-UP

Figure 4 illustrates the general set-up up of the BIPM
calibration scheme at the Lab(k). Here the ‘time transfer
equipment’ represents one or all the time transfer techniques:
TW, GLN and GPS C/A, P3 and PPP. The configuration
between the pulse distributor driven by the master clock and
the receivers of Lab(k) as well as the BIPM traveling standard
is demonstrated. The BIPM traveling StdB is installed in the
BIPM calibration station (Figure 5), composed of two GPS
geodesic receivers driven by the same master clock as the
receivers at Lab(k). The pulse passes first through the CLBPk
of the distributor then through the BIPM receiver cables goes
to the BIPM splitter in the station where it is separated into
two signals going to the two BIPM individual standard
receivers, Std(1) and Std(2). The delay of the ensemble of the
BIPM Std from the antennas to the CLBPk is same at all the

1068

Labs and will be canceled in the time links. The difference of
the links of the StdB-PTB and that of the Lab(k)-PTB is
nothing but the link calibration correction.
Lab(k)
antenna(s)

BIPM
antenna 1

•
•
•
•

BIPM
antenna 2

10 MHz distributor

Time transfer
equipment of
Lab(k)

BIPM cables
10 MHz distributor
PPS distributor

REFERENCES

TTS4 receiver Std1
GTR50 receiver Std2

Lab(k)
equipment

Figure 4.

BIPM CLB Stn

Configuration between the pulse distributor linked with
the master clock and the receivers of RefLab(k) and StdB
10 MHz
PPS
GTR50
TTS4

Figure 5.

Combination TW and PPP: TW+PPP
Application of the TW indirect links composed of two direct ones
PPP assisted calibration: the BIPM scheme of calibration TW-PPP
The expected uncertainties: uB ≤ 2 ns and uA ≤ 0.3 ns

The methods applied in this paper could be extended to the
whole UTC time transfer worldwide network through
coordination with the Regional Metrology Organizations for
supporting. A significant improvement of the global
uncertainty is expected.

PPS distributor
UTC Pk CLB Pk
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improve the uB. In particular, we aim at strengthening the
Asia-Europe very long baselines for UTC time transfers. This
is the goal of the pilot experiment. To do it, we need:

The BIPM calibration station StdB

VII. SUMMARY
We have studied a new calibration approach based on the
link calibration concept, and named it “the BIPM calibration
scheme”. We developed a set of calibration equations and
computer programs that have been installed in the UTC/TAI
software package Tsoft. Preparation of the equipment and
organization are ongoing. A pilot study has been lunched
during the CCTF TW Working Group meeting in Sept. 2010
in Beijing and will plan to perform the first measurements in
laboratories in 2011.
TW and GPS PPP are the best performing techniques in
UTC time transfer. Each has advantages and is indispensable.
However, since last year, two phenomena arose: the quality of
TW is degrading and that of the PPP has improved. Replacing
the degraded TW links by PPP does not seem a good solution;
we propose therefore 1) combination of the two techniques to
improve the uA; 2) differential of the two techniques to
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Abstract—Reviewing calibration results over the history since
early 1980’s among several labs shows very mixed results. The
best stabilities of GPS receivers, as given by calibrations, are of
the order of a few nanoseconds or better over a year, though
many results are quite a bit worse. Absolute calibrations show
similar potential, though there are problems. We conclude that
more calibrations and standard methods are needed.

I.

INTRODUCTION

The purpose of this paper is to evaluate the status of GPS
receiver delay calibrations, for a subset of receivers that
support the generation of international atomic time (TAI). We
first discuss historical and current methods for calibrating
receivers. Then we look at the history of differential receiver
calibrations in order to estimate receiver stabilities for the
receivers in use at the time. Our last consideration of
differential calibrations is to compute closures of calibration
values by use of the most recent available data. These data
give a measure of consistency of differential calibrations for
use in current receivers. Finally, we discuss the history, use
and potential for absolute calibrations.
GPS data are used in various ways for comparing clocks
for generating TAI. All of these comparison methods are
differential. We use the data to determine the difference
between UTC(lab) among the labs that contribute to TAI. The
delays through receivers need to be calibrated differentially in
order to reference the data to a laboratory’s UTC measurement
plane. The best way to do this is with the use of a portable
GPS receiver as a calibration system. The method is to do a
series of common-clock, short-baseline calibrations between a
travelling receiver and the primary receivers of different labs.
For example, to calibrate the differential delay between
laboratory A (lab A in the following) and laboratory B (lab B),

978-1-61284-110-6/11/$26.00 ©2011 IEEE

we could start with a portable system at lab A. To achieve a
common-clock short-baseline calibration, one connects the
travelling receiver to the same clock signals as the primary
receiver, measuring the delay in the reference signal from the
lab’s UTC reference plane. We will discuss the details of a
common-clock short-baseline calibration later. In principle,
one collects data from the same satellites, measured against
the same clock in two receivers with separate antennas,
positioned near each other. With proper calibration of
reference signals and coordinates, the difference in the
measurements should be due only to the difference in the
receiver systems, mainly the delays in the antennas, antenna
cables and receivers. Evaluating these data allows us to
determine the difference in the delays between each pair of
systems. The sequence, in practice, would be to first measure
the travelling receiver against the primary system at lab A,
which we denote Trav-SysA (1). The travelling system is then
brought to lab B, where we measure Trav-SysB. We then
bring the travelling system back to lab A, where we determine
a closure measurement of Trav-SysA (2). This closure gives a
measure of any systematic shift in the delay of Trav during the
trip. Typically, we then conclude that the difference in
primary receivers is:
SysB – SysA= ( Trav-SysA(1) + Trav-SysA(2) )/2
(Travs-SysB).

-

The actual value of SysB-SysA must be accompanied by
the uncertainty of this measurement. We will discuss methods
used for determining this in later sections.
There are many laboratories that contribute GPS data in
support of generating TAI. There are also several different
types of receivers, several different formats for the data, and
several different methods for processing these data. In all
cases, the differential receiver delays are crucial for
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determining the values for UTC(lab A) – UT
TC(lab B). These
motely.
Either
delay values cannot be determined rem
differential measurements must be madee in situ against
another receiver, or an absolute calibrationn of the receiver
system must be done, which requires inteerrupting service.
Differential calibrations appear to be the m
most accurate and
convenient method of measuring these relatiive delays, though
an absolute calibration is required for the ttotal delay of one
receiver system. Campaigns of calibrationss have been done
historically, and seem to be required at onggoing intervals to
maintain accurate time transfer. We discusss in this paper the
status of current differential and absolute callibrations, various
hardware and software methods for perform
ming calibrations,
and possibilities for the way forward to best uuse GPS receivers
and data in support of TAI.
II.

MEASUREMENT TECHNIQUES FOR CALIBRATION

GPS receivers for timing from 1980 on uused a 1 pps signal
as a reference. GPS time was measured aagainst this 1 pps
usually by use of a time-interval counter. Caalibration involved
measuring this reference 1 pps against the reeference plane for
time of the lab [1]. With the advent of receiivers that used a 5
MHz or 10 MHz frequency signal as the reference signal,
calibration became more complicated. R
Receivers measure
GPS signals against a zero-crossing of the 5/10 MHz. This
zero-crossing is determined by a 1 pps signaal. So, in addition
to knowing the offset of the 1 pps from thee reference plane,
the so-called tic-to-phase needs to be measurred. Complicating
this, some receivers lock an internal oscillattor to the external
frequency, and use that for a reference. Determining the
internal reference point may be somewhat ambiguous. The
internal reference point may be more than the next internal
zero-crossing from the reference 1pps, or inddeed may precede
it, since the processing is usually digital. In aaddition, there are
tic-to phase zones where the reference point may slip forward
or backward a cycle. These forbidden zoness may not be near
to the value when the measured external ticc-to-phase is close
to zero. Figure 1 gives a block diagram iillustration of the
aspects involved with calibrating a freequency-reference
receiver.
Some receivers can have a 1 pps ouut that is derived
directly from the internal frequency refereence with a fixed
delay from the lock point. In that case, it m
may be possible to
use that signal to eliminate any ambiguity for the reference
zero-crossing in the receiver.
Thus we see that there are several measurrement techniques
possible for calibration. In addition, the queestion of biases in
time-interval counters has been consideered [2].
One
recommendation has been to use a travellling time-interval
counter along with the travelling receivver to minimize
uncertainties due to counter error.

Figure 1. Block diagram of the timing functtions in a modern GPS or GNSS
receiver that measures the received pseu
udo-range against an internal
oscillator, which in turn is locked to an exteernal frequency reference. This
illustrates the difficulty in unambiguously finding the the reference point.

III.

PROCESSING CALIB
BRATION DATA

Historically, there have been two
o different frequencies that
have delays through the receiver, L1
1 and L2, with C/A and P
codes modulated on these frequen
ncies, P code not being
originally intended for civilian use. While these are the
frequencies of most interest to the timing community
historically, a new frequency specifically designed for civilian
use, L5, is appearing in the new GPS constellation, as well as
a version of the C/A code on L2 callled L2C. There will also
be other constellations of interestt. The Russian system,
GLONASS, has been available for some time. Though less
used for various reasons, GLONASS
S may become more used
for TAI generation as it is modern
nized. There are also the
European system, Galileo, and the Chinese
C
system, Compass
or Beidou 2, which are being develop
ped.
There are several formats that data
d
can be taken in and
several methods for processing theese data. The CGGTTS
format [3] provides 13 minute aveerages every 16 minutes,
with all delays from the satellite rem
moved and the times of the
on-board satellite clock adjusted forr GPS time. For a shortbaseline common-clock comparison
n, as a minimum, pseudorange data must be adjusted for the range delay, the delay of
the signal from the GPS satellites to
t the receivers. If exact
common-view computations are done this is enough.
However, the CGGTTS format uses only the C/A code for the
main data, the Reference-GPS data. If there are P code on L2
carrier (P2) data, measured ion
nosphere values are a
deterministic combination of both P2
2 and C/A code data. It is
possible to use the combination of Reference-GPS and
measured ionosphere data types to compute the differential
delays for both the C/A code and the P2 code.
The format called RINEX (fo
or Receiver INdependent
EXchange format) [4] has been deveeloped to provide detailed
data for flexible processing options. RINEX data are
instantaneous pseudo-range data, an
nd are typically recorded
every second to every 30 seconds. This
T format can store data
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for all codes from all constellations. It is managed and
updated by the International GNSS Service (IGS), and version
3 should provide flexible capability. However, it requires
more storage space and processing than the CGGTTS data,
which are already pre-processed. Minimal processing for
common-clock short-baseline calibrations would be software
that corrects only for the range delay from the satellites to the
receivers, then differences these data between receivers
matching exact common-view data, i.e. exactly matching
satellites and transmission times between receiver data. This
processing gives the differential calibration for the maximal
density of data, with the minimum of extraneous processing.
In the timing community, it is most common to use either
of two software systems for processing RINEX data. The P3
software reads RINEX files and outputs a CGGTTS format
using either the C/A or P codes on L1 (C1 or P1) and the C/A
or P2 codes on L2 (C2 or P2). The P3 data type is the
ionosphere-free combination of P1 or C1 and P2 (C2 is
available on a very limited number of satellites at this time).
This format can, in principal, be used for differencing any of
these codes individually, with 13 minute averages every 16
minutes. In practice, the usual output from the software
allows for using the P3 combination and the value of the
measured ionosphere to derive calibration values.
Alternatively, one can use Precise-Point Positioning (PPP)
[5,6] software to estimate the value of local clock against IGS
system time at both locations for every reference time in the
RINEX files. This uses carrier-phase smoothing of the code
measurements, fixed local coordinates, and IGS postprocessed estimates of satellite orbits to give an optimal
estimate of the receiver’s reference clock. While the PPP
software produces perhaps the most precise estimates of user
clock against system time, using it to compute differences for
a local calibration introduces terms that do not cancel between
receivers, due to the smoothing and averaging techniques.
Thus there are various processing methods for computing
calibrations, with trade-offs for convenience, complexity, and
accuracy.
A. OP-NIST
Table I and Figure 2 give the values for differential
calibrations between OP and NIST since 1983 [1]. The values
denoted d are differential time corrections to be added to
[UTC(NIST)-UTC(OP)], and u(d) are estimated uncertainties
for the periods of comparisons. All calibrations are of NBS10
at NIST compared to NBS51 at OP except for the November
2009 calibration. The NBS10 vs. OP NBS51 calibrations were
all C/A code only comparisons. The November 2009
calibration compared the new primary receiver at NIST,
NISTn1, with TTR01 and OPMT at OP. NISTn1 is a Novatel
OEM4-G2* used at NIST for providing both CGGTTS and
RINEX format data to the BIPM and IGS. This provides the
backup link to the NIST TWSTFT link. OPMT, an Ashtech
Z12-T*, provides the RINEX files to the BIPM that are used
for the NRCan PPP computation or for the CGGTTS TAIP3

files. There is no endorsement or critique either implied or
intended. This is the source for the backup link to TWSTFT
for the link OP-PTB in the TAI network. The NISTn1 vs.
OPMT comparison included codes on L1 and L2, yielding a
P3 comparison. The best stabilities seem to be on the order of
a few ns or better over a year. There are some larger
variations that are unexplained, and an apparent walk of
almost 10 nanoseconds over 20 years.
IV.

CALIBRATION HISTORY

A. OP-PTB
We present first, in Table II and Figure 3, the calibrations
from the BIPM website [7] for C/A receiver calibrations
between OP and PTB.
TABLE I.

OP
Receiver
Date
July 1983
September
1986
October
1986
January
1988
April
1988
March
1995
May 1996
May 2002
July 2003
December
2003
December
2005
November
2009

SOME PAST CALIBRATIONS BETWEEN NIST AND OP

NBS51NBS10
d/ns u(d)/ns
0.0
2.0
0.7
2.0
-1.4

2.0

-3.8

3.0

0.6

3.0

-3.7

1.0

-3.0
-5.0
-5.6
-4.6

1.5
3.0
1.9
3.0

-8.7

3.0

NBS51-NBS10

TTR01NISTn1
d/ns u(d)/ns

OPMTNISTn1
d/ns u(d)/ns

-9.4

-7.3

0.8

OPMT-NISTn1

4
2
0
-2
-4
-6
-8
-10
-12
January-82 January-89 January-96 January-03 January-10

*

Note that we include product names and model numbers
only for reference. No endorsement or critique is implied.

0.8

Figure 2. NIST-OP calibration values from Table 1.
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TABLE II.
DIFFERENTIAL TIME CORRECTIONS D TO BE ADDED TO
[UTC(PTB) – UTC(OP)], AND U(D) ARE ESTIMATED UNCERTAINTIES FOR THE
PERIODS OF COMPARISONS.

Date

d / ns

October 1986
October 1994
July 1997
November
1997
March 1998
June 1998
March 2002
June 2003
August 2003
June 2004
July 2004

9.4
4.0
2.0
4.0

u(d) /
ns
2.0
2.0
3.0
2.0

–6.0
5.0
–1.0
–4.7
0.1
0.1
0.6

2.0
3.0
3.0
3.0
3.0
3.0
3.0

–4.2

3.0

10.3

3.0

4.8

3.0

September
2006
November
2009
November
2009

TTR5 –
TTS2
TTR5,TTR6
– TTS3

OP-PTB C/A Receivers
15
10
5
0
-5
-10
Jan-80

Finally in this section, we study the uncertainty budget
consistency between GPS and TWSTFT on the OP-PTB link.
Here we present an assessment of the uncertainty budget
consistency between GPS and TWSTFT on the OP – PTB
link. We have built daily averaged differences between
UTC(OP) – UTC(PTB) as obtained from TAIP3 GPS CV and
by TWSTFT. Figure 5 shows the results over two years, from
February 2009 to February 2011, some outliers having been
averaged out. The vertical lines materialize some events
having potentially affected the measurements, like reference
clock changes or a satellite transponder change. The horizontal
lines are the plus or minus one sigma limits around 0, obtained
from the quadratic sum of the uncertainties claimed for both
techniques on the OP-PTB link. Over the whole period, the
GPS TAIP3 combined uncertainty was estimated at 3.3 ns (1
σ). The TWSTFT combined uncertainty at 1 σ was estimated
to be 1.1 ns until April 2009, 1.2 ns from May to November
2010, and 1.3 ns afterwards. The resulting uncertainty on the
difference between both techniques is about 3.5 ns (1 σ). Over
the last two years, the results obtained on the OP-PTB link are
consistent with the statistics of the respective uncertainty
budgets, despite major events like either reference clock
changes for both techniques or a satellite change for
TWSTFT, which require each time local measurements of
new delays. There remains an average bias of about 2.0 ns
over the period, which is probably due to some delays not
properly taken into account. This calls for a better
understanding and new measurements of both equipment
chains.
TABLE III.
. DIFFERENTIAL TIME CORRECTION D TO BE ADDED TO
[UTC(PTB) – UTC(OP)] WHEN MEASURED BY GPS TAIP3 COMMON-VIEWS,
U(D) BEING THE ESTIMATED TOAL UNCERTAINTIES

Jan-90

Jan-00

Date
2002-07
2003-05
2004-08
2006-04
2008-04
2008-11

Jan-10

Figure 3. Plot of the data in Table II for the link OP-PTB. The receivers at
OP were an NBS TTR5, then an AOA TTR6. At PTB the Code receivers
were an NBS TTR5, then an AOS TTS2, followed by an AOS TTS3.

u(d) / ns
5.0
5.0
5.0
5.0
5.0
3.2

25

20

15
d / ns

Apparent variations in calibration repeatabilities may be due
to using different receivers. The best stabilities seem to be on
the order of a few ns or better over a year. Next, we consider
the OP-PTB GPS TAIP3 calibration link. Table III, and
Figure 4 provide the P3 OP-PTB link calibration results for a
direct comparison with other GPS C/A calibration results. All
calibration data were computed by the BIPM during
calibration campaigns, except the last line, which was released
in the frame of the Galileo Fidelity activities from OP and
CNES calibration campaigns [8]. Since receiver calibration
values are implemented in respective receivers here, contrary
to the previous C/A receiver calibrations, it is appropriate to
only compare the change in values between these results and
other tables. For some periods we see very little change
between calibrations. For others there are 5-6 ns over a year
or less, though the uncertainties are comparable in magnitude.

d / ns
10.8
10.8
15.0
13.3
13.7
7.7

10

5

0
2002

2003

2004

2005

2006

2007

2008

2009

2010

Year

Figure 4. Plot of the data in Table III for the link UTC(PTB) – UTC(OP) by
GPS TAIP3. The OP GPS receiver is OPMT. The PTB receiver is PTBB.
The last point is kept separated from the others as it is the only one not
measured by the BIPM.
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B. USNO-NIST
Calibrations between USNO and NIST are presented in
Table IV and Figure 6. These data come from the BIPM
website files [7], except for the most recent calibrations of
August 2010 and April 2011. These latter two use the twofrequency receivers at both labs, and are not yet finalized.

6
5
4

(TAIP3 - TWSTFT) / ns

3
2
1
0
-1
-2
-3
-4
-5
54800

54900

55000

55100

55200

55300

55400

55500

55600

55700

MJD

Figure 5. Daily averaged differences between UTC(PTB) - UTC(OP) by
GPS TAIP3 CV and UTC(PTB) - UTC(OP) by TWSTFT.
TABLE IV.

Date

Sep-86

USNO – NIST CALIBRATIONS

d/ns
u(d)/ns
USNO C/A
receivers NBS10
25.3
2

Sep-94

-9

3

Dec-94

-7.6

1

May-07

-7.5

2

C. USNO-OP
Data for calibrations between USNO and OP from the
BIPM website are presented in Table V and Figure 7. Given
that a 14 ns step was introduced in 1997, the data are separated
into calibration results before and after this event. The most
recent results, from 2003 to 2007, show variations at about 2
ns per year, except for the large variation from 9 ns in 2002 to
2.4 ns in 2003. Given the good values over several years, this
suggests the possibility of missing information regarding the
large change over the earlier periods.

d/ns
u(d)/ns
USNO P3
receiver NISTn1

Aug-10

-6.2

2

Apr-11

-0.5

1

TABLE V.
USNO-OP CALIBRATION VALUES FROM THE BIPM
WEBSITE. A 14 NS STEP WAS INTRODUCED IN FEBRUARY OF 1997.

Date

d/ns before u(d)/ns d/ns after u(d)/ns
+14 ns
+14 ns
32
10
Dec-84
25.3
2
Oct-86
15.6
5
Apr-87
-14
Jun-91
-13
2
Jun-94
-9
1
Sep-94
-7.6
1
Dec-94
-20
2
Mar-95
-14
2
Jan-96
9
3
Apr-02
2.4
3
Dec-03
-4.5
3
Jan-06
-2.3
3
Mar-07

USNO-NIST Calibrations
USNO C/A receivers -NIST

Calibration Value, ns

USNO P3 receiver -NIST
30
20
10
0
-10
-20
Sep-86

d before +14 ns
Sep-96

Aug-06

Aug-16

d after +14 ns

40
30
20
10
0
-10
-20
-30

Calibration Date
Figure 6. USNO-NIST calibration values from Table III.

Jan-80 Jan-85 Jan-90 Jan-95 Jan-00 Jan-05 Jan-10
Figure 7. USNO-OP calibration data from Table V.
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V.

CLOSURE CALCULATIONS

We take some of the most recent calibrations and compute
the total around closed loops. Clearly, the results should be 0.
Note that the symbol +/- or σ in the Table VI indicates the
total uncertainty for the given calibration.
C/A code, L1 frequency receivers:
OP-NIST (TTR6-OEM4)=
9.4 +/- 0.8, 2009/11
PTB-OP (TTR5,6-TTS3)=
-4.8 +/- 3.0, 2009/11
USNO MOT1-PT05=
2.3 +/- 1.2, 2010/06
NIST-USNO MOT3=
-7.5 +/- 2.0, 2007/05
Sum=
-0.6 +/- 3.9 ns

VII. CONCLUSIONS

C/A code, L1 frequency receivers:
OP-NIST (TTR6-OEM4)=
9.4 +/- 0.8, 2009/11
USNO-OP=
-2.3 +/- 3.0, 2007/03
NIST-USNO MOT3=
-7.5 +/- 2.0, 2007/05
Sum=
+0.4 +/- 3.7ns
TABLE VI.

Labs

C1/P1
mean

OPMTNIST
PTBBOPMT
USN3PTBB
NISTUSN3
closure

-7.3

The historical GPS receiver calibration data appear mixed
in quality. Some periods indicate potential for good
repeatability, perhaps a few ns/year; But other periods show
calibrations vary 10’s of ns over a year or less. The closures
are in line with the combined uncertainties, but these
uncertainties can be as large as 7.3 ns for k = 1.

CLOSURE FOR 2-FREQUENCY RECEIVERS

C1/P1
σ

P2
mean

P2
σ

P3
mean

0.8

-7.2

0.9

-7.5

3.3

1.0

0.4

1.4

…

…

…

13.1

2.0

17.6

A new receiver named NIST has been primary since 2006.
The 2006 Differential calibration of L1 against NBS10set the
delays as L1, L2=-44.7, -44.7.
2007 NRL calibration receiver+antenna required change
(not implemented) of
L1 +9.4 +/−0.4, L2 +2.3 +/−3.3.
2011-April USNO calibration of only the receiver required
L1 -25.2 +/−0.3, L2 -42.9 +/−0.3.
Comparing to the receiver only values from 2007 NRL
L1 -28.5 +/−0.4, L2 -45.4 +/−3.3 ns.
There appears to be a change of +3.3 +/−0.5 ns in the L1
channel, from 2007 to 2011.

P3
σ

Year/
month

2.5

2009/11

7.7

3.3

2008/11

…

-0.4

0.7

2010/06

2.0

6.2

6.0

2010/08

6.0

7.3

We see that each of the closures agree with a sum of 0
within the uncertainty. However, there is a large variation in
the uncertainties for the calibrations.

These results show that standard methods for calibrations
are needed. Three aspects need standardization:
1)
measurement methods, 2) processing methods, and 3) methods
for computing uncertainties. This seems mandatory to reach
the ns uncertainty level or below.
In any cases, regular calibrations are needed, either relative
calibration campaigns or absolute calibration of separate
elements of a GPS receiver chain. Coordinating GPS
calibrations should be the goal to better support the generation
of UTC. Receivers appear capable of supporting 1-2 ns
stabilities over a year. Calibration uncertainties may be
achievable at the 1 ns level. Hence differential calibrations
should be accomplished approximately annually. Achieving
this will take collaboration on the part of many laboratories
and the BIPM.
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