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Foreword of the Chairman of the Local Organizing Committee
Dr. Fritz Riehle
On behalf of the Local Organizing Committee of the 20th European Frequency and Time
Forum (EFTF) I had the pleasure of welcoming more than 270 attendees from more than
30 countries to this year’s EFTF in Braunschweig from 27th to 30th March. For two
decades now, the EFTF as an international conference and exhibition has been providing
information on recent advances and trends of scientific research and industrial development in the fields of Frequency and Time.
At its 20th anniversary the EFTF came to Germany for the second time after 1994 when it
was held in Weihenstephan near Munich in the south of Germany. Braunschweig, located
in the north of Germany, is the city of the duke Henry the Lion who lived here in the
eleventh century and reigned over a large fraction of Germany. Most of the attendees
of the EFTF used the guided tour on Monday evening to catch a glimpse of medieval
Braunschweig. By the way, the fact that Henry the Lion also founded the city of Munich
links the locations of the 1994 and 2006 meetings of the EFTF in Germany.
My first thanks go to the members of the Scientific Committee under the chairmanship of
Dr. Andreas Bauch who selected the scientific contributions of 68 oral presentations and
the 91 poster contributions. The Scientific Committee also selected the two special topics
for this year’s EFTF, namely Time Scales for Satellite Navigation Systems and Optical
Clocks. These topics were so well received by the participants, including the contributors
to the industrial exhibition, that they might become more regular topics in future EFTFs.
Next, I would like to thank the City of Braunschweig for supporting the banquet in the old
town hall, the so-called Dornse, which sometimes is referred to as Braunschweig’s noble
living room. On this occasion, the EFTF Frequency and Time Award and the EFTF
Young Scientist Award have been awarded by Professor Ernst-Otto Göbel, President of
the International Committee for Weights and Measures and President of the PhysikalischTechnische Bundesanstalt. The awards for 2006 were sponsored by the Helmholtz Fonds
for the advancement of science and research on the field of physical and technical precision
measurements.
The proverb ”In Braunschweig wird die Zeit gemacht” which means ”Time is made in
Braunschweig” refers to the fact that the Physikalisch-Technische Bundesanstalt with its
atomic clocks is located in Braunschweig. PTB is the successor of the former PTR which
was established in 1887 as a result of a strong recommendation and the invaluable support
of Werner von Siemens. It is Germany’s National Metrology Institute and is responsible
for the realisation and dissemination of legal time in Germany. I am particularly thankful
to PTB for its invaluable support of the EFTF and also for arranging the laboratory visits
on its premises during the last day of the EFTF 2006.
Last but not least my sincerest thanks go to the Deutsche Forschungsgemeinschaft for
its financial support and to all the participants for their contributions which are now
available with these Proceedings for all the attendees of the EFTF 2006 and also for the
scientific community.
Fritz Riehle
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European Frequency and Time Award
The European Frequency and Time Award has been awarded since 1993, with the goal of
recognizing outstanding contributions in all fields covered by the EFTF.
The Prize for 2006 was awarded to Professor Dr. Raymond Besson from the Laboratoire de Chronométrie Electronique Piézoélectricité, Besançon for his outstanding scientific research on the design and development of the BVA resonator as a prerequisite to
the success of clocks on ground and in space and for his invaluable contributions to the
existence and the success of the European Frequency and Time Forum.

The Award was presented to Professor Besson on the occasion of the 20th European
Time and Frequency Forum at Braunschweig on 28 March 2006 by Professor Ernst O.
Göbel, President of the International Committee on Weights and Measures, President of
the Physikalisch-Technische Bundesanstalt and President of the Helmholtz Fonds. The
2006 Award was sponsored by the Helmholtz Fonds e.V. for the advancement of science
and research on the field of physical and technical precision measurements.
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Young Scientist Award of the European Frequency and Time Forum
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.
The award honors a person under the age of 40 at the date of the opening session of the
EFTF conference.
The 2006 EFTF Young Scientist Award was awarded to Dr. Pierre Lemonde from
the LNE-SYRTE, Paris in recognition of his outstanding contributions to the first transportable Cs fountain clock and to the space clock PHARAO and for his contributions to
novel optical clocks based on neutral atoms.

The Award was presented to Dr. Lemonde on the occasion of the 20th European Time
and Frequency Forum at Braunschweig on 28 March 2006 by Professor Ernst O. Göbel,
President of the International Committee on Weights and Measures, President of the
Physikalisch-Technische Bundesanstalt and President of the Helmholtz Fonds. The 2006
Award was sponsored by the Helmholtz Fonds e.V. for the advancement of science and
research on the field of physical and technical precision measurements.

viii

QUIT

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Table of Contents

Piezoelectric Materials and Resonators
General Design Technique for High Q-factor Bragg Reflector Resonators
Jean-Michel le Floch, Michael E. Tobar, Dominique Cros, Jerzy Krupka

1

Piezoelectric thin film micromachined resonator at MHz applications
T. T. Le, L. Valbin, F. Verjus, T. Bourouina

8

High Frequency Bulk Acoustic Wave Resonator Using Thinned Monocrystallin
Lithium Niobate
D. Gachon, G. Lengaigne, S. Benchabane, H. Majjad, S. Ballandras, V. Laude

14

Semi Analytical Modelling of Thermosensitive Strip Resonators
B. Dulmet, Yu. Lazarov, L. Spassov

18

New sets of data for the thermal sensitivity of elastic coefficients of langasite and
langatate
R. Bourquin, B. Dulmet

26

Localization of acoustic bulk modes due to negative refraction in crystal resonators
A. V. Kozlov, V. G. Mozhaev

33

The investigation of the mass-loading influence on the electrical parameters of AT-cut
GaPO4 resonators
I. Mateescu, F. Krispel, C. Bran

41

Chemical etching of LGS. Evidence for anisotropy
M. Akil, C. R. Tellier, T. G. Leblois

47

Balanced wideband tapered three-transducer low-loss SAW filters with impedance
conversion
S. Doberstein

54

Single Point Calibration and Investigations of Thermosensitivity, Thermal Response
Time and Long Term Stability of Quartz Temperature Sensors
V. Gadjanova, R. Velcheva, L. Spassov, Y. Lazarov, L. Vergov, B. Dulmet

58

Autodyne Microwave Thermosensor Under Vibrodisturbance Influence
V. V. Boloznev, E. V. Safonova, F. I. Sultanov, M. A. Stanchenkov, F. N. Mirsaitov

63

Microwave Oscillators
Latest developments in ultra-stable microwave oscillators at Femto-ST Institute
V. Giordano, Y. Gruson, N. Boubekeur, R. Boudot, K. Benmessaï, S. Cordier,
C. Rocher, N. Bazin, E. Rubiola, P. Y. Bourgeois, Y. Kersalé

68

Measurement of Short-Term Frequency Stability of Controlled Oscillators
M. Puranen, P. Eskelinen

76

ix

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Frequency flicker in ultra-stable quartz oscillators
Enrico Rubiola, Vincent Giordano

80

A study of the paramagnetic properties of Fe3+ ions in sapphire towards realizing an
ultra-stable cryogenic Maser oscillator
K. Benmessaï, P.Y. Bourgeois, M. Oxborrow, N. Bazin, Y. Kersalé, V. Giordano

88

Progress in the Development of Cryogenic Sapphire Resonator Oscillator at
NMIJ/AIST
K. Watabe, J. G. Hartnett, C. R. Locke, G. Santarelli, S. Yanagimachi, T. Ikegami,
S. Ohshima

92

Simulation and Characterization of Oscillators
Simulation of a parametric quartz crystal oscillator by the symbolic harmonic method
N. Ratier, M. Bruniaux, S. Galliou, R. Brendel

96

Experiments with a commercial multivibrator as a detector for high impedance
patterns
J. A. Partanen, J. Voutilainen, P. Eskelinen

101

Low drive level sensitivity (DLS) of quartz crystal resonators
M. Addouche, R. Brendel, E. Rubiola, G. Cibiel

105

Novel scanning probe method for visualization of standing acoustic waves in
piezoresonators
G. Minchev, T. Sukhikh, D. Dinchev, L. Trendafilov

113

Piezoelectric resonances measuring system operating in a novel lock-on-resonance
mode
G. Minchev, T. Sukhikh

120

Noise
Fundamental Phase Jumps in Oscillators?
M. J. Underhill

125

Chip Implementation of AJC Jitter Reduction Technology
Michael J. Underhill, James Brodrick

133

New frequency counting principle improves resolution
Staffan Johansson

139

Phase noise inter-laboratory comparison preliminary results
P. Salzenstein, F. Lefebvre, R. Barillet, J. Cermák, W. Schäfer, G. Cibiel, G. Sauvage,
O. Franquet, O.Llopis, F. Meyer, N. Franquet, X. Vacheret, A. Kuna, L. Šojdr, G. Hejc,
S. Gribaldo

147

Thermal effects on frequency fluctuations in quartz crystal oscillators
F. Sthal, P. Abbe, P. Salzenstein, S. Galliou

152

Influence of Resonator Factors on Phase-Noise of OCXOs
I. Abramzon, A. Gubarev, O. Rotova, V. Tapkov

156

x

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Atomic Fountain Clocks
Investigation of the distributed cavity phase shift in an atomic fountain
F. Chapelet, S. Bize, P. Wolf, G. Santarelli, P. Rosenbusch, M. E. Tobar,
Ph. Laurent, C. Salomon, A. Clairon

160

Phase Transient Measurement at the Micro radian level for Atomic Fountain Clocks
G. Santarelli, G. Governatori, M. Lours, D. Chambon, F. Chapelet, S. Bize,
M E. Tobar, Th. Potier, A. Clairon

166

Effects of microwave leakage in caesium clocks: theoretical and experimental results
S. Weyers, R. Schröder, R. Wynands

173

Power Dependence of the Shift Caused by Spurious Spectral Components in Atomic
Fountain
F. Levi, J. H. Shirley, T. P. Heavner, Dai-Hyuk Yu, S. R. Jefferts

181

Towards a high-stability Rb fountain frequency standard
Yu. B. Ovchinnikov, W. Chalupczak, K. Szymaniec, G. Marra

186

Using a Cs Fountain to Test Lorentz Invariance
P. Wolf, F. Chapelet, S. Bize, A. Clairon

189

Initial Evaluation of the USNO Rubidium Fountain
S. Peil, S. Crane, T. Swanson, C. R. Ekstrom

194

A new proposal for the measurement of blackbody radiation shift in a Cesium
fountain (the Politecnico di Torino method)
G.A. Costanzo, M. Berutto, M. Caldera, A. De Marchi

197

Current status of PTB’s new caesium fountain clock CSF2
R. Wynands, D. Griebsch, R. Schröder, S. Weyers

200

The Progress of Cesium Fountain Clock at NIM
Lin Pingwei, Li Mingshou, Li Tianchu, Wang Ping, Chen Weiliang, Liu Nianfeng,
Lin Yige

203

Low velocity, high flux, continuous source of cesium atoms
N. Castagna, J. Guéna, M.D. Plimmer, P. Thomann

206

Microwave Interrogation System for VNIIFTRI Cesium Fountain
A. Boyko, L. Kopylov, A. Novoselov

213

Polarization-dependent optical pumping for the laser selection of Zeeman-states in
cesium fountain
Yu. S. Domnin, G. A. Elkin, A.V. Novoselov, L. N. Kopylov,
V. N. Brayshew, Yu. M. Malychew, V. G. Pal'chikov

216

Majorana Transitions in an Atomic Fountain Clock
S. Weyers, R. Schröder, R. Wynands

219

xi

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Microwave Atomic Clocks
Atom-based stabilization for laser-pumped atomic clocks
V. Gerginov, V. Shah, S. Knappe, L. Hollberg, J. Kitching

224

Realization of a Pulsed Optically Pumped Rubidium Frequency Standard
F. Levi, S. Micalizio, A. Godone, C. Calosso, Elio Bertacco

229

Estimation of the compact cold atom clock HORACE frequency stability
S. Trémine, F. X. Esnault, S. Guérandel, D. Holleville, J. Delporte, N. Dimarcq

233

New design of the compact cold atoms clock HORACE
F.X. Esnault, S. Perrin, S. Trémine, S. Guérandel, D. Holleville, A. Gérard,
N. Dimarcq, A. Clairon

237

Recent results on a pulsed CPT frequency standard
F. Dahes, T. Zanon, S. Guérandel, E. de Clerc, N. Dimarcq

241

Evaluation of the CPT pseudo-resonance scheme for all-optical 87Rb frequency
standard
G. Kazakov, E. Breschi, B. Matisov, I. Mazets, C. Schori, C. Affolderbach,
J. Delporte, G. Mileti

246

Double radio optical resonances in thermal 87Rb vapor
G. Kazakov, B. Matisov, I. Mazets, Yu. Rozhdestvensky, J. Delporte, G. Mileti,
V. Zholnerov

253

The Synthesized Rubidium Frequency Standard
A. S. Kleiman, A. I. Levenberg, S. I. Zub, V. S. Solovyov, G. S. Sidorenko,
P. A. Kravchenko, T. A. Usenko

259

Short and medium term frequency stability of a laser pumped rubidium gas-cell
frequency standard for satellite navigation
A. Besedina, O. Berezovskaya, A. Gevorkyan, G. Mileti, V. Zholnerov

261

Preliminary results of investigation of the high-stable Rubidium atomic beam
frequency standard with laser pumping/detection for space application
A. Besedina, A. Gevorkyan, G. Mileti, V. Zholnerov, A. Bassevich

270

Long Term Study of the H-Maser Clocks at the Royal Observatory of Belgium
F. Roosbeek, P. Defraigne

277

Optical Clocks with Trapped Ions
On Secondary Representations of the Second
P. Gill, F. Riehle

282

Blackbody radiation shift of the 27Al+ 1S0 → 3P0 transition
T. Rosenband, W. M. Itano, P. O. Schmidt, D. B. Hume, J. C. J. Koelemeij,
J. C. Bergquist, D. J. Wineland

289

171Yb+

single-ion optical frequency standard at 688 THz
Chr. Tamm, B. Lipphardt, H. Schnatz, R. Wynands, S. Weyers, T. Schneider, E. Peik

xii

293

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

An optical frequency standard based on the 2S1/2 — 2F7/2 transition in 171Yb+
S. A. Webster, A. Stannard, K. Hosaka, P. Gill

298

Polarisabilities and blackbody shifts in Sr+ and Yb+
S. N. Lea, S. A. Webster, G. P. Barwood

302

Shift estimation of the 43Ca+ S-D transition frequency
Masatoshi Kajita, Ying Li, Kensuke Matsubara, Kazuhiro Hayasaka, Mizuhiko Hosokawa

308

Ultracold Molecular Hydrogen Ions in a Linear Radiofrequency Trap: Novel systems for
Molecular Frequency Metrology
B. Roth, H. Daerr, J. Koelemeij, A. Nevsky, S. Schiller

311

Optical Lattice Clocks
Optical Lattice Clock with Ultracold Strontium Atoms
M. M. Boyd, A. D. Ludlow, T. Zelevinsky, S. M. Foreman, S. Blatt, T. Ido, J. Ye

314

Higher order effects in a Sr optical lattice clock
Anders Brusch, Rodolphe Le Targat, Xavier Baillard, Mathilde Fouché, Pierre Lemonde

319

Spectroscopy of neutral 174Yb in a one-dimensional optical lattice
C. W. Hoyt, Z. W. Barber, C. W. Oates, A. V. Taichenachev, V. I. Yudin, L. Hollberg

324

Optical lattice-field-induced 1S0 - 3P0 transitions in even isotopes of alkaline-earth atoms
Vitaly D. Ovsiannikov, Vitaly G. Pal'chikov, Alexey V. Taichenachev, Valeriy I. Yudin

329

Optical frequency standard with ultra-cold strontium atoms
N. Poli, R. E. Drullinger, G. Ferrari, F. Sorrentino, G. M. Tino, M. Prevedelli

333

Lasers and Optical Clocks
Quantum interference spectroscopy in the vacuum ultraviolet
K. S. E. Eikema, R. Th. Zinkstok, S. Witte, W. Hogervorst, W. Ubachs

338

A Compact High Stability Optical Clock Based on Laser-Cooled Ca
C. W. Oates, Y. Le Coq, G. Wilpers, L.Hollberg

346

A widely tuneable and narrow linewidth diode laser for coherent spectroscopy
A. Wicht, N. Strauß, I. Ernsting, S. Chepurov, S. Schiller,
P. Huke, R.-H. Rinkleff, K. Danzmann

350

Atomic and molecular spectroscopy with a continuous-wave, doubly-resonant, monolithic
optical parametric oscillator
T. Ikegami, H. Inaba, S. Ohshima

356

Noise Rejection Device for Laser Stabilization
G. Tetchewo, C. Laissoub, O. Lopez, F. du Burck

359

Phase-sensitive detection of the atomic resonances by using an acousto-optical modulator in a
Raman-Nath diffraction mode
V. Baryshev, Yu. Domnin, L.Kopylov

363

xiii

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Vibration-insensitive mounting of a reference cavity for an optical clock
T. Nazarova, F. Riehle, U. Sterr

367

Beyond One-Second Laser Coherence via Active Optical Atomic Clock
Wei Zhuang, Jingbiao Chen

373

Small Compact Calcium-Beam Optical Frequency Standard in Peking University and its New
Scheme
Kaikai Huang, Donghai Yang, Jingbiao Chen

376

Clocks in Space Projects
Development of the active space hydrogen maser for the ACES space experiment of ESA
P. Berthoud, D. Goujon, D. Gritti, A. Jornod, C. Weber, M. Dürrenberger, H. Schweda,
M. Roulet, B. Thieme, G. Baister

379

The ACES ground user network
N. Dimarcq, E. Cortiade, D. Massonnet, S. Zouiten

384

PHARAO Microwave Source : a short term frequency stability of 7·10-14 at 1 second.
M. Chaubet, D. Chebance, M. Abgrall, G. Cibiel, Ch. Delaroche,
Ch. Sirmain, Ph. Guillemot, J. F. Vega, G. Santarelli, A. Clairon,
Ph. Laurent, Y. Maksimovic, S. Bize, Ch. Salomon, M. E. Tobar,
Th. Potier, Y. Cossard, P. Canzian, V. Candelier

387

Timing Infrastructure for Galileo System
R. Hlavác, M. Lösch, F. Luongo, J. Hahn

391

ESA’s Frequency and Timing Systems for Deep Space Operations and
Radio Science Investigations
W. Schäfer, J. DeVicente

399

Time and frequency requirements for geodetic space techniques
W. Schlüter

405

Clocks in space missions
C. Lämmerzahl, H. Dittus

412

The On-Board Galileo Clocks: Rubidium Standard and Passive Hydrogen Maser – Current
Status and Performance
F. Droz, P. Mosset, G. Barmaverain, P. Rochat, Q. Wang,
M. Belloni, L. Mattioni, U. Schmidt, T. Pike, F. Emma, P. Waller

420

Development of a single-frequency optically-pumped cesium beam resonator for space
applications
S. Lecomte, M. Haldimann, R. Ruffieux, P. Thomann, P. Berthoud

427

Industrial Development of an Optically Pumped Cs Beam Frequency Standard for High
Performance Applications
Virgile Hermann, Benoit Leger, Céline Vian, Jean-François Jarno, Maryse Gazard

432

xiv

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

TAI Time Links
Using a redundant time link system in TAI computation
G. Petit, Z. Jiang

436

Comparison and Combination of TAI Time Links with Continuous GPS Carrier Phase Results
Z. Jiang, R. Dach, G. Petit, T. Schildknecht, U. Hugentobler

440

On Optimizing the Configuration of Time-Transfer Links Used to Generate TAI
D. Matsakis, F. Arias, A. Bauch, J. Davis, T. Gotoh, M. Hosokawa, D. Piester

448

Calibration of dual frequency GPS receivers for TAI
G. Petit, P. Defraigne, B. Warrington, P. Uhrich

455

Calibration of Six European TWSTFT Earth Stations Using a Portable Station
D. Piester, J. Achkar, J. Becker, B. Blanzano, K. Jaldehag, G. de Jong, O. Koudelka,
L. Lorini, H. Ressler, M. Rost, I. Sesia, P. Whibberley

460

Redundancy in the TAI TWSTFT Time Transfer Network
Z. Jiang, G. Petit

468

Comparing high accuracy frequency standards via TAI
P. Wolf, G. Petit, E. Peik, Chr. Tamm, H. Schnatz, B. Lipphardt, S. Weyers, R. Wynands,
J.-Y. Richard, S. Bize, F. Chapelet, F. Pereira dos Santos, A. Clairon

476

Time Scales and Distribution
UTC(SU) steering time scale
Current status and further improvements
L. Gornaeva, N. Koshelyaevsky, E. Zagirova

486

Hardware aspects of a Real-time Software Clock
W. Klische, G. Kramer

489

Total deviation assessment with data preprocessing
Andrzej Dobrogowski, Michal Kasznia

493

Applicability of Coaxial Cables at Picosecond Range Timing
K. Kalliomaki, J. Mannermaa, T. Mansten

499

Time Unit Transmission for Customers
A. S. Kleiman, V. S. Solovyov, G. S. Sidorenko, S. I. Zub, S. A. Talamanov

503

Trusted Time Distribution Service for the Romanian Time Stamping Authorities
Anca Niculescu, Violeta Ciociea

505

Time and Frequency Transfer in an Optical Fiber Network: First Results
R. Emardson, P.O. Hedekvist, K. Jaldehag, N. Berg, M. Nilsson,
S.C. Ebenhag, P. Jarlemark, C. Rieck, J. Johansson, L. Pendrill,
P. Löthberg, H. Nilsson

509

Fibre frequency dissemination with resolution below 10-17
O. Lopez, C. Daussy, A. Amy-Klein, C. Chardonnet,
F. Narbonneau, M. Lours, G. Santarelli

514

xv

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Time and Frequency Transfer
Rapid Transatlantic Time Transfer Surveying the Link between USNO and IEN within the
IGS Global Real-Time Network
G. Cerretto, D. Orgiazzi, P. Tavella, P. Collins, F. Lahaye

517

Multipath mitigation in GPS-based time and frequency transfer
P. Defraigne, C. Bruyninx

524

Combined Multi-System GNSS Analysis for Time and Frequency Transfer
R. Dach, S. Schaer, U. Hugentobler, T. Schildknecht, A. Gäde

530

The T2L2 Ground Experiment: Time transfer in the picosecond range over a few kilometres
E. Samain, D. Albanese, F. Baumont, E. Cuot, R. Dalla, P. Fridelance, K. Gasc,
Ph. Guillemot, S. Léon, JF. Mangin, JL. Oneto, J. Paris, I. Petitbon, M. Ravet, JM. Torre,
P. Vrancken, J. Weick

538

Time Transfer by Laser Link : The T2L2 experiment onboard the Jason-2 space vehicle
Ph. Guillemot, I. Petitbon, K. Gasc, E. Samain, D. Albanese, R. Dalla,
M. Furia, J. Paris, J-F. Mangin, J-M. Torre, P. Vrancken, J. Weick

545

A GPS CV Link Experience Between ROA and IREE
Héctor Esteban, Juan Palacio, Fco. Javier Galindo, Jose A. Lima, Jan Cermák, Alexander Kuna

553

The Comparison between TWSTFT and GPS time transfers on inter-continental baseline links
W. H. Tseng, S. Y. Lin, H. M. Peng, H. T. Lin, C. S. Liao

557

An experiment of GPS+GLONASS common-view time transfer using new multi-system
receivers
J. Nawrocki, W. Lewandowski, P. Nogas, A. Foks, D. Lemanski

562

EUROMET project 529: Results of the 2004 GPS receiver calibration campaign
Juan Palacio, Fco. Javier Galindo, Hector Esteban, Jose A. Lima,
Gerrit de Jong, Erik Kroon, Dirk Piester, Jean-Yves Richard, David Valat

567

Research and Application of Multi-channel GPS Common-view
Receiver in NIM
Zhang Aimin, Gao Xiaoxun

572

Establishment of a TWSTFT link between Asia and Europe connecting NICT and PTB
H. Maeno, M. Fujieda, D. Piester, A. Bauch , M. Aida, Q. T. Lam,
T. Gotoh, Y. Takahashi

575

The Use of Ambiguity Resolution for Continuous Real-Time Frequency Transfer by Filtering
GNSS Carrier Phase Observations
Carsten Rieck, Per Jarlemark, Kenneth Jaldehag

580

Exhibitors

589

List of Participants

591

Index

597

xvi

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006
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1

The Bragg reflection technique improves the Q-factor of a resonator by reducing conductor and dielectric losses
by concentrating the field in the inner area of the cavity. In this paper, we present a general way of designing a
high Q-factor Bragg resonator, using a simple model of non-Maxwellian equations. The method is a more
general method, which allows us to design resonators of cylindrical geometry and arbitrary thicknesses for either
the horizontal or cylindrical dielectric reflectors, which is often imposed by the manufacturer. In this work, we
only consider cylindrical symmetric resonators operating in transverse electric mode (TE0,n,p), which only has the
Eθ component made from low-loss single crystal dielectrics. The horizontal plates are of thickness 2.75mm and
radius 24.3 mm, and the rings are 31.8 mm high and of the same radius. The size of the cavity to obtain Bragg
reflection may be calculated using the simple model, which is verified with rigorous Method of Lines analysis.
When we fix the number of variation of Eθ, in r and z directions to the minimum (fundamental mode) we
obtained an unloaded Q-factor of order 2×105 at 9.7 GHz in a single crystal sapphire resonator. Two other
cavities were built to investigate Bragg confinement of higher order modes in the sapphire structure at 12.4 GHz
with unloaded Q-factors of order 105. We also illustrate the general designing principles of a Bragg reflector
with dielectric layers of arbitrary thicknesses using the simple model, with verification using the Method of
Lines.

1. INTRODUCTION
We have designed some Bragg reflector resonators [1,
2], using a simple model of non-Maxwellian equations.
Previous work only calculated dimensions for plates
that were necessarily quarter wavelength (λ/4) thick [3],
while in this work we present a more general method,
which allows us to design Bragg reflectors of cylindrical
geometry and arbitrary thicknesses (not λ/4 thick) for
either the horizontal or cylindrical dielectric reflectors,
which is often imposed by the manufacturer. We only
consider cylindrical symmetric resonators necessarily
operating in Transverse Electric (TE) mode with only
has the E component.
The work is generalized to include higher order Bragg
confined modes with more than one variation in the
inner resonator region and the outer-layered antiresonant region where the Bragg reflectors are situated.
q,s
We introduce the notation, TEm,n,
p to describe the mode
confined by Bragg reflection. Here the azimuthal mode
number, m, is usually zero for the mode to be pure TE,
the radial and axial mode number in the resonance
region internal !
to the Bragg reflectors is n and p
respectively, while the radial and axial mode number
within the Bragg reflector region is q and s respectively.
First we consider the horizontal layers along the
cylindrical axis, and then the radial direction. Examples

verifying the techniques are presented and confirmed
using the Method of Lines (MoL) [3] [4] and by our
experimental designs.
II. BRAGG REFLECTORS ALONG THE
CYLINDRICAL AXIS
In this section we calculate general formulas based on
the simple model to obtain the Bragg reflection
condition of dielectric Bragg reflectors along the
cylindrical axis. We also generalize the work to include
higher order Bragg confined modes with more than one
variation in the inner resonator region and the outer
layered anti-resonant region where the Bragg reflectors
are situated. The simple model is verified by simulating
resonators using the Method of Lines (MoL). The
resonators were designed using standard substrates of
MGO of 0.5 mm thickness.
A schematic of the resonator is shown in Fig. 1. The
origin is selected at the center, where the resonator
exhibits symmetry in both the r and z directions. The
structure can be divided into distinct regions, the main
resonance region of thickness t0 (region 0), and the
Bragg reflector region. One Bragg reflector pair has 2layers, and can be divided into two regions of different
permittivity and thickness t1 and t2 as shown in figure 1
(region 1 and 2 respectively).
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q,s
our definitions of the mode nomenclature, TEm,n,
p we
obtain
the
following
general
equations
that
satisfy
the
t2
required conditions:
t1
(1a)
k z2 t 2 = (1 " # ) $ (2s " 1)
!
(1b)
k z1t1 = "# (2s $ 1)
to
(1c)
k z0 . t 0 = p"
r
Here kz0 is
the
wave
number
in
the
z
direction
in
region
!
0, kz1 is the effective wave number in region 1, kz2 is the
!
effective wave number in region 2 and α is a number
between 0 and!1, which represents the proportion of the
odd number of half wavelengths within region 1 and 2,
ao
so if α = ½, t1 and t 2 are both reflectors of " 4 thick,
while in the extreme case when α = 1 the Bragg
Fig. 1. Schematic of the z - r plane of the DBR resonator
reflector is a single dielectric of " 2 thick, which will
with 1 pair of reflectors (above and below) along the zconfine the mode but usually does not improve the Qaxis of the resonator.
!
!
!
factor [5]. Note that even though both region 0 and 2
could both be free-space, for this solution we can not
Implicit in this analysis, we assume separation of
! 1 and 2 form an anti-resonant
assume kz0 = kz2 as region
variables is valid in cylindrical co-ordinates, and assume
structure, which must depend on the radius of the
the TE (Transverse Electric) field distribution (E ) has a
resonator and thus the aspect ratio. Thus, we define a
sinusoidal dependence in the z direction and Bessel
coefficient, γ [3] that relates the two effective wave
function dependence in the r direction. The Bragg
vectors, such that;
reflector region and the main resonance regions are
(2)
k z2 = " .k z0
considered separately, with the boundary condition
The following relationships between the effective wave
matched at the interface. In this case the derivative is
numbers in (1) and the free space wave number, k0,
not matched and the field is piecewise sinusoidal, a
using the simple model have been shown previously to
schematic of the assumed magnitude of the field along
!
be [3]:
the z-axis is shown in Fig. 2.
k z0 = k 0 "
(3a)
(3b)
k z1 = k 0
"r
(3c)
k z2 = k 0
!
Here " r is the permittivity of the dielectric layer of
region1. Thus,
! combining (3) and (1) we obtain the
following;
!
(1" # ) $ (2s " 1)
t2 =
(4a)
!
k0
"# (2s $ 1)
t1 =
(4b)
k0 % r
Fig. 2. The form of the E field along the axis of the
"#p
!
0,1
0,1
t0 =
(4c)
resonator for the TE0,1,1
and the TE0,1,5
mode in the
k0
structure of fig. 1, assuming the simple non-Maxwellian
The thickness!of the resonant regime, t 0 , depends on the
model in regions 0, 1 and 2. The amplitude is given in
value of " , which is determined by the aspect ratio [3].
arbitrary units and the field along the axis is plotted with
In the limiting case where the radius tends to infinity the
!
!
respect !
to distance, z.
structure approaches a set of parallel plates, γ -> 1 as
!
expected. In all other cases the value of " depends of
The simplest Bragg reflection or anti-resonance
!the radial dimensions, which is determine in the
t
condition requires E to go to zero at z = 0 + t1 + t 2
following.
2
t
!
Since the form of the Eφ field distribution,
in the radial
and z = 0 , and to accommodate an odd number of half
2
direction is chosen to be a Bessel function, J1(kr.r), in
wavelengths ( " 2 , 3" 2 , 5" 2 ....) within the total
the simple model, we can use the boundary condition
!
reflector of thickness t1 + t 2 [3]. Thus, combined with
that the field must go to zero at the cavity walls. To

z

!
!
!

2
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A. Example using standard MGO substrates
In this subsection we confirm the equations of the
simple model by simulating resonators of the form in
fig. 1 using MoL. The resonators implement standard
crystalline magnesium oxide (MGO) substrates of 0.5
mm thickness (i.e. t1 = 0.5 mm) and a permittivity at
room temperature of 9.6. First we fix the fundamental
1,1
mode to have a frequency of 10 GHz according
TE0,1,1

!

to the simple model, with the aspect ratio of region 0 set
to unity. These constraints fixes the following
parameters of the resonator, t0/2 = a0 = 19.759 mm,
which leaves t2 as the only free parameter. Frequency
and filling factor of various modes are plotted as a
function of t2 in Fig. 3. The Bragg confinement regions
are quite broad, however we define the condition when
the electrical energy filling factor in region 0, Pe0, is a
maximum (and energy in the Bragg reflector layers is
minimum).

2 1010
1,1
TE 0,2,1

1.8 1010

1,1
TE 0,1,3

Frequency [Hz]

1.6 1010
1.4 1010

!

1.2 1010
1 10

!

TE 1,1
0,1,1

10

8 109
0

0.005

!0.01

0.015

0.02

t2 [m]

(a)
1
1,1
TE 0,2,1

0.9

1,1
TE 0,1,3

0.8

TE 1,1
0,1,1

!

0.7

!
!

0.6
0.5

0

Pe Electrical Energy Filling Factor

calculate the radius of the structure, a0, we consider the
radial wave number in the main resonance structure, kr0,
which is given by;
(5)
k r0 .a 0 = " 1n
where, χ1n is the nth root of the Bessel function J1(χ).
Also the dispersion relation in region 0 must be
satisfied.
!
2
(6)
k r0 = k 02 " k z0
Thus, by combining (7), (9) and (10) the value of the
radius can be determined to be;
" # $ 1n
(7)
a0 =
!
k0 " 2 % 1
Thus, by combining (4) and (7) the aspect ratio, AR, of
the resonator can be calculated as;
t 0 / 2 + t1 + t 2
AR = !
=
a0
)
, (8)
"p
2(2s & 1) )
' ,.
2
+
+1& ' +
.
$ % & 1 $ 1+
+
2# 1n
%p +*
( r .-.*
When s and p = 1 and α = ½ (8) reduces the formula
previously derived for the fundamental mode with
Bragg reflectors of λ/4 thick [3]. Now we have all the
!
formulas necessary to design the structure. For example,
we may first choose the aspect ratio of the resonator and
the dielectric material to determine the permittivity.
Equation (8) then uniquely defines the coefficient, γ,
required to obtain the anti-resonance condition of the
Bragg reflector. To calculate the dimensions of the
resonator the frequency must be defined so k0 may be
calculated. Then (7), and (4) can be solved to uniquely
calculate the dimensions of the resonator.

0.4

0

0.005

0.01

0.015

0.02

t2 [m]

(b)
Fig. 3. (a) Frequency versus t2 for various modes in the
MGO resonator as calculated using MoL. (b) Electrical
energy filling factor in region 0 for various modes in the
MGO resonator as calculated using MoL.
Results in fig. 3 and table 1 show that the simple model
provides a good first iteration for designing a Bragg
reflector resonator. Because the Bragg confined regions
are very broad, the calculated values of Pe0 are very
close at the values of t2,SM and t2,MoL, in section IV it is
shown that Q-factors are very close to the optimum
(also see [3]). The main drawback with the simple
model is the inaccuracy of the calculated frequency,
which can be up to 5% out. If accuracy is required either
a proportional scaling of the structure may be
undertaken, or a rigours technique may be used to
iterate the solution by changing slightly some but not all
of the dimensions.
A similar technique may be applied to the radial
direction, but for the sake of brevity is only introduced
in the next section where we discuss the general multilayer structure.
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Table 1. Comparison for some parameters calculated using the Simple Model and the MoL for various Bragg confined
modes as shown in Fig. 3.
α
Mode
fSM [GHz]
fMoL [GHz]
t2,SM [mm]
Pe0 @t2,SM
t2,MoL [mm]
Pe0 @t2,MoL
1,1
10.00
10.43
13.44
0.764
16.09
0.769
0.103
TE
0,1,1
1,1
TE0,1,3
1,1
TE0,2,1

!
!

14.67

15.38

8.67

0.834

7.52

0.839

0.152

17.36

17.44

7.09

0.971

10.10

0.972

0.179

Where the value of αι, sι ( s = " si ) or εi may in general
be different for each Bragg reflector pair (labelled for i
= 1 to nb/2 where nb ≥ 2 and even).

III. THE GENERAL MULTI-LAYER
DISTRIBUTED BRAGG REFLECTOR
STRUCTURE

!

Along the radial !
direction, the dimensions of the vertical
layers (concentric cylinders) may be determined by the
In this section the general multi-layer structure is solved
roots of the first order Bessel function, J1(χ), and its
for, with nb Bragg reflector layers in the axial direction
derivative, and by combining with the dispersion
and mb layers in the radial direction as shown in fig. 4.
relations [3]. This is equivalent to choosing the
dielectric layers in an analogous way to the axial
“fraction of a quarter wavelength” condition using (4).
Assuming mb-layers the radial thickness of the
concentric radial Bragg reflectors may be shown to be;
" (1# $ i )
a 2i =
% & 1,i+n+2q i #2 # & 1,i+n#1
k0 " 2 # 1
for i = 1 to mb/2 where mb ≥ 2 and even (10a)
#$
a 2i"1 =
& ' 1,i+n+2q i "2 " ' 1,i+n"1
k0 % i# 2 " 1
!
for i = 1 to mb/2 where mb ≥ 2 and even (10b)
" # $ 1n i
(10c)
a0 =
!
k0 " 2 % 1
Fig. 4. Schematic of a quarter of the cylindrical
where the value of ρi, qi ( q = " qi ) or εi may in general
structure, with n dielectric and free-space Bragg
be different for each Bragg reflector pair (labelled for i
reflector layers, which are placed above the central free= 1 to mb/2
space cavity along the z direction and axial direction. In
! where mb ≥ 2 and even). Here, ρi is a
number
between
0 and 1, which represents the
this case n = m, but in general we solve for the case
!the odd number of effective half
proportion
of
when n and m are not necessarily equal.
wavelengths within the dielectric layer of the ith Bragg
reflector pair, so if ρi = ½, the dielectric and free-space
For the general multi-layer structure where the layers
layers are both reflectors of " 4 thick, while in the
are not necessarily λ/4 thick, all the horizontal Bragg
extreme case when ρi = 1 the Bragg reflector is a single
reflector layers will not automatically have the same
dielectric of " 2 thick.
thickness as given by (4) if the values of α, s or εr are
different in each layer. Thus, equation (4) may be
!
generalized to;
Now it is straightforward to combine (4) and (10) and in
(1" # i ) $ (2si " 1)
the process eliminate k0 and calculate the relationship
t 2i =
!
between
the aspect ratio, ARn b m b , and γ for the general
k0
for i = 1 to nb/2 where nb ≥ 2 and even (9a)
multi-layer case, with a bit of manipulation we obtain;
t0 n
# i $ (2si " 1)
(11)
+ $t j
t 2i"1 =
%p " 2 & 1
L / 2 2 j=1
ARn m (" ,# r ) =
= m
=
(
k
%
a
2
'
1n
0 i
!
! $a j
j=0
for i = 1 to nb/2 where nb ≥ 2 and even (9b)
*
-

(

)

(

)

b

b

!

t0 =

"#p
k0

4

b

* nb / 2
*
-,
,1 + $ 2(2si & 1) ,1 & ) i + ) i //
,
,
,
"p
# i /./.
+
j=1
+
,
,
1 mb / 2
" 2 &1
' 1,i+n+2q i &2 & ' 1,i+n&1
$ (1 & 0 i ) ' 1,i+n+2q i &2 & ' 1,i+n&1 + 0 i
,, 1 +
2
' 1n i=1
#
i" & 1
+

(9c)

(

!

!

b

)

(

)

/
/
/
/
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Here L is the total length of the resonator, a is the total
radius. Now we have all the formulas necessary to
design the multi-layer structure of nb-layers along the zaxis and mb-layers along the radial axis by solving (9),
(10) and (11) simultaneously. Because the method is
approximate it is expected that the comparisons will
degrade for large values of mode number in the Bragg
reflector (si and qi see [3]). However, in practice the best
results at microwave frequencies are obtained when si
and qi = 1 (as shown in the next section).
IV. SAPPHIRE BRAGG REFLECTOR
!
RESONATOR: DESIGN MEASURMENT AND
!
PROPERTIES

!
From a single set of sapphire rings and plates (which
were initially implemented in another structure [6]) with
mb = nb = 2, the simple model was implemented to
design some resonant structures by loading the same
dielectric in different size cavities as calculated by the
simple model. A photo of the cavity designed with p, n,
si and qi = 1 is shown in fig. 5.
!

Fig. 5. Top view of a hollow sapphire cylinder
supported by Teflon supports inside a silver plated
copper cavity. An adjustable probe mechanism is
attached on opposite sides of the resonator so the probes
may be under-coupled and measured in transmission to
obtain the unloaded Q-factor.
Three modes were chosen (see Table II and Fig. 6), with
a0 =21 mm a1 = 3.3 mm t0 = 31.8 mm and t1 = 2.75 mm
set by the dimensions of the sapphire rings and plates,
and the permittivity [7] [8] and loss tangent [9] of
sapphire perpendicular to the c-axis at room temperature
taken to be 9.394 and 1.3×10-6f-0.84 respectively, where f
is in the unit of GHz. The calculated parameters using
the simple model are given in table II. The rigorous
MoL technique was then implemented to calculate the
frequency and Q-factors of the resonator to compare
with experiment (see table III). Electric field density
plots of the modes are shown in fig. 6. To support the

structure small Teflon pieces with low permittivity
(2.06) and loss tangent (1.6 10-4) are used [10] as shown
in Fig. 5, and have minimal effect on the measured
parameters.
Table II. Calculated parameters using the simple model.
α
ρ
Mode
t2
d2
fSM
[mm]
[mm]
[GHz]
0.557 0.651
6.7
6.1
9.9
TE 1,1
0,1,1
1,1
TE0,2,1
1,2
TE0,2,1

0.722

0.829

3.2

3.0

12.8

0.240

0.829

26.6

3.0

12.8

The Q-factor is calculated by calculating the filling
factors and G-factors of the cavity using MoL and using
the known loss tangent (tanδ) and the measure surface
resistance (Rs):
Q"1 = Pesapph tan # sapph + Peteflon tan # teflon + RS (12)
G
The surface resistance was determined by measuring the
Q-factor of the TE0,1,1 in the empty cavity shown in fig.
5, and was determined to be, RS = 0.058 f .
Experiments and calculation are compared in table III.

!
The application of the simple model to describe various
!
Bragg-confined modes is verified
by comparing the
model with rigorous analysis and experiment. Quite
clearly the higher order modes suffer from higher
spurious mode density and degraded Q-factor with
respect to the fundamental. The properties of the
fundamental mode have a similar Q-factor to
Whispering Gallery modes [11] [7] [9], with a lower
spurious mode density, and thus have application for
low noise oscillator design. In fact it has been shown
using MoL that Q-factors of greater than 300,000 may
be obtained if plate and ring thickness are closer to λ/4
[3], however these results are the first experimental
confirmation of this model.

Fig. 6. Electric field density plots calculated using MoL
1,1
1,1
of the three different Bragg modes: TE0,1,1
, TE0,2,1
and
1,2
respectively.
TE0,2,1

!

!

!
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(a)

(a)

(b)
Fig. 7. Transmission measurements of the fundamental
1,1 mode at 9.7 GHz: (a) Measured Q-factor of
TE0,1,1
185,000: (b) Measured mode density over a 500 MHz
span.
!

(b)
Fig. 8. Transmission measurements of the higher order
1,2 mode at 12.4 GHz: (a) Measured Q-factor of
TE0,2,1
94,000: (b) Measured mode density over a 500 MHz
span.

!

Table III Calculation using MoL and comparison with experiment, with (*) and without the Teflon support.
Mode
fMOL[GHz]
fEXP [GHz]
Q0 MOL
Q0 EXP
Pesapph
Peteflon
G [Ω]
1,1
9.7268
_____
229,100
_____
0.167
_____
9,353
TE
0,1,1
1,1
*
TE0,1,1
1,1
TE0,2,1
1,1
*
TE0,2,1
1,2
TE0,2,1
1,2
*
TE0,2,1

!
!
!
!
!

9.7266

9.7083

228,500

185,300

0.167

6.18×10-5

9,347

12.4397

_____

123,500

_____

0.226

_____

5,413

12.4386

12.4562

122,400

128,300

0.225

3.78×10-4

5,391

12.2149

_____

96,900

_____

0.390

_____

4,969

12.2090

12.4021

94,200

94,000

0.386

2.17×10-3

4,969

V. CONCLUSION

!

A general technique to design Bragg reflector resonators
of cylindrical geometry has been presented. In this work
the dielectric rings and plates do not necessarily need to
be approximately λ/4 thick, and the method has been
generalised to higher order Bragg reflector modes.
Using this model resonators at microwave frequencies
were designed with Q-factors greater than 105. Recently
some similar types of Bragg reflector resonators of

6

spherical geometry have been designed and can achieve
a similar Q-factor [12] [13]. The reflectors in these
resonators were approximately λ/4 thick, it would also
be straightforward to apply this technique to such
resonators to loosen this constraint
Acknowledgements
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Piezoelectric thin film micromachined resonator at MHz applications
a

* T. T. Lea,b, L. Valbinb, F. Verjusa and T. Bourouinab
Philips Semiconductors, SiP Program, 14079 Caen, France.
b
ESIEE-ESYCOM, 93160 Noisy-le-Grand, France.
*Electronic address: let@esiee.fr

This work investigates the Thin Film Bulk Acoustic Resonator operating at low
frequencies. This study aims to substitute quartz resonators in the 4-27 MHz band and to
fabricate selective filter for frequencies lower than 250MHz with quality factor higher than
10000 within Philips. In this paper, we present the design and fabrication of two different
types of resonator. It consists of aluminum nitride film sandwiched between two aluminum
electrodes. The first resonator is made by clamped edge beam and the second one is a freefree beam construction anchored in the middle of the cantilever. A demonstrator was
achieved and the resonators are manufactured on a silicon substrate; AlN and Al layers
were deposited on silicon using standard DC sputtering technology. Only the first types of
resonator have been tested and they operate in extensional mode and the thicknesses of
each of the materials are lower than 1µm. ANSYS, a Finite Element Analysis software, has
been performed to simulate the static, modal and harmonic behaviour. The simulation has
been used, on the one hand, to determine the resonators length so as to reach the desired
frequency range, on the other hand, to compare theoretical and experimental frequency
values. First resonant frequencies between 2 and 10MHz were measured for resonators with
dimensions of 20-40µm wide and 200-1000µm long and were found close to theory.
Quality factor up to 3000 operating in air has been achieved. These results confirm that
such an integrated solution will replace Quartz oscillators and/or Surface Acoustic Wave
filters in very compact applications.

1. INTRODUCTION
Since few years, the MEMS technology for microwave
applications has grown up with the potential to improve
the circuits and device performances. Several
components were designed and demonstrated an
important reduction of loss and a higher linearity than
their
main
counterparts:
the
semi-conductor
components. Currently, we can distinguish several
categories of components and circuits resulting from
this technology, for example: micro-switches, variable
capacitors, and circuits on dielectric diaphragms,
micromachined inductors and resonators. Very compact
and with high-performance, these devices have a strong
potential. They form a new generation of radio
frequencies components (RF). They will increase the
performances of the systems to which they will be
embedded. In the literature, there exists a lot of Film
Bulk Acoustic Resonators (FBAR) functioning in the
Giga-Hertz frequency range. This work investigates the
Thin Film Bulk Acoustic Resonator (TFBAR) operating
at Mega-Hertz frequency band. The purpose of this
study is to substitute quartz resonators in the 4-27 MHz
band and to achieve selective filter for frequencies
lower than 250MHz with quality factor higher than
10000. TFBAR has advantages of small size, low

8

power, low insertion loss, band pass filter with high
frequency, and wide and selective bandwidth [1-4].
In this paper, we address the design and fabrication of
two different types of micro machined piezoelectric
bulk acoustic resonator, and only the first types of
resonator have been tested. They consist of an AlN film
sandwiched between two Al electrodes on a silicon
substrate.
II. DESIGN RULE, MODELING AND ANALYSIS
The commonly available piezoelectric materials for
Bulk Acoustic Wave (BAW) devices are lead zirconate
titanate (PZT), aluminum nitride (AlN) and zinc oxide
(ZnO). AlN, especially, does not have lead, which
performs the recombination centre of the carriers such
as zinc of ZnO. Hence, AlN is attractive for the CMOS
integration and moreover it is an excellent material for
small to medium bandwidth filters (bandwidth <5%)
[5]. In addition, AlN film has several other advantages
such as high breakdown voltages and low dielectric
loss.
Two types of resonator were fabricated by using 2 mask
designs: the first resonator (figure 1) is made by
clamped edge beam and the second one (figure 2) is a
free-free beam construction anchored in the middle of
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the cantilever. Each beam is made by multilayers: Al /
AlN / Al.
L
l
Figure 1: Schematic top view (configuration 1)
L
l
C

element simulations. The 3D simulations made use of
the 8-node, hexahedral, linear, coupled-field element
SOLID5 supplied in ANSYS for the piezoelectric
materials and the 8-node, linear, structural element
SOLID45 for the non-piezoelectric materials.
The material properties used in the model are listed in
table 3. The modal analysis supplied the eigen modes
and the harmonic analysis provided the electric
resonance of the resonators. Simulations showed for
obtaining the desired frequency band for the selected
dimensions of the resonators, it was necessary to work
in extensional mode and not in flexional mode. Indeed,
in flexional mode, the resonators had a resonant
frequency below the MHz (around a hundred of KHz).
So, in our study, the resonators work in extensional
mode (figure 3).
Materials

B
Figure 2: Schematic top view (configuration 2)

AlN

Coefficients
Elasticity

Dimensions of the masks (top electrode) and thin film
thickness are respectively given in table 1 and table 2.
Indeed, the design rules impose alignment errors of 3
µm between 2 layers.
Piezoelectric
Dimensions
(µm)

Configuration 1

Configuration 2

l
L
C
B

20-400
50-1000

20
50-350
34
10

Relative permittivity

Table 1: Top layer dimensions of resonators
Thickness
(µm)

Configuration 1

Configuration 2

a
b
c
a
b
AlN
0.8
0.8
0.9
0.8
0.8
Top
0.2
0.2
1
0.2 or
0.2 or
electrode
or
or
0.24
0.24
(Al)
0.24
0.24
Bottom
0.2
0.2 + 0.2
0.2
0.2 +
electrode
0.78
0.78
(Al)
Table 2: Materials thickness used for the manufacturing
of the resonators (according to simulations)
A finite element static analysis of the structures was
started in ANSYS. The model consists of the resonator
beam, which is constituted by aluminum nitride
sandwiched between 2 aluminum electrodes. ANSYS
version 8.1 (ANSYS, Inc., Canonsburg, PA) was used
to perform the necessary 3-dimensional (3D) finite

Al

Density
Young modulus
Poisson’s ratio
Density

Units
c11
c12
c13
c33
c44
c66
e31
e33
e24
11
33

ρ
E

υ
ρ

345 GPa
125 GPa
120 GPa
395 GPa
118 GPa
110 GPa
-0.58 C/m2
1.55 C/m2
-0.48 C/m2
8
9.5
3260 kg/m3
70.3 GPa
0.345
2690 kg/m3

Table 3: Materials properties of aluminum nitride [6]
and aluminum [7] used in the ANSYS model

(a)

(b)

Figure 3: Configuration 1
a) initial state
b) deformed state
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Since the design rules impose the geometry of the lower
layer always higher than the upper layer, the resonators
will behave like a bimetallic strip and thus will bend
downwards. According to simulations, in order to
enhance the extensional mode, it is necessary that the
thickness of AlN is larger than the thickness of the
electrodes and it is equally important to compensate the
thickness of the top electrode compared with the bottom
electrode. The selected values are indicated in table 2.
Resonant frequency values obtained from the harmonic
analysis give the plot of first resonant frequency versus
length of resonator for configuration 1. From the
obtained curve, resulting equation has been written,
which will help in approximate dimensioning of the
resonators at the time of their fabrication.
Figure 4 represents the plot of resonance frequency
versus the reciprocal length of the resonator obtained
with ANSYS. The electrode width is fixed at 20 µm, the
AlN thickness at 0.8 µm, the top and bottom electrodes
thickness are 0.24 and 0.2 µm respectively, and the
length varies from 50 to 500 µm.

Electrical analysis using ANSYS has been performed.
Figure 5 shows current depending on electrical
frequency for a constant electrical polarization.
Electrical resonant frequency corresponding to
mechanical one has been demonstrated.

Figure 5: Theoretical response of 350 µm long
resonator with ANSYS (configuration 1c).
At resonant frequency, resonator can be represented by
the equivalent electrical circuit as shown in figure 6.
(1)
metal
piezoelectric layer
metal
(2)

Figure 4: Resonant frequency versus reciprocal length
of resonator
From figure 4, the equation relating the frequency and
length of the resonators has been written and the
following relation has been deduced:

f 1 = 1,9.10 −3
With

1
+ 810.10 −3
L

(MHz )

(1)

f in MHz and L in µm.

This theoretical model gives dimensions of the
resonators for obtaining the desired resonant
frequencies. Devices working between 4 and 27MHz,
and above can be realized.
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(2)

(1)

Figure 6: Schematic resonator and equivalent electrical
circuit at resonant frequency.
•

C 0 represents the static capacitance of the

piezoelectric layer,
C1 and L1 depend on the geometry and the
parameters of the materials constituting the
resonator,
• R1 represents the mechanical losses of the
resonator.
•
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III. FABRICATION
(a)

Micromachined demonstrators were achieved and they
were fabricated on oxidized silicon (Si) substrate. AlN
and Al layers were deposited on silicon using DC
sputtering technology.
Micromachined resonators using Al / AlN / Al
cantilever were fabricated. Double-side polished, 100
mm in diameter by 500 µm thick wafers were used.
Wafers were oxidized and back side oxide was
removed. To minimize resistance access and to fabricate
asymmetric and symmetric cantilever, first metal layer
(0.8 µm Al) was deposited by DC sputtering and
patterned by photolithography. Bottom electrode (0.2
m Al) was deposited by DC sputtering and patterned
by photolithography. Piezoelectric layer (0.9 m AlN)
was deposited by DC reactive sputtering and patterned
by photolithography. Top electrode (0.2 m Al) was
deposited by DC sputtering and patterned by
photolithography. Al was deposited on back side and
patterned by photolithography then silicon back side is
etched by deep reactive ion etching (Bosch process,
etch rate: 7.5 m/min). Then oxide was etched by
Buffered HF / acetic acid mixed solution.
Figure 7 shows SEM view of resonator with the probe
contact pads. Figure 8 shows the major fabrication steps
to form the resonators.

(b)

(c)

(d)

(e)
Figure 8: Fabrication process flow for the
resonators on Si substrate.
(a).Patterning of the access lines and contact pads
by photolithography and dry etching of Al.
(b).Patterning of the bottom electrode
photolithography and dry etching of Al.

by

(c).Patterning of AlN by photolithography and wet
etching of AlN.
(d).Patterning
of
the
top
electrode
photolithography and dry etching of Al.

by

(e).Backside DRIE of Si and SiO2 wet etching.
IV. EXPERIMENTAL RESULTS

Figure 7: SEM view of resonator (Configuration 1)

Admittance of micromachined resonators (configuration
1) was measured in air, using an HP4194A LCR-meter
and the experimental curves were plotted using
LabVIEW 6.1 via GPIB bus (or IEEE 488 bus).
Resonant frequencies between 2 MHz and 10 MHz and
quality factors up to 3000 in air were observed.
Figure 9 shows the module and phase of admittance
taken from LabVIEW for a 350 µm long, 20 µ m wide
clamped edge beam resonator (configuration 1c). This
MEMS resonator has a resonant frequency of 5.137
MHz, anti-resonant frequency of 5.154 MHz, a quality
factor of 97 in air and an electromechanical coupling of
0.8%. Low Q factor is due to high resistance value due
to low AlN crystallinity.
Table 4 shows the equivalent electrical circuit values for
resonator measured in figure 9.
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Figure 9: Measured admittance of 350 µm long resonator
in air
(

f r =5.137 MHz, f a =5.154 MHz, Q =97, K 2 = 0.8%)

Elements

Values

R1 (K )

879

L1 (H)

2.63

C1 (aF)

363

C0 (pF)

2.03

Table 4: Equivalent electrical circuit values

Figure 10: Resonant frequency versus
reciprocal length of resonator (configuration 1a)

12

Figure 11: Resonant frequency versus
reciprocal length of resonator (configuration 1c)
Figures 10 and 11 show the measured and theoretical
resonant frequencies versus reciprocal beam length.
Well match between theory and measurement has been
found.
The first measurements using a laser Doppler
vibrometer (Politec OFV 3001) have shown flexural
mode for our resonators, but these modes don’t induce
electrical resonant frequencies. Some works are in hand
to determine the reason of this phenomenon.
V. CONCLUSION
Bulk micromachined piezoelectric resonators employing
AlN active films with clamped edge beam geometries
and free-free beam construction anchored in the middle
of the cantilever geometries have been designed and
fabricated. In this study, only devices for configuration
1 have been measured. Resonant frequencies ranging
from 2 MHz to 10 MHz were observed, and the overall
performance of the resonators was lower than expected,
with quality factors up to 3000 in air and with a phase
lag ranging of 1° to 12° only. Resonant frequencies
higher than 15 MHz were not observed due to the
frequency limitation of the HP4194A LCR-meter.
By using the laser Doppler vibrometer (Politec OFV
3001) we have observed flexural mode and some works
are in hand to determine why they didn’t induce
electrical resonant frequencies.
Process has to be improved to increase resonator quality
factor by changing DC sputtering parameters for AlN
deposition to improve its crystallinity and decrease
mechanical and electrical losses.
However, the first measurements have shown that
experimental resonant frequencies are close to modeled
predictions, so the theoretical analysis can predict the
dimensions of the resonators for obtaining the desired
frequency.
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First results show that bulk acoustic resonator in MHz
range has been performed, working in plane extensional
mode.
Acknowledgements
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HIGH FREQUENCY BULK ACOUSTIC WAVE RESONATOR USING
THINNED MONOCRYSTALLINE LITHIUM NIOBATE
D. GACHON,∗ G. LENGAIGNE, S. BENCHABANE, H. MAJJAD, S. BALLANDRAS, and V. LAUDE
FEMTO-ST Institute 32, avenue de l’Observatoire 25044 Besançon France
During the last years, bulk acoustic waves excited in thin piezoelectric films have revealed their
capabilities for addressing the problem of high frequency RF filters (above 1 GHz). Sputtered films
such as aluminum nitride (AlN) or zinc oxyde (ZnO) are generally used in that purpose. In this
paper, we propose an alternative to thin film deposition in which single crystal wafers bonded on
a substrate (for instance silicon or glass) are thinned, allowing for a plate thickness close to 10µm.
This can be achieved on 4 inches wafers and significantly allows for an accurate selection of the
wave characteristics. Furthermore, the properties of the piezoelectric material are found to agree
with tabulated values, enabling one to reliably design filters and more generally any passive signal
processing device.
I.

INTRODUCTION

Thin film bulk acoustic wave resonator (FBAR) [1]
is a promising modern technology for the production of radio frequency (RF) resonators and filters
[2]. FBARs exploit the thickness-extensional vibration modes of thin piezoelectric films with thicknesses
of a few microns, yielding fundamental resonance frequencies in the GHz range. The piezoelectric thin
films used to excite and detect waves are generally
deposited by sputtering with their C axis normal to
the wafer surface. This fabrication process results in
limited Q factors, usually on the order of a few hundreds, which in turn sets limitations on their use as
resonators for time and frequency applications. In
view of improving over the Q factor of thin films, it
is desirable to use single-crystal piezoelectric materials such as lithium niobate, lithium tantalate, langasite or quartz. This also will allow for the selection of any kind of polarization (longitudinal or shear
modes) with properties adapted to the application (for
instance, low thermal sensitivity).
This paper describes a new fabrication method to
achieve high frequency acoustoelectric resonators. It
is well known that the intrinsic losses of single crystal materials are much smaller than those of sputtered
thin films. In addition, the material cut can be chosen to optimize such parameters as the coupling factor
or the temperature dependence. Single-crystal piezoelectric materials however are not usually available
under the form of thin wafers (i.e. with thicknesses
smaller than 100 µm). We have developed a process
for the fabrication of high quality piezoelectric films
of intermediate thickness (between 50 and 10 µm) for
bulk acoustic wave (BAW) resonator and filter applications. A piezoelectric wafer first is bonded onto a
substrate (glass or silicon) using a thin resist layer
(SU8) with a thickness of 5 to 1 microns using a dedicated facility. It is subsequently thinned by lapping
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and micro-polishing to control the final thickness. The
final resonator thickness ranges between 10 to 20 microns at the end of the process. The fundamental
frequency is then above 200 MHz but higher harmonics can be used thanks to the high coupling factor of
the fundamental mode on (YXl)/36◦ lithium niobate
cut.
In the first section of the paper, the typical longitudinal mode properties on (YXl)/36◦ lithium niobate are summarized, and the fabrication process is
detailed. The second part of the paper discusses electrical measurements of the resonators and characterization results, with a particular emphasis on the electromechanical coupling and the Q factor of the different harmonics. As a conclusion, we propose some
directions for improving our devices and to achieve
thinner devices.

II.

DESIGN AND FABRICATION

Lithium niobate was chosen because of its strong
piezoelectric coupling properties. The (YXl)/36◦
lithium niobate orientation is well-known from the
acoustic transducers community because of the very
large electromechanical coupling factor for the longitudinal mode, compatible with acoustic imaging purposes [3]. Moreover, only this mode is coupled on this
particular cut, yielding no parasitic signals due to unwanted shear wave excitation. The exploited mode
then corresponds to a purely longitudinal polarization
with a wave velocity of 7338 m.s1 and an electromechanical coupling factor K2s in the vicinity of 23%, i.e.
largely above what can be obtained with sputtered
films (6 to 8% are usually obtained with ZnO or AlN
in the best cases [4]).
The resonator consists in a simple air backed structure, with the piezoelectric plate metallized on both
sides. It is a square shaped membrane with typical
length of 700 µm. To avoid machining the niobate
plate after the thinning process to access the backside
electrode, we have chosen a serial resonator architecture in which the backside electrode is at a floating
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(a)

Deposit top electrode

Glass

FIG. 1: Micro fabrication process flow.

potential and contacts can be taken at the upper surface. Different locations and shapes of the top electrodes have been tested to try and evaluate the influence of unwanted flexural modes. Figure 1 shows
the flow chart developed for the fabrication of the resonators.
Since the lithium niobate plate is bonded onto a
glass substrate, the backside air gap must be manufactured first. We start by etching the back side of a
(YXl)/36◦ lithium niobate wafer using a reactive ion
etching (RIE) process along a depth of 10 microns. To
achieve a high etching selectivity, we use an electroplated Nickel mask, allowing for thick masking layers which exhibit a good robustness to the etching
process. Aluminum electrodes are then deposited at
the bottom of the etched hole. The lithium niobate
wafer is then bonded onto a glass substrate using a
thin resist layer (SU8) with a thickness of 5 to 1 microns (the thickness is controlled by the spin speed
and by the initial viscosity of the resist) into an EVG
wafer bonding machine. During the bonding process,
we heat the material stack at a temperature of 60 K
and we apply a pressure of 10 kg.cm−2 to the whole
contact surface. This process yields an homogeneous
and high quality bond as shown in Figure2(a). It is
subsequently thinned by a lapping step to an overall
thickness of 20 to 30 microns. It is then followed by
a micro-polishing step, yielding a final LiNbO3 thickness ranging between 10 to 20 microns. Figure 2(b)
shows a detail of one membrane close to its embedment on the glass wafer, emphasizing the quality of
the gap (no bond defect can be observed at the membranes bounds). The niobate plate still could be lowered by a second RIE etching of the whole top side of
wafer. Finally, the two topside Aluminum electrodes

(b)

(c)
FIG. 2: (a) Detail of the SU-8 bond between glass and
lithium niobate. (b) View of the membrane close to its
embedment (no bond defects or unwanted gap filling can
be observed). (c) One set of electrodes atop the LiNbO3
membrane (the backside electrode can be viewed by transparence).

are deposited on the LiNbO3 membranes as shown in
Figure 2(c) to achieve two series-connected resonators
for test.
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FIG. 3: Comparison of an experimental measurement with
the theoretical prediction of the electrical response of the
resonator.

mainly due to the very high electromechanical coupling of the fundamental mode.
Harmonics order up to ]11 can be excited and measured. The experimental electromechanical coupling
factors of the three first contribution (fundamental,
harmonics ]3 and ]5, respectively) have been found to
equal 18%, 5% and 1%. The theoretical predictions
are in good agreemen with these results (20%, 3% and
0.9% are expected theoretically for the fundamental,
harmonics ]3 and ]5, respectively).
A finer analysis of the harmonics ]3 makes it
possible to verify that a rather large quality factor
(Q=6770) is found together with a large electromechanical coupling factor K2s =5%. These characteristics compare well in terms of quality factor with those
that are classically observed with resonators operating at higher harmonic modes ( HBAR or overmoded
FBAR), but with an increased electromechanical coupling factor. Clearly, it will be important to modify the electrodes design of the resonators to try and
benefit fully from material quality factors higher than
that of aluminum nitride. Lastly, we characterized
the temperature sensitivity of the fundamental mode
of the resonators (thickness 25µm, fundamental at 140
MHz). We found a thermal drift around 85 ppm/K
(see Figure 6), in coherence with the data published
on longitudinal bulk waves in lithium niobate. This
rather strong drift encourages to seek temperature
compensation solutions in applications. Let us finally
note that the higher harmonic modes follow the same
frequency-temperature law as the fundamental mode.
IV.

FIG. 4: The drift thermal is linear for the fundamental
mode with a slope around 85 ppm/K.

III.

EXPERIMENTAL RESULTS

The admittance of the resonators was measured for
different membrane thickness in the vicinity of 20µm.
A Süss Microtec PM-5 RF prober combined with a
Rhode Schwarz ZVC network analyzer were used to
characterize the devices. A typical example of a resonator response is plotted in Figure 3, showing the
dynamics of the resonance and more particularly the
capability of the resonator to provide well defined high
order harmonics contributions. This characteristics is
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CONCLUSION

This paper has presented a new design aspect for
Film Bulk Acoustic Resonators fabrication. The wafer
bonding with SU8 layer and the micropolishing offers a pratical mean of performing high frequency resonators. The results show the capability of the resonator to provide well defined high order harmonics
contribution.
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The goal of this research is to provide some tools to approximately determine the main parameters
and the operating range of resonant sensors relying on strip resonators, and thereby to help in guiding
associated and still necessary FEA analysis.
First, recent improvements of a previously presented two-dimensional semi-analytical model for
strip resonators are presented. They namely consist of extending the number of branches used in the
variational treatment of boundary conditions at the edges of the narrow strip, and of introducing
piezoelectricity into the determination of the dispersion curves in the (x1 , x2 ) cross section of strip.
Thereafter, the paper briefly proposes an extension of this model in 3-D whereas its final section
discusses issues concerning further improvements such as accuracy refinements and the introduction
of Lagrangian formalism to take temperature sensitivity into account.

I.

INTRODUCTION

The development of new miniature quartz thermometers consisting of strip-resonators in NLC-cut,
which was performed during QxSens EU contract
from program GROWTH [1], has shown that optimal
dimensions of resonators must be theoretically estimated to achieve good electrical parameters and to
control the occurrence of activity dips over the desired temperature range, namely 4.5-400K. Although
this requirement was fulfilled by finite element analysis, it was found extremely useful to associate accurate
but time–consuming FEA simulations with a specific
analytical model. This permits to quickly determine
the minimal mesh density along the width of strip to
grant convergence of FEA for the targeted resonant
modes. Moreover, since the results of FEA simulations are not self–explanatory, an additional work of
a different nature is clearly welcome to provide with a
more definite identification and understanding of the
spurious modes which must be kept away from the
main one throughout the whole desired temperature
range.
First, we present latest improvements achieved
in the develoment of our two–dimensional semi–
analytical approach of moderately narrow strip resonators. In that case, the resonant modes which
are actually usable for metrological application are
combinations of guided waves belonging to separate
branches of the dispersion curves in the (x1 , x2 ) sagittal plane. As a rule, the weights of the combination
are determined from a variational procedure which
derives from Hamilton’s principle and is applied to
the treatment of boundary conditions at the edges of
resonators. Such branches can be accurately determined in any crystal cut. This analysis holds if we
put aside the x3 behavior of modes, due to the expectedly small value of x3 component of wave vec-
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tor as a result of the specific geometry of resonator.
Clearly, this approach leads to approximate solutions
of the rigorous and complete two–dimensional equations. At this stage it has to be shown that an approximate three–dimensional analysis can be established from that starting point. Such an extension
seems much easier whenever that some separation of
variables along x2 and x3 is a sensible assumption
for the resonant modes of strip. Here–proposed approach essentially differs from Mindlin’s method [2],
largely used in that field, since the latter one eliminates the x3 variable by means of an expansion of
three–dimensional equations into an infinite series of
two–dimensional plate equations, which may lost their
completion because of the necessary series truncation.
Immediate improvements are achieved by introducing piezoelectric effect and by adding imaginary
branches of the dispersion curves into the treatment.
Since there are an infinity of imaginary branches, it
is necessary to determine how the number of incorporated branches impacts onto the results of the 2-D
analysis.
Thereafter, we shortly present the ongoing work
aimed to extend the semi analytical approach in
three–dimensional to account for the trapped energy
behavior of the essentially thickness shear component
of the resonant modes along the length of the strip
resonator. Thus, we show the basics of a three–
dimensional semi–analytic model of strip resonators
in terms of well established geometric and material
parameters. Such model is intended as an alternative
to the previous model of Tiersten and Sham [3] which
essentially relies on Mindlin’s plate theory.
Further improvements to embed static temperature
dependence into the model are highly desirable and
can be achieved by including the use of Lagrangian
material constants in the approach. Related issues
are shortly discussed in the last section of paper.

PAPERS

II.

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

and2006
can be determined (also in a normalized
THE NLC-CUT STRIP RESONATOR
Proceedings of theconstants
20th EFTF,
form) from the boundary conditions :

The NLC–cut chosen for the thermosensitive strip
sensors is a Y + θ singly–roated cut with θ = −31.5.

Θ = −31.5

o

Ω=

L
O

∀j ∈ [1 − 3]

Then the basic dispersion curves of Fig. 2 are obtained
in terms of dimensionless variables :

x3
Z

T2j (x2 = ±h) = 0,

Y

2a
































































x1

ω
ξ
and γ = 0
0
ω B1
η B1

where the subscript B1 indicates values for the fundamental branch of pure shear u1 obtained as B mode in
NLC-cut, and the superscript 0 indicates a zero value
of lateral wavenumber ξ.

Unless otherwise specified, we take the following default values of parameters in this paper :
• thickness t = 2h = 82 µm,
• electrode length 2a = 2 mm,
• electrode thickness 160 nm (silver).
• width to thickness ratio w/t ≈ 24.808,
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FIG. 1: Basic configuration of NLC strip resonator.
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FIG. 2: Basic dispersion curves Ω(γ) in (x1 , x2 ) cross section.

• length of strip L = 5 mm.
III.

GUIDED AND STEADY STATE WAVES
IN (x1 , x2 ) CROSS SECTION

Since the theory is rather well–known and was extensively used in Refs. [1], we just summarize it before giving details about recent improvements. The
basic step consists in determining so–called branches
of dispersion curves, satisfying the elasticity equations
as well as the boundary conditions on supposedly free
major surfaces of the plate, located at x2 = ±h, under
the assumption ∂/∂x3 ≡ 0. The branches of interest
for here–considered problems take the following form
P

3
n
u1 =
C
α
sin
η
x
cos ξx1 e−iωt
n
n
2
1
n=1
P

3
n
u2 =
C
α
cos
η
x
cos ξx1 e−iωt
(1)
n
n
2
2
n=1
P

3
n
−iωt
u3 =
n=1 Cn α3 cos ηn x2 cos ξx1 e

The products represent partial waves, characterized
by a vertical wavenumber ηn which can be determined as a function of the lateral wavenumber ξ and
ω. Then, all amplitude factor αnk can be computed
and put in a normalized form. The respective weights
of partial waves for a given branch are given by the Cn

The edge boundary conditions are treated in the
next step [1] by using a variational formulation in
strong form consistent with Hamilton’s principle [5] :
Z t1 Z
(Tij,j − ρüj ) δuj dV
t0
V
(2)

Z
(fi − nj Tij ) δui dS dt = 0

−

S

although the principle is more often presented in the
so–called weak form, for instance in the development
of FEA method.
The general solution of problem is searched as a
combination of branches of the dispersion curves, and
one uses the variational equation to find the better
combination to minimize the error in the part of surface integral in (2) which corresponds to the edges at
x1 = ±w/2. By the way, all other integral terms vanish since the branch exactly satisfies elasticity equations and the boundary conditions on major surfaces
at x2 = ±h. It has been shown in [1] how the variational equation turns into a system of which the unknowns are the weights of each branch into the combination. By zeroing the determinant of that system,
one obtains discrete roots in terms of ω and all necessary quantities to describe the solution of problem.
Since there is only one ω in the resonator, the coupling
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FIG. 5: NLC-cut dispersion curves in plane (x1 , x2 ) with
piezoelectric effect.

ily obtained. Since we observe a real wavenumber for
essential branch B1 in normal conditions of design, a
circumstance which implies Ω > 1, it is pointless to
take into account the imaginary branch closest to the
origin. Fig. 4 shows the influence of the number of
branches onto the predicted mode shape. It is worth
remarking that the number of imaginary branches is
not limited in principle.

nb=2
nb=3
nb=4
nb=5

1

−1.5

γ imaginary

2

1

FIG. 4: Amplitude distribution along cross section for
w/t = 24.808, (from 2 to 5 branches).

mechanism between B1 branch and other branches
illustrated by Fig. 3 results into u1 amplitude distributions such as the ones represented onto Fig. 4.
The rate of modulation reveals the contribution of
branches other than quasi–thickness shear, and strip
resonators usable for metrological use are obtained by
chosing w/2h ratios which minimize the contribution
of the other branches.
Nevertheless, in some cases, the model predicted
amplitude distributions much smoother (almost no
modulation) in comparison with FEA–predicted results. As a matter of fact, the earlier work [1] limited
to 3 the number of branches, i.e. the branch B1 for
fundamental thickness shear, the flexural branch and
the branch above flexure, which corresponds to surface waves in a semi–infinite medium, and which we
denote here as “plate waves” branch. General plate
waves degenerate into Lamb waves when their polarization remains in the sagittal plane, which does not
happen in the present case. Performing some additonal programming effort, we could increase the number of branches up to 5, by taking into account the
imaginary branches C2 , quite visible on Fig. 2, and
C4 , not reproduced on Fig. 2, but nevertheless eas-

We have recently determined the dispersion curves
with piezoelectric effect for this configuration. They
are presented on Fig. 5. Their influence on the form of
the curves is significant only for one imaginary branch,
while it has the effect to lower the junction of essentially thickness branches with the Ω axis. However, the piezoelectric effect is not used in the further developments, otherwise than in analytical correction factors. However, we plan to take piezoelectric
effect into account in further developments of here–
presented model.
4
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3.5
3
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0

FIG. 3: Influence of νB1 onto the edge boundary conditions at x1 = ±w/2.
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Let us investigate the behavior of the fundamental overtone modes of essentially thickness shear B1
in case of propagation along x3 , under the assumption that ∂/∂x1 ≡ 0. Then, one can obtain the corresponding dispersion curves following an approach similar to the one of previous section. Nevertheless, there
are some differences. Due to the particular symmetry level of Y + Θ cuts, u1 for one hand, and (u2 , u3 )
for another hand, are uncouples in the partial derivatives and boundary conditions on the major surfaces.
Then, two problems can be solved independently. The
first one concerns the shear horizontal SH waves, associated with the following kind of elementary waves :
!
2
X
u1 =
An cos ηn x2 + Bn sin ηn x2 eiνx3 e−iωt

2h

O

x3

 
 
 
 
 
 
 
 
 
 
 

2a
u1

imaginary wavenumber
x3
real wavenumber

FIG. 7: Mechanism of energy trapping in (x3 , x2 ) cross
section.

n=1

η2 = η 1 +

2c56
ν,
c66

A2 = iB2 ,

and A1 = −iB1

u2 = u 3 = 0
(3)
while the second problem requires the following elementary waves polarized in the sagittal plane :
u1 = 0
"
u2 =

u3 =

"

2
X

β2n

#

(Cn cos ηn x2 + En sin ηn x2 ) eiνx3 e−iωt

n=1
2
X

β3n

#

(Dn cos ηn x2 + Fn sin ηn x2 ) e

n=1

iνx3 −iωt

e

(4)
where the weights of the partial waves in a
given branch are fixed by the set of constants
(An , Bb , Cn , Dn and En while the normalized amplitude factors βkn give the respective weights of u2 and
u3 in a given partial wave. The dispersion curves for
branch B1 and B3 shown on Fig. 6 were obtained by
repetition of the same procedure as in the previous
section. On the figure, µ is the normalized lateral
wavenumber along x3 :
ν
µ= 0
(5)
η B1
Still assuming ∂/∂x1 ≡ 0, a possible energy trapping behavior of the B1 branch, arising from electrode
mass loading and the field effect under the electrodes
can readily be described in an analytical way. For the
fundamental of B mode with transverse wave number
ξ = 0, the resonant frequency can be easily obtained :


π 2 c̄66
8k26 2
4ρ0 h0
π 2 ĉ66
2
ρ (ω1e ) ≈
1
−
−
=
(6)
4h2
π2
ρh
4h2
under the electrodes, and
 2 π 2 c̄
66
ρ ω1f =
4h2

(7)

outside them. The dispersion curves for electroded
and unelectroded plates are quasi identical in the region ν → 0 and exhibit a parabolic behavior so that
the B1 branch can be accurately approximated by the
following expansions

2
ρω 2 = ρ (ω1e ) + P1 ν 2 shortcut electrodes 
 2
(8)
ρω 2 = ρ ω1f − P1 ν̄ 2
outside them 

where ν and ν̄ are both real and P1 is a constant
which can be either numerically derived by a fit of the
branch at the junction with the Ω axis, or analytically
obtained from Tiersten et al. well known papers [6, 7]
of which other essential aspects will also be recalled
in the next section. Then, we have

πx2 −iωt
u1 ≈ A cos(νx3 ) sin
e
under electrodes 

2h

πx2 −iωt
e
outside them 
2h
(9)
and we may limit the analysis to x3 > 0 for simplicity :
for x3 < 0, we would have taken
u1 ≈ B exp(−ν̄x3 ) sin

u1 ≈ B exp(+ν x̄3 ) sin

πx2 −iωt
e
2h

outside electrodes. Thus, one can easily determine
the distribution of vibration along x3 shown on the
Fig. 7. The frontier between electroded and unelectroded regions is located at x3 = a. The displacement
u1 must be continuous ∀x2 on that frontier because
it must actually be continuous everywhere. The most
important stress term concerned by the continuity is
T5 = c55 u1,3 + c56 u1,2 if u2 and u3 are negligible w.r.t
u1 for that branch at small lateral wavenumbers, so
that the continuity of T6 and T3 can be ignored in a
first approximation. The continuity of u1,2 at the border crossing automaticaly comes from the continuity
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0 and 2hν → 0. Here, n is the thickness
of u1 since the same sin πx2 /2h thickness Proceedings
distributionof thewhen
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overtone number and c̄ is the eigenvalue correspondis found on both sides of the border. As a conseing to the pure thickness propagation. Above result
quence, the only stress continuity which one has to
accurately expresses the asymptotic behavior of essencheck out across the border is the one of T1 ≈ c55 u1,3 .
tially thickness modes at small lateral wavenumbers,
In other words, u1 and u1,3 must be continuous across
and the dispersion constants Mn Qn and Bn can be
the border, which results into the following homogedetermined in closed from for any kind of thickness
neous system
modes (A, B or C) and for any type of crystal and
A cos(νa) − B exp(−ν̄a) = 0
any cut orientation.
In a trapped energy resonator Eq. (13) holds outside
Aν sin(νa) − B ν̄ exp(−ν̄a) = 0
the electroded region, whereas, inside the electroded
region, the partial waves which are the basic elements
Equating to zero the determinant, one obtains a simentering the combination which defines a given branch
ple transcendental equation :
of the dispersion curves in 2-D (or surfaces in 3-D)
take the following form
ν tan νa = ν̄
u1 = (A sin ηx2 + B cos η̄x2 ) eiξx1 eiνx3 e−iωt
But ν and ν̄ are not independent since they are related
u2 = (C sin ηx2 + D cos η̄x2 ) eiξx1 eiνx3 e−iωt (14)
by the two dispersion equations (8) respectively valid
inside and outside the electroded region, where ω must
u3 = (E sin η̄x2 + F cos η̄x2 ) eiξx1 eiνx3 e−iωt
be the same. After some algebric manipulations, one
obtains
and the dispersion equation becomes :
r
h
i
ρ
n2 π 2 ĉ
(ω1f )2 − (ω1e )2 − ν 2
(10)
ν tan νa =
Mn ξ 2 + Qn ξν + Pn ν 2 +
− ρω 2 = 0
(15)
P1
4h2
or, equivalently by substituting (6) :
s 

1
π 2 ρ0 h0 c̄66
2
ν tan νa =
2k26 +
− ν2
h2
ρh
P1

(11)

which can nearly instantaneously be solved numerically and leads to the determination of the resonant
frequencies of anharmonic modes and of the corresponding u1 amplitude distributions, such as the one
schematically represented on Fig. 7.

V. AN APPROXIMATE
THREE-DIMENSIONAL ANALYSIS

The developments of the two preceding sections are
indeed mutually independent and can be used separately if the vibration is characterized by ∂/∂x3 ≡ 0
(Sec. III) or by ∂/∂x1 ≡ 0 (Sec. IV). In the circumstance, the ’or’ has an exclusive meaning. Nevertheless, we can benefit from the work of Stevens and
Tiersten [6], who have demonstrated that, for a cut of
arbitrary symmetry, a general combination of partial
waves of the following kind :
u1 = (A sin ηx2 + B cos ηx2 ) e−ξ̄x1 e−ν̄x3 e−iωt
u2 = (C sin ηx2 + D cos ηx2 ) e−ξ̄x1 e−ν̄x3 e−iωt
u3 = (E sin ηx2 + F cos ηx2 ) e

(12)

leads to the asymptotic equation of dispersion :

22

MB1 = 118.264 GP a and PB1 = 32.781 GP a (17)
Moreover, one readily check that the two independent models separately described in Sec. III and IV
are consistent with that theory. As a consequence,
the developments of Secs. III and IV can be seen as
two special case of a single more general model, of
which the starting point are partial waves dominated
by essential terms of the following form :

u2 = B cos ηx2 cos ξx1 eiνx3 e−iωt
u3 = C cos ηx2 cos ξx1 e

e

n2 π 2 c̄
+ ρω 2 = 0
Mn ξ¯2 + Qn ξ¯ν̄ + Pn ν̄ 2 −
4h2

which is consistent with (6).
In the special case of singly rotated cut Y +θ such as
NLC, Qn is strictly equal to zero, and it is possible to
consider partial waves with a dedicated parity along
x2 , for instance B = C = E = 0 both in (12) and (14).
Then, one falls back onto the results of previous model
issued for Y + θ cuts [7], whereas the only branch of
essentially thickness modes of interest in a NLC–cut
strip resonator is the branch B1 . With θ = −31.5o,
one obtains :

u1 = A sin ηx2 cos ξx1 eiνx3 e−iωt

−ξ̄x1 −ν̄x3 −iωt

e

In here–studied problem, where only the fundamental
branch of thickness shear is involved, we have :


8k26 2
4ρ0 h0
ĉ ≈ c̄66 1 −
−
(16)
π2
ρh

(13)

(18)

iνx3 −iωt

e

which must be combined to satisfy the boundary conditions on major surfaces of the plate, thereby defining branches of dispersion surfaces which can be established either in a dimensionless way as Ω(γ, µ), or
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on . . . . Such surfaces are continuous and, in the elecaccount for the modulation along the width. This
troded region, the equation of the surface for branch
feature remains true when considering u2 and u3 comB1 n NLC–cut can be approximated by :
ponents of the mode patterns.
M B1 ξ 2 + P B1 ν 2 +

n2 π 2 ĉ
− ρω 2 = 0
4h2

(19)

with excellent precision whenever hξ and hν remain
small w.r.t π/2.
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FIG. 9: Influence of νB1 onto the edge boundary conditions at x1 = ±w/2.

FIG. 8: u1 FEA–predicted amplitude distribution of mode
in strip resonator (only half width represented, due to symmetry).

One of the greatest ideas of Harry Tiersten certainly
consisted in substituting the wavenumbers as differential operators
∂2
ξ¯2 =
,
∂x21

ξ2 = −

∂2
ν̄ =
,
∂x23

∂2
ν =− 2
∂x3

2

∂2
∂x21

(20)

2

into above Eqs. (13,15), which resulted into a major
improvement of previous models for energy trapping
modes in plane–parallel [8] and plano–convex plates
[9], respectively. Basically, the behavior of strip resonators pertains to the descriptions of Sec. III for what
concerns the x1 dependence, and of Sec. IV for what
concerns the x3 dependence of the dominant components of vibrations. The main difference between the
two independent approaches of the preceeding sections
is that several branches are necessary for the description of problem in (x1 , x2 ) cross–section, while only
one branch appears in the description of the problem in (x3 , x2 ) cross–section. If we carefully analyze
high precision FEA–predicted amplitude distributions
such as the one represented of Fig. 8, one can observe
a separation of variables x1 and x3 in the mode shape,
and clearly one wave number, be it real or imaginary,
is sufficient to describe the variation of amplitude u1
along x3 , while at least two wavenumbers are needed

In the well known paper [6], the authors take advantage of (20) to efficiently replace the complex problem
of establishing the modal analysis of plane–parallel
and contoured resonators by a single partial derivative equation. Of course, this approach is valid only
if a single branch (surface) contributes to the investigated problem, but the expansion of branches at
their junction with Ω axis remains valid per se, so
that Eq. (19) still rigorously governs the behavior of
branch B1 even in the more complex case where other
branches (surfaces) have to be taken into account in
the analysis. From another hand, the value of ξ lateral wavenumber for the flexural branch in (x1, x2)
plane in the frequency range of strip operation is much
higher than the value of ν which is commensurable to
ξB1 . Then the description of flexural branch and plate
waves branches previously obtained with ν = 0 can be
used in, say, a “zero order” 3-D model, which can be
improved later if necessary.
If only the B1 branch is necessary to describe the
behavior of strip along its length, according to (19),
the frequency equations of Sect. IV must be replaced
by
2

ρω 2 − M1 ξ 2 = ρ (ω1e ) + P1 ν 2 electrodes
 2
ρω 2 − M1 ξ 2 = ρ ω1f − P1 ν̄ 2 free region

(21)

at given real ξB1 , but the transcendental equation (10)
arising from continuity conditions for u1 remains unchanged because the terms M1 ξ 2 are identical and
cancel out in above relations.
Solving (10) in terms of ν in the electroded region
immediately provides with ν̄ outside it. Then, according to (19), one immediately obtains a frequency shift
 ν 2 P1
δω
µ2 P 1
δ ω2 =
⇒ δΩ = 0 ≈
ρ
ω B1
2c̄66

(22)
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• one
can2006
use the variational form in order that
Proceedings of the 20th
EFTF,
ω 2 adapts itself to minimize the effect of the
residue of elasticity equation in the unelectroded
region (volume error), while keeping the same
assumption of mode shape as in the previous
section,
• one can use the ν̄ exponential decay governing
the x3 –dependence of assumed mode shape in
the unelectroded region. Then, the variational
form will account for the discontinuity surface
at the frontier between electroded and unelectroded regions. This is a mode–matching type
of approach.
FIG. 10: 3-D semi-analytical simulation of u1 displacement (half of resonator).

of the branch B1 of Fig. 9, representing the dispersion curves when ν 6= 0, whereas the effect of other
branches remain approximately unchanged since there
is no essential system of standing waves established
along the length of strip for flexure and STW/plate
waves. Then, for values of γB1 similar to the ones
considered in the 2-D analysis of Sect. III, one readily observes that the existence of ν 6= 0 shifts the
wavenumbers of other real branches involved into the
combination to upper values. This is a simple effect
which is the first coupling mechanism between the
(x1 , x2 ) and (x3 , x2 ) separate 2-D analyses previously
established. Fig 8 shows a simulation obtained with
such rather phenomelogical model. One observe that
the model accurately describe the topology of FEA–
predicted amplitude distribution of Fig. 8.
VI.

FURTHER ISSUES

In its present above–described state, the model suffers from several flaws :
• if only ν in the electroded region is used to determine above–mentionned upshift of ω, then elasticity equations are not rigorously fulfilled in the
unelectroded region, since the damping factor ν̄
in the latter region implies a different position of
characteristic shown on Fig. 9 for the electroded
region.
• Although we assume that there is no specific x3 –
dependence of the standing wave regime of lower
branches, ν 6= 0 and ν̄ 6= 0 should slightly affect
the shape of the lower branches, not only the
relative position of B1 surface with respect to
them.
The first issue can be solved by means of the variational principle (2). In principle, there are two possibilities :

24

Although the suggested treatments are left for the future, here–presented model already exhibits a clear
advantage in comparison with FEA : the u1 amplitude
distribution at the crystal–electrodes interface is a relatively simple combination of trigonometric functions,
which should give way to a straightforward computation of series capacitance C1 .
The temperature dependence is a big issue in the determination of the operating range of the use of strip
resonators as sensors : due to the compound nature of
the vibration, the various terms involved in the combinations which actually make the resonant modes have
different dependences. Then, over large temperature
intervals, one can expect that the wavenumbers of the
lower branches enter significant changes, in a manner
which is intrinsically similar to the mechanism at the
origin of activity dips, although it may also manifest
itself in a smoother form as well. This is a justification of this research, because the determination of
temperature behavior of strips by FEA is still an intensive computing task (costly, in the literal sense),
even if our previous research in the field showed its accuracy. The lagrangian formalism developped in [10]
for the temperature dependence of resonators in material with small piezoelectric coupling can be readily incorporated in the writing of the model. At the
present time, ourcomputer program to determine the
effect of edge boundary conditions by the variational
approach makes use of initial guesses of the dispersion
curves, because it is technically difficult to optimize all
root finding tasks in a proper without such a guess.
Then, it may be necessary to update the accurate determinationof the dispersion curves along temperature
variations, a task which is difficult to make altogether
quick and safely automatic (i.e. without human checking). Ways to solve this issue will be investigated in
the near future.
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New sets of data for the thermal sensitivity of elastic coefficients
of langasite and langatate
R.Bourquin and B.Dulmet
FEMTO-ST, Dep. LCEP, ENSMM,Besançon, France
*Electronic address: rbourquin@ens2m.fr
Abstract: Thermal coefficients of elastic constants of LGS and LGT crystals have been
determined from frequency-temperature curves of contoured resonators operating in
thickness modes. Effect of the trapping of the vibration has been taking into account in
order to improve the accuracy. In a first step, thermal sensitivity of stiffness coefficients in
lagrangian description are obtained. Thermal sensitivity of usual elastic constants are
further deduced.

I. INTRODUCTION
There exist several sets of published values of thermal
coefficients of elastic constants of Langasite LGS[1-8]
and Langatate LGT crystals. [5].These sets exhibit
significant deviations of numerical values, even for the
first order coefficients [6]. The determination of these
coefficients can be made by measuring the variation,
with respect of temperature, of the times of propagation
of acoustic waves along particular direction in the
crystal [9], or from the frequency-temperature curves of
resonators of various cut angles [10]. We have retained
this last way.
To obtain resonators of high quality factor, it is
necessary to trap the vibration. At frequencies in the
range 5 to 15 MHz, this is achieved by using planoconvex resonators. It is known that the resonant
frequencies of such resonators exhibit a shift from the
theoretical frequencies of an the infinite plate with flat
parallel faces. Further the resonant frequencies are also
function of piezoelectric coefficient trough the
piezoelectric coupling factor. To reduce errors coming
from these facts, we have retained the following
features:
- Only overtones modes of rank equal or higher to 3
are used.
- Only resonators with good trapping of the vibration
have been retained, the behaviour of which obeys
the model of Tiersten [11]
- The sensitivities of the frequencies of modes to the
elastic coefficients (partial derivatives with respect
to the independent elastic coefficients), necessary to
calculate the thermal sensitivities, are computed by
taking into account the trapping of vibration.
In addition the change of the cut angles of resonators of
arbitrary orientation with temperature is taken into
account by using the lagrangian description of the
vibration [ 12-14]. The use of this formalism offers also
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the advantage to simplify the computation of the
sensitivities of the frequencies of modes to the elastic
coefficients. So, in a first step, temperature sensitivities
of effective elastic coefficients used in this description,
are computed. Temperature sensitivities of usual
stiffness coefficients and compliances are then deduced
from the formers.
II. METHOD
In lagangian description [12], the stress-strain relations
are expressed as:

Pij = Gijkl ul , k

where effective elastic coefficients Gijkl introduced in
theses relations have the same values than usual elastic
coefficients but exhibit different thermal sensitivities.
Pij is the first Piola-Kirchoff stress tensor and the
derivatives of the mechanical displacement ul are with
respect to the coordinates of a material point referenced
at the room temperature.
The resonant frequencies of a contoured resonator are
given by [11 ]:
⎡
⎛
⎞⎤
⎟⎥
1 2 h 0 ⎜ M 'n
P 'n
2
f nmp
2
m
1
)
2
p
1
)
(
)
(
)
= f n2 ⎢1 +
+
+
+
⎜
⎟⎥
⎢
⎜
⎟
Ge
⎠⎦⎥
⎣⎢ nπ R 0 ⎝ G e
f n2 =

n 2 G e ⎛⎜
k2 ⎞
1− 8 α ⎟
⎜
⎟
4h 02 ρ0 ⎝
n 2 π2 ⎠

In this expression the dimensions (thickeness 2 ho and
radius of contour Ro) and mass per unit volume ρo are
those at the reference temperature To (room
temperature). Ge is the elastic coefficicient for the
propagation of a thickness mode along the direction
parallel to the normal of the resonator, and M‘n and P‘n
are dispersion constants which govern the trappping of
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the vibration in the resonator [11,15,16]. n is the
overtone number. M‘n, P‘n, as well as Ge, are functions
of the effective elastic coefficients, the orientation of the
resonator (angle Φ, θ) and the overtone number n.
fn is the resonant frequency for the infinite plate with
plane parallel faces. As stated in the introduction, since
the piezoelectric coefficients and their thermal
sensitivities of are not known with a good accurarcy, we
neglect the term in the bracket in the expression of fn
containing the coupling factot kα. In order to reduce the
error coming from this fact, we don‘t use fundamental
modes (n=1).
The effective elastic coefficients Gijkl have a lover
symmetry with respect to the indices than usual
coefficients [12,13]. When compressing the indices by
following the rule:
11 22

33 23 31 12

32 13 21

1

3

7

2

4

5

6

8

9

G11

G12

G13

G11
G13
− G14
0
0

G13
G33
0
0
0

− G14

G14

G17
0
0

− G17
0
0

0
0
0

G47
0
0

0
G44
0
0

G66 =

0

0

0
0
0
G55
G17

0
0
0
G17
G66

0
G 47
G17

0
G14
G66

G17

− G17
0
G47
0
0

G55
0
0

0

0

0
0
0
G 47
G14

0
0
0
G17
G66

0
G 44
G14

0
G14
G66

1
(G11 − G12 )
2

The coefficients of temperature
T ( n )G ij =

1 ∂ G ij ,

n! ∂ T

n = 1,2,3, are computed from the coefficients of
1 d f nmp
temperature T ( n ) f
of experimental
nmp =
n! d T
frequency temperature curves. For that, it is necessary to
compute numerically the partial derivatives M(n)ij of the
frequencies fnmp with respect to the elastic coefficients
Gij
If the T(n)f are stored in a vector Y, the T(n)Gij in a
second vector G and the M(n)ij in a matrix M, the
following relations hold:
Yi ( 1) = M ij( 1) G (j1)
Yi ( 2 ) = M ij( 1) G (j 2 ) +

1
( 2 ) ( 1) ( 1 )
M ijk
G j Gk
2

[

] [

]

T⎤
⎛
⎞
⎡
(1) T
• M (1) ⎟ • G (1) = ⎢ M (1) ⎥ • Y (1)
⎜ M
⎝
⎠
⎣
⎦

The higher order coefficients are then obtained
recursively.
Once the T(n)Gij known, the temperature sensitivity of
usual elastic coefficients are computed by using the
relations between the two families of coefficients [12].
These relations involve the thermal expansion
coefficients The values used are those in ref.[20]. In a
last step, the thermal sensitivities of compliances are
obtained by inverting the matrix.
III. LANGASITE

the resulting matrix is a 9 by 9 matrix:
G12
G13
G14
0
0

The numerical computation is done by using the values
of elastic coefficients in ref [17] for LGS and [18] for
LGT
Since the number of relations is greater than the
unknowns, the above system is solved by a least square
method [19]. The first order coefficients are directly
obtained by solving the system:

1
( 2 ) ( 1) ( 1 )
( 2 ) ( 1 ) ( 1) ( 1)
Yi ( 3 3 ) = M ij( 1) G (j 3 ) + M ijk
G j Gk +
M ijkl
G j Gk Gl
6

The annex I summarises the characteristics of resonators
and the experimental temperature coefficients of
frequencies.
3
⎛
⎞
f nmp (T ) = f nmp (T 0) ⎜ 1 + ∑ T ( j ) f ⎟
⎝
⎠
j =1
The modes are labelled by the family (A,B or C), the
overtone number n and the rank of anharmonic (m,p).
The orientations of resonators (Y,φ,θ) is according the
IEEE-std 176-1987 convention. The precision of
measurement of angles is within plus or minus 2’.The
reference temperature is To = 20°C. The thickness of
most of the resonators is about 800µm. For each
resonator the value is determined in order to obtain a
resonant frequency equal to the experimental value.
Crystals are supplied by FOMOS (Russia) except for the
resonators labelled S2 to S4 which are fabricated in a
crystal supplied by Saint-Gobain (France). No
significant changes have been observed for the thermal
behaviour of Y cut made from crystals of different
sources.
The lagrangian formalism allows to treat the problem of
thermal behaviour of a resonator without the use of the
thermal expansion coefficients. In this case we have to
determined the values of the 8 independent elastic
coefficients. ( instead of 6 elastic coefficients plus to
thermal expansion coefficients in classical formulation )
In the results given in this paper, we have only
considered 6 independent effective coefficients and
used to additional relations for the last two coefficients
[12].This way simplify the treatment but is submitted to
the reliability of values of thermal coefficients. We have
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IV. LANGATATE

checked that the removing a resonator from the data
base doesn’t change the standard error.
The temperature coefficients of effective elastic
coefficient, in lagrangian description, are summarised in
table I.
Only the first and second order are given because the
great variance of computed third order coefficients.
G11
G12
G13
G14
G17
G33
G44
G47
G55
G66

First order (in 10-6)
-50.5
514.3
-67.4
-347
-345
-94.0
-62.0
-60.4
-58.8
11.6

Second order(in 10-9)
-70.1
57.2
-59.9
213
216
-55.6
-72.0
-69.2
-66.3
-128

Table I Thermal sensitivities of Gij effective
coefficients for LGS
From the above data, temperature sensitivities of usual
elastic coefficients can be computed (Table II)
C11
C12
C13
C14
C33
C44
C66

First order (in 10-6)
-54.6
-104.6
-73.1
-351.0
-101.3
-66.1
7.51

Second order(in 10-9)
-72.3
-25.2
-64.9
212
-63.2
-74.2
-131

Table II Thermal sensitivities of Cij coefficients
for LGS
By inverting the matrix of elastic coefficients, we have
deducted the temperature sensitivities of compliances
(Table III)
S11
S12
S13
S14
S33
S44
S66

First order (in 10-6)
-31.0
-149
109
-355
110.0
3.91
-69.7

Second order(in 10-9)
167
281
62.3
492
71.8
148
205

Table III Thermal sensitivities of Sij compliances
for LGS
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Material has been supplied by FOMOS. The same
number of resonators has been initially fabricated than
for LGS. But instead of LGS case, we have found that
by removing certain resonators, the standard error is
significantly increased. So, we have not retained these
crystals. Finally the data base consists of 48 curves, a
number slightly inferior than for LGS ( 60 curves)
Temperature coefficients of effective elastic
coefficients, in lagrangian description, are summarised
in table IV.
-6

G11
G12
G13
G14
G17
G33
G44
G47
G55
G66

First order (in 10 )
-68.9
-135
-76.6
-394
-391

-109
23.6
25.9
28.2
20.7

-9

Second order(in 10 )
-74

-0.50
-92
286
285
-72.7
-195
-195.3
-195.5
-172

Table IV Thermal sensitivities of Gij effective
coefficients for LGT
The standard error resulting from the computation of
-6.
coefficients is in this case 0.9.10 , a value of the same
order of magnitude then for the LGS coefficients for
-6
which the standard error is 1.7 10 but with a slightly
higher number of data.
From the above data, temperature sensitivities of usual
elastic coefficients are computed (Table V)
-6

C11
C12
C13
C14
C33
C44
C66

First order (in 10 )

-72.7
-140
-82.6
-398
-117
19.8
16.8

-9

Second order(in 10 )

-79
-5.0
-96
282
-76
-200
-178

Table V Thermal sensitivities of Cij coefficients
for LGT
As for langasite, we have computed the temperature
sensitivities of compliances (Table VI)
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-6

S11
S12
S13
S14
S33
S44
S66

First order (in 10 )

-43.3
-209
151
-515
136
-101
-97.7

-9

Second order(in 10 )

231
428
29.2
827
70.2
318
296

Table VI Thermal sensitivities of Sij compliances
for LGT
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ANNEX I Experimental data for LGS
resonator
Y_1
Y_2
S2
S3
S3
S4
S4
S4
S4
S4
S4
S4
S4
S4
X_1
X_1
X_1
X_2
Y-60_1
Y-60_2
X+30_1
X+30_1
X+30_1
X+30_1
X+30_2
X+30_2
X+30_2
X+30_2
X+30_2
X+45_1
X+45_1
X+45_1
X+45_2
X+45_2
X+45_2
X+75_1
X+75_1
X+75_2
X+75_2
Y+15-45_1
Y+15-45_1
Y+15-45_1
Y+15-45_1
Y+15+30_1
Y+15+30_1
Y+15+30_1
Y+15-30_1
Y+15-30_1

30

φ
-1'
0
-1'30''
5'10''
5'10''
2'30''
2'30''
2'30''
2'30''
2'30''
2'30''
2'30''
2'30''
2'30''
-90°02'
-90°02'
-90°02'
-90°02'
-1'
0'
-89°58'
-89°58'
-89°58'
-89°58'
-89°58''
-89°58''
-89°58''
-89°58''
-89°58''
-90°01'
-90°01'
-90°01'
-89°59'
-89°59'
-89°59'
-90°01'
-90°01'
-90°02'
-90°02'
15°03'
15°03'
15°03'
15°03'
15°03'
15°03'
15°03'
15°01'
15°01'

θ
-1'
-1'
35''
20"
20"
-2'40''
-2'40''
-2'40''
-2'40''
-2'40''
-2'40''
-2'40''
-2'40''
-2'40''
3'
3'
3'
3'
-60°0
-60°0'
30°02'
30°02'
30°02'
30°02'
30°02'
30°02'
30°02'
30°02'
30°02'
45°00'
45°00'
45°00'
44°59'
44°59'
44°59'
75°00'
75°00'
75°00'
75°00'
-45°04'
-45°04'
-45°04'
-45°04'
29°59'
29°59'
29°59'
-30°00'
-30°00'

Ro (mm)
700
700
350
350
350
350
350
350
350
350
350
350
350
350
500
500
500
500
300
300
500
500
500
500
500
500
500
500
500
700
700
700
700
700
700
500
500
500
500
400
400
400
400
300
300
300
300
300

mode
C300
C300
C300
C300
C500
C300
C320
C302
C500
C502
C520
C700
C702
C720
A300
A320
A302
A300
C300
C300
C300
C500
A300
A500
C300
C500
A300
A500
A500
A300
C300
C500
C500
C300
A300
C300
C500
C300
C500
C300
B500
C700
A300
A300
B700
A500
C300
B500

fnmp (To) (Hz)
6970460
5341790
5493630
5459430
9044720
5424850
5459010
5478210
9045210
9094730
9117450
12657300
12710100
12740900
11212600
11288800
11327500
12019000
4751030
4741160
4978310
8292670
10749400
17827500
4973560
8284580
10740800
17726970
17726800
11272600
5081820
8463930
8606340
5167980
11438200
5624730
9362350
5663430
9426740
4716250
10340900
10955400
11647800
10628600
14573300
17678700
4646420
9724160

T(1)f
6,400E-06
6,200E-06
6,172E-06
3,135E-06
6,986E-06
5,968E-06
3,128E-06
5,858E-06
6,959E-06
7,009E-06
5,095E-06
6,588E-06
6,402E-06
3,264E-06
-2,459E-05
-2,374E-05
-2,563E-05
-2,478E-05
2,736E-05
2,701E-05
2,230E-06
1,331E-06
-3,057E-05
-3,488E-05
2,314E-06
1,408E-06
-3,157E-05
-3,600E-05
-3,597E-05
-3,524E-05
7,339E-06
3,927E-06
3,613E-06
4,364E-06
-3,694E-05
-5,006E-06
-5,199E-06
-4,999E-06
-5,201E-06
3,604E-05
-4,238E-05
3,774E-05
-4,144E-05
-2,254E-05
-4,282E-05
-2,207E-05
3,802E-05
-2,578E-05

T(2)f
-6,259E-08
-6,305E-08
-5,849E-08
-6,249E-08
-6,244E-08
-6,387E-08
-6,246E-08
-6,382E-08
-6,312E-08
-6,321E-08
-6,161E-08
-6,268E-08
-6,246E-08
-6,009E-08
-3,573E-08
-3,681E-08
-3,518E-08
-4,276E-08
-7,627E-08
-7,510E-08
-7,028E-08
-6,820E-08
-1,377E-08
-3,659E-08
-7,082E-08
-6,978E-08
-2,889E-08
-2,788E-08
-3,805E-08
-3,670E-08
-6,566E-08
-6,959E-08
-6,990E-08
-6,657E-08
-3,642E-08
-5,855E-08
-5,735E-08
-5,928E-08
-5,831E-08
-8,605E-08
-3,297E-08
-9,230E-08
-3,024E-08
-3,157E-08
-2,501E-08
-4,016E-08
-8,994E-08
-4,340E-08

T(3)f
9,64E-12
2,80E-11
2,23E-11
1,12E-11
3,24E-10
4,86E-11
4,54E-11
4,90E-11
4,96E-11
4,94E-11
4,75E-11
5,25E-11
5,17E-11
5,01E-11
-7,51E-12
-4,66E-12
-7,97E-12
-1,40E-12
-4,49E-11
-3,02E-11
4,14E-11
2,31E-11
-2,60E-10
-6,45E-11
4,06E-11
1,78E-11
7,39E-11
-9,82E-11
-7,84E-11
4,19E-11
-4,15E-13
4,32E-12
2,20E-11
-2,17E-13
2,25E-11
7,87E-12
6,27E-12
1,49E-11
1,88E-11
4,76E-12
6,05E-12
4,08E-11
1,49E-12
-5,01E-11
3,90E-11
1,39E-11
4,22E-11
1,89E-11
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Y+15-30_1
Y+15-30_1
Y+15-30_1
Y+15-45_2
Y+15-45_2
Y+15-45_2
Y+15-45_2
Y+15+30_2
Y+15+30_2
Y+15+30_2
Y+15-30_2
Y+15-30_2
Y+15-30_2

15°01'
15°01'
15°01'
15°00'
15°00'
15°00'
15°00'
15°04'
15°04'
15°04'
15°01'
15°01'
15°01'

-30°00'
-30°00'
-30°00'
-45°03'
-45°03'
-45°03'
-45°03'
29°59'
29°59'
29°59'
-30°01'
-30°01'
-30°01'

300
300
300
400
400
400
400
300
300
300
300
300
300

A300
B700
A500
A300
B500
C300
C700
A300
A500
B700
A300
B500
C300

11282300
13583900
18787800
11163360
10325400
4706510
10931400
10534500
17522100
14448300
11267500
9713190
4640060

-3,815E-05
-2,639E-05
-3,753E-05
-4,333E-05
-4,251E-05
3,691E-05
3,797E-05
-2,264E-05
-2,233E-05
-4,314E-05
-3,890E-05
-2,634E-05
3,870E-05

-3,285E-08
-4,352E-08
-2,499E-08
-2,407E-08
-2,455E-08
-1,383E-07
-9,906E-08
-2,848E-08
-4,159E-08
-3,070E-08
-2,883E-08
-4,103E-08
-1,003E-07

7,94E-12
1,52E-11
-5,64E-11
-2,83E-11
-3,31E-11
4,46E-10
1,04E-10
-1,60E-10
2,34E-12
-4,05E-11
3,76E-12
1,23E-11
9,68E-11

T(2)f
-8,391E-08
-8,481E-08
-8,666E-08
-8,365E-08
-8,373E-08
-8,281E-08
-8,532E-08
-8,445E-08
-8,618E-08
-8,315E-08
-8,528E-08
-8,491E-08
-8,536E-08
-3,727E-08
-3,099E-08
-2,345E-07
-1,855E-07
-1,709E-07
-1,697E-07
-1,750E-07
-2,626E-08
-4,008E-08
-3,274E-08
-3,854E-08
-4,172E-08
-1,017E-07
-5,086E-08
-1,007E-07
-4,819E-08
-1,916E-07
-1,737E-07
-2,858E-08
-4,372E-08
-1,735E-07

T(3)f
7,15E-11
7,76E-11
7,96E-11
7,42E-11
6,74E-11
6,59E-11
6,85E-11
7,95E-11
8,23E-11
7,69E-11
9,68E-11
9,58E-11
8,52E-11
1,33E-10
8,25E-11
5,85E-10
1,32E-10
-1,16E-11
-9,03E-11
-2,28E-11
-1,62E-12
8,18E-11
-4,64E-11
3,27E-11
8,13E-11
-2,48E-11
1,71E-10
6,84E-11
1,70E-10
5,65E-11
2,56E-10
-8,12E-12
4,59E-11
1,48E-10

ANNEX II Experimental data for LGT
resonator
T1
T1
T1
T1
T2
T2
T2
T2
T2
T2
T3
T3
T3
Y+45_1
Y+45_2
Y-45_1
Y-45_1
Y-45_2
Y-45_2
Y-45_2
X+0_1
X+0_1
X+0_1
X+0_2
X+0_2
X+30_1
X+30_1
X+30_2
X+30_2
Y+15-45_1
Y+15-45_1
Y+15-45_1
Y+15-45_1
Y+15-45_2

φ
-0°2'
-0°2'
-0°2'
-0°2'
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'
0°1'
0°1'
0°1'
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'
-90°5'
-90°5'
-90°5'
-90°5'
-90°5'
-90°2'
-90°2
-90°0'
-90°0'
15°1'
15°1'
15°1'
15°1'
14°59'

θ
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'
0°0'35''
0°0'35''
0°0'35''
45°0'
45°0'
45°0'
45°0'
45°0'
45°0'
45°0'
0°1'
0°1'
0°1'
0°1'
0°1'
30°7'
30°7'
30°7'
30°7'
-45°6'
-45°6'
-45°6'
-45°6'
-45°5'

Ro (mm)
500
500
500
500
500
500
500
500
500
500
500
500
500
300
300
300
300
300
300
300
500
500
500
500
500
500
500
500
500
300
300
300
300
300

mode
C300
C500
C502
C520
C300
C320
C302
C500
C502
C520
C300
C500
C502
C100
C100
C300
C300
C300
C500
C700
A300
A500
A500
A300
A500
C300
A300
C300
A300
C300
C700
A300
B500
C300

fnmp (To) (Hz)
5153610
8595270
8640280
8664760
5142740
5174040
5191620
8577090
8621660
8645000
5143100
8577890
8622130
1978850
1974690
4206070
4206020
4210820
6988170
9774040
10213600
17000200
16999800
10223000
17016600
4755790
10469500
4753280
10471100
4392230
10191500
11103900
9711240
4385140

T(1)f
9,727E-06
9,886E-06
1,095E-05
8,760E-06
9,713E-06
8,289E-06
1,082E-05
9,856E-06
1,089E-05
8,737E-06
9,740E-06
9,824E-06
1,083E-05
-3,621E-05
-3,595E-05
1,010E-04
9,796E-05
9,685E-05
9,667E-05
9,813E-05
-3,370E-05
-3,435E-05
-3,266E-05
-3,469E-05
-3,458E-05
2,211E-05
-3,016E-05
2,226E-05
-3,004E-05
7,742E-05
7,485E-05
-3,839E-05
-5,274E-05
6,682E-05
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Y+15-45_2
Y+15-45_2
Y+15-45_2
Y+15+30_1
Y+15+30_1
Y+15+30_1
Y+15+30_1
Y+15+30_1
Y+15+30_1
Y+15+30_2
Y+15+30_2
Y+15+30_2
Y+15+30_2
Y+15+30_2
Y+15-30_1
Y+15-30_1
Y+15-30_2
Y+15-30_2
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14°59'
14°59'
14°59'
14°58'
14°58'
14°58'
14°58'
14°58'
14°58'
14°58'
14°58'
14°58'
14°58'
14°58'
14°59'
14°59'
15°0'
15°0'

-45°5'
-45°5'
-45°5'
30°1'
30°1'
30°1'
30°1'
30°1'
30°1'
30°1'
30°1'
30°1'
30°1'
30°1'
-30°0'
-30°0'
-30°0'
-30°0'

300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300

C700
A300
B500
C500
C520
C502
A500
A520
A502
C500
C520
C502
A300
A500
C300
B500
C300
B500

10175400
11077500
9689740
8743640
8776990
8805620
16874500
16998400
17037200
8743580
8815620
8843120
10141800
16829000
4328930
9109340
4327110
9107130

7,450E-05
-3,839E-05
-5,264E-05
-1,569E-05
-1,230E-05
-1,578E-05
-1,818E-05
-1,865E-05
-1,942E-05
-1,553E-05
-1,229E-05
-1,537E-05
-1,816E-05
-1,776E-05
6,636E-05
-2,718E-05
6,619E-05
-2,730E-05

-1,752E-07
-2,759E-08
-3,931E-08
-6,196E-08
-6,566E-08
-6,128E-08
-6,266E-08
-6,198E-08
-6,154E-08
-5,730E-08
-6,245E-08
-6,929E-08
-5,751E-08
-8,308E-08
-1,669E-07
-5,326E-08
-1,671E-07
-5,326E-08

2,66E-10
-9,03E-12
6,71E-11
1,13E-10
9,79E-11
1,07E-10
1,22E-10
1,16E-10
1,18E-10
9,38E-11
7,49E-11
1,74E-10
3,52E-12
-4,84E-10
2,518E-10
3,14E-11
2,61E-10
3,33E-10
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Localization of acoustic bulk modes due to negative refraction in crystal resonators
A. V. Kozlov and V. G. Mozhaev
Faculty of Physics, Moscow State University, 119992 GSP-2, Moscow, Russia
*Electronic addresses: vgmozhaev@mail.ru and av_kozlov@inbox.ru

A new possibility is suggested in this paper to create crystal resonators of bulk acoustic
waves with focusing and mode localization due to negative refraction at a planar interface
between single-crystal layers. Local concavities of the slowness surface of crystals are
considered to be the reason for negative refraction. The parabolic equations are derived to
describe the spatial distribution of the focused fields. These equations correspond to: (i)
three bulk modes propagating close to the crystallographic axes in orthorhombic crystals,
(ii) pure shear mode propagating in the vicinity of the X-axis in orthorhombic piezoelectric
crystal of potassium niobate, (iii) radially polarized quasi-shear mode propagating nearly in
the direction of the Z-axis in hexagonal crystals. It is found that azimuthally symmetric
beams of quasi-shear waves in hexagonal crystals have a ring-like structure of the wave
field with zero radial displacement on the Z-axis, so there is no focusing on the beam axis
in this case. The solutions to the parabolic equations are then used to construct focused
modes of the travelling-wave type in periodic crystal layers and localized vibration in
layered crystal resonators. A unique feature of this type of focusing is the absence of a
fixed focusing axis in the uniform layered structures, that is, local and relatively long-lived
vibration might be excited at an arbitrary point on the surface of planar crystal resonators.
Therefore, such localized resonances could be used both as virtual keys for keyless
keyboards and as movable pixels for imaging in touchscreen panels and graphics sensors.

I. INTRODUCTION
The wave properties of media exhibiting negative
refraction of wave rays became one of the current
research topics in physics after publication of the paper
by Smith et al. in 2000 [1]. This paper reports about a
new composite medium with negative values of
effective permeability and permittivity that produces the
effect of negative refraction for electromagnetic waves.
The meaning of the term „negative refraction“ is
illustrated in Fig. 1.
One of the most exciting consequences of this effect is
that it offers a possibility of focusing the wave rays,
spreading from a point source, after their refraction at a
completely planar interface (Fig. 2).

Fig. 1. a) Normal and b) negative refraction of wave ray

Strongly anisotropic media, such as plasma [2], may
exhibit negative refraction for electromagnetic waves
because of local concavities in the slowness surface,
that is, due to anisotropy, rather than negative values of
permeability and permittivity. By analogy with the case
of plasma, Mason suggested in 1973 [3] that acoustic
waves might be focused using negative refraction in
crystals with a local concavity in the acoustic slowness
surface. This suggestion was made in one of the
concluding sentences of paper [3], and it seems that
other researchers did not notice it. So the first study of
such kind of focusing was done only recently in
theoretical paper [4]. The results of paper [4] were
obtained using a ray approximation to the focused field
and finite element method and they are restricted by the

Fig. 2. Focusing due to negative refraction
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wave field distribution on the focusing axis only. In the
present study the same and similar problems are treated
using another approach based on the parabolic equation
that allows us to describe analytically the full 3dimensional structure of the focused fields. Such
analytical description serves as a basis for
understanding the polarization features and restrictions
of this focusing effect. The solution to anisotropic
parabolic equation derived in the present study is then
used to construct new spatially localized acoustic modes
in a periodic multi-layered structure, containing crystal
layers with negative refraction. Analysis of the
wavefront shape for these modes reveals an opportunity
to create layered crystal resonators for bulk acoustic
waves with focusing and mode localization due to
negative refraction at the interfaces between crystal
layers. This makes possible new and promising practical
applications of both the phenomenon of negative
refraction itself and acoustic crystal resonators of the
suggested type.
II. PARAXIAL WAVE EQUATIONS AND
PARABOLIC EQUATIONS
The method of parabolic equation is widely used for
solving various wave problems. Nevertheless, as it
follows from the analysis of the literature, this method
was previously applied to acoustics of crystals only in
the case of quasi-longitudinal waves [5]. However, the
waves of transverse or quasi-transverse polarization are
of particular interest for the wave focusing due to
negative refraction, since namely for these waves the
needed concavities in the acoustic slowness surface are
quite common for anisotropic solids. The following is a
simple procedure suggested by us to derive approximate
paraxial wave equations and parabolic equations
applicable to waves of both mentioned polarizations.
The procedure is outlined here in the case of wave
propagation in the vicinity of the crystallographic axes
in orthorhombic and hexagonal crystals although there
is no principal restriction for its extension to the lower
symmetries. The equations of motion for orthorhombic
crystals are of the form

ρ u&&1 = c11

∂ 2 u1

ρ u&&2 = c 66

∂ 2u2
∂x

+ c 22

∂x 22

+ c 55

∂ 2 u1

∂ 2u2

∂ 2u2

+

∂x
∂ 2u3
∂ u1
+ (c12 + c 66 )
+ (c 23 + c 44 )
, (2)
∂x1 ∂x 2
∂x 2 ∂x 3
2
1

2
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∂x

+ c 44

2
2

2
3

∂ 2u3
∂x12

+ c 44

∂ 2u3
∂x 22

+ c 33

∂ 2u3

+
∂x 32
∂ 2 u1
∂ 2u2
+ (c13 + c 55 )
+ (c 23 + c 44 )
. (3)
∂x1 ∂x 3
∂x 2 ∂x 3
Here ρ is the mass density of the crystal, c I J are the
elastic constants ( I , J = 1 ÷ 6 ), u i are the particle
displacement components
consider quasi-shear waves
of the Z axis and polarized
axis. This means that u1

( i = 1 ÷ 3 ). Let us first
propagating in the vicinity
predominantly along the X
is the main displacement

component. The minor displacement components u 2
and u 3 , as well as the derivatives of displacements with
respect to the x1 and x 2 coordinates, are assumed to be
proportional to a small parameter ε . With these
assumptions, one can consider that all displacement
components obey the following approximate relation

ρ u&&i ≈ c 55

∂ 2ui
∂x 32

.

(4)

Let us now estimate the order of different terms in Eq.
(1) with respect to the small parameter ε . The term
containing the displacement u 2 is of the third order in
ε , and so it should be ignored in the parabolic
approximation. The term containing the displacement
u 3 is of the second order in ε . Since this term includes
the minor derivative with respect to the x1 coordinate,
the displacement u 3 in this term may be expressed via

u1 ignoring the corrections of higher than the first order
in ε . To find this relation, the left-hand side of Eq. (3)
is replaced by Eq. (4), and two first terms and the last
one in the right-hand side of Eq. (3) are omitted as terms
of higher order in ε than the remaining ones.
Integrating the resulting equation over x 3 gives

c55

+
∂x 32
∂ 2u3
∂ 2u2
+ (c12 + c 66 )
+ (c13 + c 55 )
, (1)
∂x1 ∂x 2
∂x1 ∂x 3
∂x12

+ c 66

∂ 2 u1

ρ u&&3 = c 55

∂u
∂u 3
∂u
≈ c33 3 + (c13 + c55 ) 1 .
∂x1
∂x3
∂x3

(5)

The constant of integration is equal to zero due to
vanishing of waves in the far field of the source.
Substituting Eq. (5) into Eq. (1) with omitted term
containing component u 2 results in the following
paraxial wave equation

ρ u&&i = C1

∂ 2 ui
∂ 2ui
∂ 2ui
. (6)
+
C
+
C
3
2
∂x12
∂x 22
∂x32

The variables involved in Eq. (6) are defined below.
The same procedure, applied to the other acoustic
modes propagating in the vicinity of the Z axis and to
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the other propagation directions close to the
crystallographic axes, leads to the same paraxial wave
equation, Eq. (6), but with other expressions for the
involved coefficients. Summary results are the
following.
Case 1. Quasi-shear waves polarized nearly along the
X-axis, propagation in the vicinity of the Z-axis:

C1 = c11 − (c13 + c 55 ) 2 /(c 33 − c 55 ) ,
C 2 = c 66 , C 3 = c 55 , u i = u1 .
Case 2. Quasi-shear waves polarized nearly along the
Y-axis, propagation in the vicinity of the Z-axis:

С1 = с 66 , С 2 = с 22 − (с 23 + с 44 ) 2 /(с 33 − с 44 ) ,
C 3 = c 44 , u i = u 2 .
Case 3. Quasi-longitudinal waves propagating in the
vicinity of the Z-axis:

С1 = с55 + (с13 + с55 ) 2 /(с33 − с55 ) ,
С 2 = с 44 + (с 23 + с 44 ) /(с 33 − с 44 ) ,
С 3 = с 33 , u i = u 3 .
2

Case 4. Quasi-shear waves polarized nearly along the
X-axis, propagation in the vicinity of the Y-axis:

С1 = с11 − (с12 + с 66 ) 2 /(с 22 − с 66 ) ,
С 2 = с66 , С 3 = с55 , u i = u1 .
Case 5. Quasi-longitudinal waves propagating in the
vicinity of the Y-axis:

С1 = с 66 + (с12 + с 66 ) 2 /(с 22 − с 66 ) ,
С 2 = с 22 , u i = u 2 ,
С 3 = с 44 + (с 23 + с 44 ) 2 /(с 22 − с 44 ) .
Case 6. Quasi-shear waves polarized nearly along the Zaxis, propagation in the vicinity of the Y-axis:
С1 = с 55 , С 2 = с 44 , u i = u 3 ,

C 3 = c 33 − (c 23 + c 44 ) 2 /(c 22 − c 44 ) .
Case 7. Quasi-longitudinal waves propagating in the
vicinity of the X-axis:
С1 = с11 , u i = u1 ,

С 2 = с 66 + (с12 + с 66 ) 2 /(с11 − с 66 ) ,
С 3 = с 55 + (с13 + с 55 ) 2 /(с11 − с 55 ) .
Case 8. Quasi-shear waves polarized nearly along the
Y-axis, propagation in the vicinity of the X-axis:

С1 = с 66 , С 2 = с 22 − (с12 + с 66 ) 2 /(с11 − с 66 ) ,
С 3 = с 44 , u i = u 2 .
Case 9. Quasi-shear waves polarized nearly along the Zaxis, propagation in the vicinity of the X-axis:
C1 = c 55 , C 2 = c 44 , u i = u 3 ,

C 3 = c 33 − (c13 + c 55 ) 2 /(c11 − c 55 ) .
In isotropic limit C1 = C 2 = C 3 = λ + 2 µ for
longitudinal waves, and C1 = C 2 = C 3 = µ for shear
waves, where λ and µ are the Lame constants. The
anisotropy can make one of the coefficients С i to be
negative. The change of sign of such coefficients
coincides with a transition from convex contours of the
slowness surface to concave ones in the cross-sections
by the proper planes. Although such a transition has a
threshold with respect to the strength of elastic
anisotropy, this does not impose strong restrictions on
the search for crystals with required properties. There
are many crystals applicable in practice, which have
concavities in the acoustic slowness surface. Three
examples of them are given in the next section.
Search for solutions to Eq. (6) in the form of a wave
beam propagating along the x3 -axis

u i = A( x1 , x 2 , x3 ) exp(ikx3 − iω t) ,
k 2 = ρω 2 / C 3 , and the assumption that
amplitude A is a slowly varying function of the x3 where

coordinate, that allows us to neglect its second
x3 derivative, leads to the following parabolic equation

∂2 A
∂2 A
∂A
+
+ 2C 3 ik
= 0,
(7)
C
2
2
2
∂x3
∂x1
∂x 2
If the coefficients C1 and C 2 are equal to each other,
C1

Eq. (7) is reduced to a simpler form

α ∆ ⊥ A + 2ik∂A / ∂x3 = 0 ,

(8)

where

1 ∂2
∂2
∂2
∂2 1 ∂
∆⊥ = 2 + 2 = 2 +
+
,
r ∂r r 2 ∂φ 2
∂x1 ∂x 2 ∂r
r = x12 + x 22 , tan φ = x2 / x1 , α = C1 / C3 . The
same transformation of Eq. (7) to Eq. (8) in the case of
different values of coefficients C1 and C 2 may be
done by a change of the scale of the transverse
coordinates x1 , x 2 .
The remarkable property of the parabolic equation is the
existence of its simple analytic solutions describing 3dimensional structure of the wave beams. These are
Hermite-Gaussian beams defined in Cartesian
coordinates and Laguerre-Gaussian beams defined in
cylindrical coordinates. The simplest known solution to
Eq. (8) is a Gaussian beam

35

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

A=



A(0)
r2
exp − 2
,
(1 + iD )
 a (1 + iD ) 

(9)

D = 2α x3 /(ka 2 ) , A(0) and a are arbitrary
parameters, A(0) determines the wave amplitude, a

where

determines the minimum width of the wave beam which
occurs at the point x3 = 0 . This point is a focus for the
beams described by Eq. (9) and so the parameter a
determines the transverse size of the focus spot. In
contrast to the known expression, coefficient α in D
is not equal to 1. This results in the following surprizing
feature of wave properties, when α becomes negative.
In this case the beams with convex wavefronts are
convergent rather than spreading as in the common
isotropic or quasi-isotropic case and vice versa for the
beams with concave wavefronts. This unusual property
takes place in the sectors of wave vectors in which the
slowness surface is concave. The layered structures
consisting from combination of alternating planar
crystal layers with concave and convex parts of the
slowness surfaces near the normal to the layers’
interfaces, as shown in sections VI and VII, may
support new spatially localized acoustic modes and
vibrations.

Fig. 3. Slowness S in the XZ-plane for zinc crystal

III. CONCAVE SLOWNESS SURFACES
To attain the correct focusing of rays, propagating from
a point source, one needs to use a planar lens with
transverse isotropy in the plane of its surface. Plates of
hexagonal crystals with Z axis normal to the surface
possess such a property. The acoustic slowness surface
for a hexagonal crystal can be concave in the vicinity of
the Z axis, but only for quasi-shear waves. This is the
case, in particular, for zinc crystal, in which the
focusing due to negative refraction was studied in paper
[4]. Fig. 3 shows the cross-section of the slowness
surface for the quasi-shear waves in the XZ plane of this
crystal. The values of elastic constants used to calculate
this curve are the same as given in [4].
The useful property of the slowness surface is that its
normal coincides with direction of the group velocity.
The surface of the group velocities V g , that is, the wave
surface, which shows the form of the wavefronts
radiated from a point source, is calculated from Fig. 3
on the basis of indicated property. The results of
calculations are presented in Fig. 4.
The focusing effect via anisotropic negative refraction
may occur only for concave parts of the acoustic
slowness surface. Such concavities in zinc crystal,
according to Fig. 4, are located in a cone of ray angles
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Fig. 4. Cross-section of the wave surface in the
XZ-plane for zinc crystal

± 30ο from the Z axis and in an annular sector of
ο
ray angles about ± 5 from the plane perpendicular to

about

the Z axis. These ranges determine the maximum size of
the angular aperture of the planar lenses from zinc
crystal.
The slowness curves for pure shear waves in
nonpiezoelectic crystals are elliptic and so they are
always convex. Piezoelectricity deforms these contours
and, in principle, it can produce concavities but only in
an exceptional case of extremely strong piezoelectrics.
The calculation of the slowness curve presented in Fig.
5 shows that crystals of potassium niobate have such an
unusual property. This demonstrates an opportunity to
achieve the focusing effect due to negative refraction for
pure shear waves in similar superstrong piezoelectric
crystals.
The cross-section of the wave surface corresponding to
the slowness curve for pure shear waves in Fig. 5 is
given in Fig. 6. The values of material constants of
potassium niobate for these calculations are taken from
Ref. [6].
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where

u = u 3 , ϕ is the electric potential, eiJ are the

piezoelectric constants,

ε

ij

are the permittivities. For

the X-propagation these equations give

ρ u&& = (c55 + e312 / ε 11 )

∂ 2u
,
∂x12

ϕ = (e31 / ε 11 )u .

Fig. 5. Slowness curves in the XY-plane for potassium
niobate crystal

(12)
(13)

In the case of small deviations of the propagation
direction from the X-axis, there is a single small
parameter in Eqs. (10)-(11) corresponding to the second
derivative with respect to the x 2 -coordinate. The
estimation of order of different terms in Eqs. (10)-(11)
with respect to the mentioned small parameter allows us
to suggest the following procedure to derive the paraxial
wave equation in this case. The last term in Eq. (10) can
be replaced using Eq. (13). In order to transform the
remaining term with electrical potential in Eq. (10), it is
necessary to find an extension of Eq. (13) to include the
effects of small parameter. For that, it is sufficient to
replace the term ε 22ϕ in Eq. (11) using Eq. (13) and
then to find the required relation between ϕ and u

ε 11

∂ 2ϕ
∂ 2u
∂ 2u
(
)
ε
/
ε
.
=
e
+
e
−
e
32
31 22
11
31
∂x12
∂x12
∂x 22

Using this relation, one can find the proper paraxial
wave equation

ρ u&& = C1

Fig. 6. Cross-section of the wave surface in the
XY-plane for potassium niobate crystal
The concavities in the slowness curve for pure shear
waves in potassium niobate are solely the result of
influence of piezoelectricity, but the piezoelectric effect
is not taken into account in the derivation of the paraxial
wave equation and parabolic equation presented in the
previous section. Therefore, in the next section the
procedure described above is extended to the case of
pure shear waves in orthorhombic piezoelectric crystals
of 2mm class, to which potassium niobate belongs.
IV. PIEZOELECTRIC SHEAR WAVES
The equation of motion and the Laplace equation for
pure shear waves in piezoelectric orthorhombic crystals
of 2 mm class are the following:

ρ u&& =

∂ 2 (c55 u + e31ϕ ) ∂ 2 (c 44 u + e32ϕ )
, (10)
+
∂x12
∂x 22

∂ 2 (ε 11ϕ − e31u ) ∂ 2 (ε 22ϕ − e32 u )
+
= 0 , (11)
∂x12
∂x 22

where

∂ 2u
∂ 2u
,
+
C
2
∂x12
∂x 22

(14)

2
C1 = c55 + e31
/ ε 11 ,
2
C 2 = c 44 + 2e31e32 / ε 11 − ε 22 e31
/ ε 112 .

Then using Eq. (14), it is easy to derive a 2-dimensional
(2D) parabolic equation similar to Eq. (8) with
α = С 2 / С1 to describe 2D focusing of pure shear
waves propagating in the vicinity of the X-axis. For
potassium niobate crystal α = −7.63 .
V. HEXAGONAL CRYSTALS
The procedure described above is not applicable directly
to the case of wave propagation in the vicinity of
acoustic axes of crystals. The problem in this case is to
select correctly the proper sheet of the slowness surface
among two contacting sheets in the direction of acoustic
axis. Another problem, as shown further in this section,
might be to determine the correct variable of the wave
field to describe the spatial distribution of the focused
beams. To solve these problems, it is convenient to use
cylindrical coordinates. The equations of motion for
hexagonal crystals in these coordinates in the
axisymmetric case are [7]:
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∂ 1 ∂
(ru r ) +

∂r  r ∂r

2
∂ ur
∂ 2u z
(
)
, (15)
+ c 44
+ c13 + c 44
∂r∂z
∂z 2
∂ 2u z
1 ∂  ∂u z 
ρ u&&z = c 44
+
+
r
c
33
r ∂r  ∂r 
∂z 2
∂ 1 ∂
(ru r ) . (16)
+ (c13 + c 44 ) 
∂z  r ∂r


ρ u&&r = c11

The uncoupled equation for pure shear waves polarized
along the angular coordinate φ is not used here, since
the slowness surface for these waves has no concavities.
Using the same arguments as above, the left-hand side
of Eq. (16) is replaced by c 44 ∂ u z / ∂z , and the first
term in the right-hand side of Eq. (16) is ignored. The
resulting equation after integration over z becomes
2

2

(c + c 44 ) 1 ∂
∂u z
(ru ) .
= − 13
(c 33 − c 44 ) r ∂r r
∂z

(17)

Substituting Eq. (17) into Eq. (15) gives

∂ 2ur
∂ 1 ∂

(
)
ru
+
C
, (18)
r 
z
∂r  r ∂r
∂z 2

C r = c11 − (c13 + c 44 ) 2 /(c 33 − c 44 ) , C z = c 44 .

ρ u&&r = C r

The expansions of solutions to the relevant secular
equations for plane bulk acoustic waves in a power
series in a small angle of deviation from the basic
directions give the same expressions for the angular
dependences of the wave vectors as those following
from Eqs. (6), (14), and (18). This agreement confirms
the correctness of the derived equations. However, such
an expansion does not give a reliable specification of
the wave functions to be used as amplitudes in the
parabolic equations in contrast to the present approach.
The present approach leads to the following. By the
change of variables
u r = (∂A / ∂r ) exp(ikx3 − iω t ) ,
(19)

= ρ ω 2 / c 44 , x3 = z , and α = C r / C z ,
(for zinc crystal α = − 4.63 ), Eq. (18) is reduced to

where k

along the axis of transverse isotropy in hexagonal
crystals should have a null at any point on the beam
axis. As illustration of this property, the Gaussian beam
profile and its radial derivative are represented in Fig. 7.
The Gaussian profile shown in this figure may
correspond to the distribution of shear displacements in
the beams of quasi-shear waves focused in 2
dimensions, while its transverse derivative shown in the
same figure describes the profile of radial displacements
for axisymmetric zero-order beam of quasi-shear waves,
that coresponds to focusing in 3D case. The revealed
property of zero radial displacement at the center of the
beams is easy to understand with the aid of Fig. 8a.
This figure shows how radial displacements might be
distributed in the cross-section of the axisymetric beam.
It is clear from this figure that non-zero radial
displacements at the center would produce the violation
of continuity of the solid medium and so they are
impossible in this kind of beams.

2

Eq. (8). Thus, it turns out that the radial gradient of the
solution to the axisymmetric parabolic equation
determines the amplitude distribution of radial
displacements in the axisymmetric beams. Hence, there
is no focusing of radial displacements on the axis of
beams under consideration. Indeed, the solutions to Eq.
(8) are axisymmetric Laguerre-Gaussian beams [8] with
amplitude maximum on the axis. The radial derivative
for such field distribution is equal to zero at the center
of beams. Therefore, the radial displacement in the
axisymmetric beams of quasi-shear waves propagating
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a)
b)
Fig. 7. Profiles of beams in hexagonal crystals:
a) Gaussian beam in 2D case,
b) axisymmetric zero-order beam

a)
b)
Fig. 8. Axisymmetric zero-order beam in hexagonal
crystals: a) transverse structure of radial
displacements, b) profile of intensity
The intensity profile at the focus is proportional to the
square of the radial displacement amplitude, shown in
Fig. 8b for the studied axisymmetric beam. It follows
from the figure that the cross-section of the intensity
profile in this case looks like a ring with zero on the
beam axis. Although the focusing on the beam axis (that
is, focusing with respect to the main radial
displacement) is impossible in the case of axisymmetric
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beams, nevertheless, it becomes admissible if the beams
have no axial symmetry.
VI. LENS MODES OF PERIODIC LAYERS
It is known that spatially localized traveling-wave-type
modes can arise in a periodic array of lenses due to
alternating focusing and spreading of wave beams. One
would expect that a similar phenomenon might occur in
a periodic system of two alternating layers with negative
refraction at their interfaces. In this section, the
solutions to the parabolic equations in the form of Eq.
(9) are used to explore such a possibility. For simplicity
let us consider a 2D case. In this case r in Eq. (9) is
replaced by one of Cartesian coordinates, say x . To
describe the wave fields in the layers using Eq. (9), it is
necessary to distinguish the parameters A(0) , a and

k involved in this equation for every layer. This is
done using subscripts 1 and 2 on these parameters.
Besides, it is necessary that a focus of wave energy is
located in every layer (Fig. 9). In order to satisfy the last
requirement, it is sufficient to replace x3 by z − f n in

Eq. (9), where z is a coordinate normal to the interface
between the layers, f n is the position of focus in the
layer with number n , n is the individual number of the
layers.

Fig. 9. Spatial distribution of the wave fields for a
localized mode in two periodically alternating layers
An approximate solution to the problem may be found
imposing the boundary conditions only on the dominant
displacement component. Then it is sufficient to use the
following two conditions. One of them is the continuity
of the displacement at the interface between two
adjacent layers, say at z = z 2 . The other one following
from the periodicity of the structure is the coincidence
of the wave field distributions on the outer boundaries
of two adjacent layers, i.e. at z = z1 and z = z 3 for
layers with the mutual boundary at z = z 2 . These
distributions are to be equivalent to within a constant
factor, equal to the product of two transmission

coefficients into these layers. At first, the dependences
of transmission coefficients on the angle of incidence
are ignored. Note that the deviation of the coefficients
from unity is a measure of loss for the studied localized
mode.
The formulated boundary conditions are fulfilled
everywhere on the boundary planes only in the case
when the arguments of the exponentials, corresponding
to the wave fields in different layers, coincide with each
other. This gives a1 = a 2 and

α 1 ( z 2 − f 1 ) / k1 = α 2 ( z 2 − f 2 ) / k 2 ,
α 1( z1 − f1 ) / k1 = α 2 ( z 3 − f 2 ) / k 2 .

(20)
(21)

Subtracting Eq. (21) from Eq. (20) results in

d1 / d 2 = −α 2 k1 /(α 1 k 2 ) ,
(22)
where d 1 = z 2 − z1 and d 2 = z 3 − z 2 are the

thicknesses of the layers. Eq. (22) is the condition for
the existence of localized modes of the travelling-wave
type in periodic crystal layers. It shows that the
coefficients α 1 and α 2 must be of different signs, that
is, the slowness curve in the plane of Fig. 9 for one of
two alternating layers should be concave while for the
other layer it should be convex. The ratio of the
thicknesses of the layers is not arbitrary but is instead
circumscribed by Eq. (22). The account, in parabolic
approximation, of the angular dependences of the
transmission coefficients leads to a small shift in value
of the thickness ratio defined by Eq. (22).
In the 2D focusing case under study, it is sufficient to
use only two alternating layers with parameters
prescribed by Eq. (22). In the case of 3D focusing by
alternating layers which have no transverse isotropy, an
additional third layer is required to correct the
difference in curvature ratios in orthogonal directions
on the slowness surfaces. This difference is present
because there is no correlation between these ratios for
different crystals used as layers.
VII. LOCALIZED RESONANCES
The solution for the localized mode in the layered
structure considered in the previous section describes
the wave beams with curved wavefronts in general case.
The wavefronts become planar in the plane of minimal
beamwidth. It means that a reflective surface in this
plane would produce reflected beams without distortion
of their structure. We suggest using this property to
create a resonator with spatially localized acoustic
modes. It follows from Eq. (20) that the thickness ratio
of the layers required for the mode localization in 2layer resonator is the same as that given by Eq. (22) for
the periodic layered structure but with a different
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definition

of

layer

thicknesses

~
d1

~
~
d1 = ( z 2 − f1 ) and d 2 = ( f 2 − z 2 ) .

and

~
d2 :

The spatial localization of vibrations due to focusing, as
it is known, can occur in plano-concave resonators.
However, the localization region of vibrations in such
resonators is fixed by the design geometry and so it is
unchangeable in the case of custom-made devices. A
unique feature of the type of focusing studied in the
present work is the absence of a fixed focusing axis in
the uniform layered structures, that is, local and longlived vibration might be excited at an arbitrary point on
the surface of planar crystal resonators. For that, it is
necessary to create a spatial distribution of exciting
forces on the surface corresponding to the desired
location of an excited resonant mode. The arbitrary
mode localization allows us to consider this layered
structure as a possible matrix for creation of arrays of
uncoupled or weakly coupled resonators (Fig. 10). Such
arrays may serve as sensors for measuring various
parameters and they may be used for 2D imaging of
spatial distribution of these parameters. In particular, the
arrays of localized resonances under discussion could be
used both as virtual keys for keyless keyboards and as
movable pixels for imaging in touchscreen panels and
graphics sensors. The excitation of such pixel
resonances might be done using various scanning
methods, in particular, laser beams or external electric
or magnetic fields.
Besides these new opportunities, the advantage of the
planar resonators is that they employ fabrication
techniques, which are more suitable for mass production
than those used for plano-convex resonators. On the
other hand, the energy losses due to reflections at the
interface of layers decrease the quality factor of the

layered resonators. Obviously, this is a disadvantage in
applications, for which high-quality-factor resonators
are required. However, if the losses are not too high,
they have no importance for the mentioned possible
applications, related to the use of resonances with not so
long lifetime. Thus, the suggested layered crystal
resonators possess a unique property of free
displacement of the region of excited localized
resonances that offers new opportunities of their
applications, which are absent for resonators of the
previously known types.
VIII. CONCLUSIONS
The results of this study may be summarized as follows:
1. Parabolic equations are derived for quasi-shear and
quasi-longitudinal acoustic waves in hexagonal and
orthorhombic crystals. These equations are applicable to
describe the effects of negative refraction due to local
concavity in the slowness surface.
2. Analysis of the parabolic equation shows that
efficient 3D focusing due to negative refraction is
impossible in hexagonal crystals because of polarization
restrictions. However, ring-like beams may occur in
such crystals.
3. Solution to the parabolic equation is used to construct
localized acoustic modes in periodic layered structure
including crystal layers with negative refraction. The
thickness ratio of the layers required for the mode
localization is determined.
4. A new possibility is suggested to create crystal
resonators of bulk acoustic waves with focusing and
mode localization due to negative refraction at a planar
interface between single-crystal layers. A unique feature
of this type of focusing is that the focusing axis is
defined by the source of mode excitation rather than the
geometry of the structure. Therefore these resonances
may be used as movable pixels in imaging for
touchscreen panels and graphics sensors.
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1

The results of the experimental investigations of the mass-loading effect and the influence
of the thermal treatment and of the crystal plates finishing degree on the electrical
parameters of AT-cut GaPO4 resonators are presented. A comparison of these results with
the results obtained previously for AT-cut quartz and Y-cut langasite resonators is
performed. The conclusion of this study is that the mass-loading influence on the AT-cut
GaPO4 resonator characteristics is much smaller than that of the AT-cut quartz resonators,
being almost the same as that of Y-cut langasite resonators.

I. INTRODUCTION
Many applications domains of piezoelectric devices are
now requiring new characteristics for these devices to
enhance the achievable system performances or simply
to allow the implementation of new systems. Among
them the most important are the recent and the future
land mobile and space digital radio-communication
systems. They require filtering devices with much
larger bandwidth and increased centre frequencies i. e.
resonators with larger coupling coefficient and better
thermal stabilities. For these applications, a drastic
reduction of the volume of the devices allowing the
decrease of the equipments size is desirable [1].
The new piezoelectric materials of class 32 have very
interesting complementary properties that can cover a
very broad range of applications for frequency
generation and filtering. The new materials belonging
to this crystal class can surpass quartz for all the
applications requiring a high coupling coefficient, and
for many other applications demanding a new level of
performances regarding other characteristics (lower
losses or reduced phase noise, much reduced
dimensions, lower impedance level, high temperature
operations, etc.). They are particularly adapted for
filtering
and
frequency
generation
in
telecommunication equipments which requires a high
performance level.
Among these new materials, Gallium Phosphate
(GaPO4), due to its properties, is a promising
piezoelectric material for high tech applications such as
high temperature pressure sensors, viscosimeters,
microbalances for chemical sensors, etc. [2]. GaPO4 [1]
has a structure similar to α-quartz and presents
improved physical properties compared with the quartz
crystal. It belongs to point group 32 and its structure is
homeotypic to quartz, the silicon atoms from SiO2
being replaced alternately with phosphorus and
gallium. Since there is no α-β phase transition, GaPO4
can be used up to 970ºC. At this temperature occurs a

phase transition to a cristobalite-like structure. The
GaPO4 crystal extends at high temperatures the good
properties of the quartz for sensor applications (no
pyroelectric effect, high insulation resistance). The high
density of this material (3570 kg/m3) leads to a lower
acoustic velocity and, thus, to a lower thickness of a
resonator working at the same frequency. The high
piezoelectric coefficient (double, compared to quartz)
leads to a higher electromechanical coupling coefficient
of GaPO4 resonators with better results in SAW and
BAW devices. First measurements on GaPO4
resonators were published 1989, and due to the poor
material quality the results were modest. Since then,
much effort has been done to improve the material
quality and the manufacture process of the GaPO4
resonators.
In the last time, the resonators suitable for BAW filters
and oscillators, in the form of the rotated Y-cuts
vibrating in the thickness-shear mode, have similar
properties as the quartz resonators [3,4,5].
Previous investigations of the mass-loading effect in
thickness-shear AT-cut quartz and Y-cut langasite
resonators have shown that the resonators characteristics
are influenced by the electrodes due to the nonuniformity of the vibration motion in the electrodes area
[6,7]. The study of the mass-loading effect on the
electrical characteristics of resonators is based on the
Ballato’s transmission-line analogs of the trapped-energy
resonators vibrating in thickness-shear mode, that can
evidence the electrical parameters behavior on
fundamental frequency and harmonics [8,9,10].
As suggested in [10], the non-uniform distribution of
motion is associated with the coupling of the thicknessshear and the thickness-twist modes, as well with the
stress at the interface electrodes-piezoelectric substrate.
In order to take into account the non-uniform distribution
of motion found in practice for the plate resonators, a
correction of the mass-loading and coupling coefficient
relations was performed [10] using the Tiersten’s
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analysis [11] of the trapped-energy resonators vibrating
in coupled thickness-shear and thickness-twist modes.
The experimental results regarding mass-loading effects
on quartz resonator characteristics [12,13] pointed out
that the harmonic dependence of the motional inductance
for large thickness of electrodes, small electrode
diameters and high frequencies could be ascribed to
stress effects. In the case of small electrode thickness,
large electrode diameter and low frequencies, the
inductance behavior could be explained by the coupling
of thickness-shear with thickness-twist modes.
Experimental investigations of the mass-loading effect
on plan-parallel Y-cut langasite resonators, with various
electrode diameters and thickness, were performed
[14,15]. The comparison between the results of the
measurements on AT-cut quartz and Y-cut langasite
resonators has shown that the maximum variation of the
effective mass-loading, effective coupling coefficient
and motional inductance with overtones are significantly
lower for Y-cut langasite resonators than for AT-cut
quartz resonators.
In this paper are performed investigation of the massloading effect on electrical parameters of AT-cut GaPO4
resonators and the influence of the thermal treatment and
finishing degree of the plates on harmonic dependence of
electrical characteristics. A comparison of the results
with those previously obtained for Y-cut langasite
resonators and AT-cut quartz resonators is given.
II. EXPERIMENTAL
Plan-parallel GaPO4 AT-cut (Y-15.50) blanks of 14mm
diameter and 5MHz fundamental resonant frequency,
prepared from crystal grown by hydrothermal method in
Piezocryst Advanced Sensorics, Graz, Austria, have
been used in experiments. Four groups of GaPO4 plates
have been investigated: a) lapped (NN); b) polished
(PN); c) lapped and thermal treated (NT); d) polished
and thermal treated (PT). The crystal plates were lapped
with abrasive powder A12O3 (grain size 1μm) and part of
them were polished using polishing pads. The thermal
treatment of the samples was realized for 10 hours at
370ºC and a slow cooling down (9 hours). Ag electrodes
with 7mm diameter and 80, 150, 200nm thicknesses
have been deposited on the blanks by vacuum
evaporation.
The resonance and anti-resonance frequencies and series
resistances of the resonators function of the fundamental,
3rd, 5th and 7th overtones have been measured after every
two pairs of electrode depositions. Using the relations
for transmission-line equivalent electrical circuit of the
resonator vibrating in thickness-shear mode, the
effective
mass-loading,
piezoelectric
coupling
coefficient, motional inductance, motional capacitance
and quality factor have been calculated. In our study we
used the most relevant parameters: effective massloading, motional inductance and quality factor.
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III. RESULTS AND DISCUSSION
The previous studies of the mass-loading influence on
quartz and langasite resonators have shown that the
harmonic dependence of electrical parameters is
influenced by the electrodes due to the interfacial stress
and to the coupling of the thickness-shear and thicknesstwist modes. Taking into account the interesting
properties and large application area of GaPO4 crystal, in
this paper has been performed an investigation of the
mass-loading effect on the characteristics of AT-cut
GaPO4 resonators.
The most significant resonator parameters i. e. effective
mass-loading, motional inductance and quality factor,
were analyzed.
To compare the influence of the electrodes on AT-cut
GaPO4 resonators with that on AT-cut quartz and Y-cut
langasite resonators, all these resonators, which vibrate
in thickness-shear mode, have the fundamental resonant
frequency of 5MHz. On these blanks have been
deposited by vacuum evaporation Ag electrodes with
7mm diameter and 75, 150, and 200nm thicknesses.
The experimental results show that the maximum
variations of the effective mass-loading, motional
inductance and quality factor with overtones, for various
electrode thicknesses, are influenced by the thermal
treatment and by the finishing degree of the plates.
Figure 1 presents the effective mass-loading variation
with harmonic order of AT-cut GaPO4 resonators
produced from the four types of plates (NN, NT, PN,
PT) deposited with Ag electrodes of 150nm thickness. In
figure 2 are presented the same resonators but with 200
nm electrode thickness.
These figures reveal that the effective mass-loading
decreases with harmonic order for all types of resonators
and all electrode thicknesses.

Fig.1 Harmonic dependence of mass-loading effect for
resonators NN, NT, PN, PT with 150nm electrode
thickness
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In figure 3 is shown the inductance variation with
harmonic order for NN type resonators (unpolished and
no thermal treated) for three electrode thicknesses.
The inductance variation with harmonic order presents a
maximum value on third overtone for all types of
resonators (NN, NT, PN, PT) regardless the electrode
thicknesses. The change of the inductance with electrode
thickness is very small for all resonators. This behavior
is similar to that of Y-cut langasite resonators.
By polishing and/or thermal treatment the inductance
dependence on harmonic order is not significantly
changed.

Fig.2. Harmonic dependence of mass-loading effect
for NN, NT, PN, PT resonators with 200nm electrode
thickness
This behavior is similar to that of Y-cut langasite
resonators but is different to the dependence of AT-cut
quartz resonators.
The extent of the changes of the effective mass-loading
produced by the thermal treatment of GaPO4 plates
depends on surface state of resonators. In figure 1 (150
nm electrode thickness) is shown that, by thermal
treatment of unpolished samples, the effective massloading decreases ~2.9 times, while for polished
resonators the decrease of the mass-loading is only 1.6
times. The similar change of the effective mass-loading
behavior by thermal treatment is shown in figure 2. Due
to thicker electrodes (200nm), the mass-loading decrease
2.4 times in the case of unpolished plates and 1.2 times
for polished plates.
A possible explanation of the effective mass-loading
change by thermal treatment could be the diminution of
the internal stress in GaPO4 plates appeared during of the
crystal growth and/or by the plates processing (cutting,
lapping, polishing)

Fig.3. Harmonic dependence of inductance for NN
resonators

Fig. 4. Harmonic dependence of inductance of NN and
PN resonators with 200nm electrode thickness.
In figure 4 is presented the variation with harmonics of
the normalized inductance of resonators constructed
from polished and unpolished substrates with 200nm
electrodes. As in the case of AT-cut quartz resonators
[7], the inductance values of polished resonators are
higher than those of unpolished resonators: 1.13 times
for third harmonic, 1.48 for fifth harmonic and 3.1 times
for seventh harmonic. By polishing and by thermal
treatment the inductance values increase on fifth
overtone ~1.4 times (Figure 5).

Fig.5. Harmonic dependence of inductance for PT
resonators
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The experimental results show that for GaPO4 resonators
the influence of the thermal treatment and finishing
degree of the plates is more important for the quality
factor than for the effective mass-loading and
inductance. In figures 6-9 is presented the harmonic
dependence of the quality factor for all types of
resonators.

quality factor values is reduced (~51900 for 150nm
electrode thickness) and is situated on third harmonic for
all electrode thickness. In this case (NT plates) small
differences between quality factors corresponding to
various electrode thicknesses are observed.
Figure 8 reveals the quality factor dependence on
harmonics and electrode thickness in the case of
resonators with polished substrate. By polishing, the
maximum quality factor is obtained on the third
harmonic and his value increases comparing with that of
unpolished resonators. As example for polished
resonators with 80nm electrode thickness was obtained
the maximum quality factor (~65950).

Fig.6. Harmonic dependence of quality factor for NN
plates
Figure 6 shows that the maximum value of the quality
factor (~160000) for resonators using unpolished and no
treated plates is obtained on fundamental frequency for
150nm electrodes. For thin electrodes (80nm) the
maximum Q value is obtained for the fundamental
frequency, while for thick electrodes (200nm) the
maximum Q value is obtained for the third harmonic
and is much smaller (~32300).
The polishing and/or thermal treatment of the plates
changes the position of the maximum quality factor from
the fundamental frequency to the third harmonic.

Fig.7. Harmonic dependence of quality factor for NT
plates
In figure 7 is presented the variation of the quality factor
with the harmonic order for all three electrode thickness
of resonators produced from unpolished and thermal
treated plates. By thermal treatment the maximum
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Fig.8. Harmonic dependence of the quality factor for PN
plates
In the case of polished and thermal treated resonators
(Figure 9) maximum quality factor value increases 1.6
times (~105700) for thin electrodes (80nm).

Fig.9. Harmonic dependence of quality factor for PT
plates
As a conclusion, the highest value of the quality factor of
GaPO4 AT-cut resonators is obtained on fundamental
frequency for 150nm electrode thickness (NN plates) or
on the third harmonic for polished and thermal treated
plates (PT) with 80nm electrodes.
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To choose the optimum conditions for a specific
application, the quality factor values for all electrode
thickness and all resonator types (NN, PN, PT, NT) for
the fundamental frequency (Figure 10) and for the third
harmonic (Figure 11) have been presented.

Fig. 10. Quality factor values for the fundamental
frequency for all types of resonator and all electrode
thickness.
Figure 10 shows that the resonator working on
fundamental frequency has the maximum quality factor
for unpolished GaPO4 resonators with 150 nm electrode
thickness.

diameter) is polished and no thermal treated. The
vacuum deposited Ag electrodes have 150nm thickness.

Fig. 12. Harmonic dependence of the effective massloading of AT-cut quartz, Y-cut LGS and AT-cut GaPO4
resonators
Effective mass-loading behavior of AT-cut GaPO4
resonators is similar to that of Y-cut langasite resonators
and opposite to AT-cut quartz resonators (Figure 12).

Fig. 13. Harmonic dependence of inductance for AT-cut
quartz, Y-cut LGS and AT-cut GaPO4 resonators
Fig.11. Quality factor for the third harmonic for all types
of resonators and all electrode thickness
If the resonator is working on third harmonic the best
quality factor is obtained using the polished and thermal
treated plates with electrodes of 80nm thickness.
IV. COMPARISON OF AT-CUT QUARTZ, Y-CUT
LANGASITE PARAMETERS WITH AT-CUT
GaPO4 RESONATORS
In the next figures (12,13,14) are presented the harmonic
dependencies of the effective mass-loading, motional
inductance and quality factor of AT-cut quartz, Y-cut
langasite and AT-cut GaPO4 resonators. All these
resonators vibrate in thickness-shear mode on ~5MHz
fundamental frequency, the crystal substrate (14mm

The mass-loading influence on motional inductance of
AT-cut quartz resonators is much important than for Ycut langasite and GaPO4 resonators. It is possible that
AT-cut of GaPO4 and Y-cut of LGS crystals to be a
stress-compensated cuts as SC-cut in quartz resonators.
The previous results [7,13,14] concerning the massloading effect on the characteristics of AT-cut quartz
resonators pointed out that, due to the internal stress at
the interface substrate-electrode, the inductance changes
with harmonic order and electrode thickness.
The quality factors of the polished and no thermal
treated resonators obtained from these three crystals,
have maximum values on the third harmonic.
This comparison reveals a new property of the gallium
phosphate resonators: small mass-loading effect on
resonator characteristics on fundamental frequency and
harmonics for various electrode thicknesses.
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Fig. 14. Quality factor dependence on harmonic order for
AT-quartz, Y-cut LGS and AT-cut GaPO4 resonators.
V. CONCLUSIONS
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Gallium Phosphate resonators is much smaller than that
previously reported for AT-cut quartz resonators, while
being almost the same with that corresponding to Y-cut
langasite resonators.
The harmonic dependence of the effective mass-loading
is similar with that of Y-cut langasite resonators and
opposite with that of AT-cut quartz resonators.
Influence of the thermal treatment on effective massloading is dependent on the surface state of the resonator
substrate: stronger for unpolished resonators and weaker
for polished resonators.
The change of harmonic dependence of inductance with
electrode thickness is very small for all resonator types
(NN, NT, PN, PT). The inductance variation with
harmonic order of AT-cut GaPO4 resonators is similar
with that of Y-cut langasite (almost constant with
harmonics) and different from AT-cut quartz resonators
behavior. The thermal treatment does not significantly
change the inductance behavior.
Thermal and mechanical treatments of the substrate
influences the quality factor to a greater extent than the
effective mass-loading and inductance.
The highest quality factor of the AT-cut Gallium
Phosphate resonators is obtained on fundamental
frequency with 150nm electrode thickness using the NN
type of plate. For resonators with polished and thermally
treated substrates, the maximum of the quality factor is
obtained on the third harmonic and for 80nm electrode
thickness.
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Chemical etching of LGS. Evidence for anisotropy
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The etching behaviour of differently oriented LGS plates in aqueous H2SO4 solution was
studied. Variations of the etch rate of Y+θ plates with the angle of cut θ have been
determined. Orientation effects in out-of-roundness profiles related to various LGS
crystalline plates have been analysed in terms of crystal symmetry. Changes in surface
texture of etched plates with orientation have been investigated. All the experimental
results call for a dissolution process governed by orientation. However the observed
anisotropy is different to that related to crystalline quartz.

I. INTRODUCTION
Up to now the quartz crystal remains the reference
material for resonators with high stability. This crystal
can also be used to fabricate MEMS devices by wet
micromachining in HF or NH4F.HF solutions [1-3]. In
the past few years interest in LGS crystal as an
alternative material to quartz has been revived because
LGS offers higher coupling coefficients [4,5]. However
to our knowledge only few studies on the chemical
etching of LGS were reported in literature [6-9]. Most
of these studies were devoted to chemical polishing in
acidic solutions. But micromachining is generally
performed on crystalline plates for which the chemical
etching is strongly anisotropic as for quartz [1-3] and
for silicon [10-12]. So it is essential to determine if the
chemical dissolution of LGS crystal is limited by
diffusion or by orientation. This study replies to this
lack and focuses on etch rates and on 2D shapes
generated by chemical etching such as out-of-roundness
profiles and surface profilometry traces.
II. EXPERIMENTAL DETAILS
Thin circular plates (1500 µm thick) were cut from a
LGS ingot. Six orientations (as defined in [13]) were
selected (Table 1). The angles of cut were determined
using a double X-ray goniometer that offers an accuracy
of about 30 s. The circular contour and one of the two
faces of LGS plates were lapped and then mechanically
polished. The other face is only lapped in order to
initiate rapidly the development of dissolution figures.
The enchant is a H2SO4:H2O solution with composition
2:1. Plates were etched at a constant temperature of 353
K. The temperature was controlled with an accuracy of
about ± 1 K. Before and after etching thickness of
etched plates was measured using a “Palmer”
instrument that provides an accuracy of about ± 1 µm.

Etched surfaces were examined by scanning electron
microscopy (SEM). The surface topography was also
investigated using a computer-based mechanical
profilometer. The diamond tip of the stylus has a finite
size of about 2 µm. Magnifications of profilometry
traces allow us to recognize easily the etched shape of
surface profiles. The changes in shape of the starting
circular section of plates were studied using a
Talyrond analyser that generates the out-of-roundness
profile at a magnified scale with the superimposed least
mean square circle.
Cut X+0 X+45 Y+0 Y−45 Y+45 Y+90
90
90
0
0
0
0
ϕ (°)
0
45
0
45
90
θ (°)
− 45
Table 1: Values of angles for the various cuts. Note that
X+0, Y+0 and Y+90 plates correspond to X, Y and Z
cuts respectively.
III. ETCH RATES
According to the IEEE standard [13] the Y+θ plates
correspond to singly rotated plates with respect to X
axis whereas the X+θ are doubly rotated plates with a
second rotation about the Y axis. For a crystal belonging
to class 32 the X axis is a two-fold axis and as a
consequence the two faces of a Y+θ plate etch similarly.
Then the etch rate R can be easily evaluated from the
decrement in thickness ∆d. But the two faces of a X+θ
plate can suffer different chemical attacks so that
measurements of ∆d do not allow us to determine etch
rates related to these two faces. It is the reason why
experimental values of ∆d/∆t rather than those of etch
rates are collected in table 2. This table reveals that the
Z cut etches more slowly than the Y-cut that is just the
behaviour contrary to that observed for quartz crystal
[1-3].
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Cut
X+0 X+45 Y+0 Y−45 Y+45 Y+90
0.54 0.82 0.41 0.16 0.34 0.24
∆d/ ∆t
Table 2: Experimental values of ∆d/ ∆t in µm/min.
IV. OUT-OF-ROUNDNESS PROFILES
Out-of-roundness profiles (ORP) displayed in Figures 1
and 2 are drawn after a first stage of etching. The
duration ∆t of etching is equal to one hour.

• MZ’
m2 •
MY •

A

B

Z axis

V. GEOMETRICAL SURFACE FEATURES

m1 •

• MZ
Figure 1: Out-of-roundness profiles related to X+θ
plates. ORP A and B are for θ = 0°and θ = 45°
respectively.

A
• MZ

Consequently we infer that the representative surface of
the dissolution slowness is certainly composed of few
protuberances. Moreover Figures 1A and 2A call for
more accentuated protuberances (MZ and MZ’)
corresponding to the two faces of the Z cut.
(iii) As expected for a dissolution process governed by
orientation some ORP shown in figures 1 and 2 verify
the symmetry specific to the class 32. The ORP related
to the X cut (Figure 1A) shows the two-fold symmetry
about the X axis. The ORP of the Z cut (Figure 2D)
satisfies the three-fold symmetry about the Z axis.
Moreover all the ORP corresponding to Y+θ sections
exhibit a false mirror symmetry that in fact is associated
to the two-fold X axis that lies in the section (The X
axis is vertical in all ORP of Figure 2).

Z axis

• MX

C

MZ’ •

• m3

B

D

If the dissolution process is anisotropic and if we start
with mechanically lapped surfaces the etching induces
the formation of dissolution figures that cover entirely
etched surfaces. The dissolution figures are
characteristic of the cut and depending on the
orientation more or less elongated pits or hillocks
develop [14]. Linearly textured surfaces can be also
observed for some specific orientations. The variety of
dissolution figures is a consequence of anisotropy and
thus it is essential to investigate the surface topography
of etched surfaces. Figures 3 to 5 show SEM images of
lapped surface after one hour of etching. At this point it
is important to note that subsequent etchings do not
modify the geometrical features of dissolution figures.
In fact a prolonged etching causes only an enlargement
of the dissolution figures.

• M1

Figure 2: Out-of-roundness profiles related to some
Y+θ plates. ORP A, B, C and D are for θ = 0°,θ = 45°,θ
= −45° and θ = 90° respectively.
A visual inspection of cross-sectional ORP reveals
several features:
(i) The final shape of ORP depends on the angles of
cut. In particular the angular position of peaks and
valleys in ORP is characteristic of the orientation.
(ii) Changes in ORP shape with orientation seem to be
very progressive. Clearly the peaks and valleys are
connected with maxima and minima in corresponding
polar plots of the dissolution slowness [14, 15].
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Figure 3: The surface texture of face 1 of the X+θ plate
with θ = 0° (X cut)
The SEM images of Figures 3 to 5 give clearly evidence
of a dissolution process mainly limited by orientation.
Different dissolution figures are formed on the two
faces of the X+θ plate with θ = 45° because this
orientation has no symmetry elements. Depending on
the angles of cut pits or hillocks develop on etched
surfaces. The main features of the dissolution figures
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that covered the various surfaces are listed in table 3.
This table reveals that the etching of some Y+θ plates
induces the formation of dissolution figures that are
aligned along the X axis. This property is certainly
correlated with the two-fold symmetry of the X axis.
Kinematic models for the anisotropic etching establish
without ambiguity that the dissolution figures result
from the intersection of surface elements with diverging
trajectories. In this condition dissolution figures must be
composed of some curved portions. However it remains
difficult on the SEM images to distinguish the concave
portions from the convex portions. A method to
overcome this difficulty is to perform a surface
profilometry study.

the direction coincides with the X axis and the other
trace corresponds to the rotated Z’ axis (i.e. to the Z
and Y axes for the Y and Z cuts respectively). In the
case of X+θ plates the first trace is along the Y axis and
the other along the rotated Z’ axis.

A

Face 1

B

Face 2

C

Figure 4: The surface texture of the two faces of the
X+θ plate with θ = 45°.

ϕ, θ

Geometrical features as viewed by SEM
90°, 0° Face 1 : Flat pits fitted into each other
90°, 45° Face 1: Bumpy hillocks
Face 2 : concave pits that overlap
0°, 0°
Relatively flat pits aligned along the X
axis
0°, 45°
Bumpy hillocks aligned along the X axis
Elongated pits aligned along the X axis
0°, − 45°
0°, 90°
Pits with somewhat “circular” contours
Table 3: Geometrical features of dissolution figures as
revealed by SEM examination.
VI. SURFACE PROFILOMETRY TRACES
Clearly profilometry traces must show directional
effects. Hence we have chosen two perpendicular
directions for the traces. For the four Y+θ plates one of

D

Figure 5: SEM profiles related to some Y+θ plates.
ORP A, B, C and D are for θ = 0°,θ = 45°,θ = −45° and
θ = 90° respectively.
Figures 6, 7 and 8 that collect the various profilometry
traces allow us to identify the characteristic shape of
these traces. In fact all traces are composed of curved
elements. Let us for example examine the Z trace made
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on the X cut (Figure 6 B). This trace shows clearly a
“symmetrical concave” (Cc) background where a quite
similar concavity affects portions of profile with
positive and with negative slopes. A background of
converse nature that is to say a convex (Cv) background
associated to bumpy pits is observed (Figure 7 B) for
the Z’ trace made on the face 1 of the X+45 plate. But
for some orientations the etching causes also the
development of surface profiles with alternate concaveconvex (or convex-concave) shapes. Figures 7a, 8B2
and 8B3 bear evidence of the formation of such traces
with alternate shape. These traces allow us to describe
schematically in tables 4 and 5 the main features of the
various surface profiles.

A

A1
θ = 0°
B1

Cc

A2
θ = −45°

Cv

Cc

B2
Cc

B
A3
θ = 45°

Figure 6: Profilometry traces made on the X+θ plate
with θ = 0° (X cut). A and B are for Y and Z traces
respectively.
Face 1

Face 2

Face 2

Cc

B3

A4
θ = 90°

Cv

B

Cv

a

b

Figure 7: Profilometry traces made on the two faces of
a X+θ plate with θ = 45°. A, a and B, b are for Y and Z’
traces respectively.
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Cc

A

Face 1

Cv

B4

Figure 8: Profilometry traces made on various Y+θ
plates. Profiles Aj and Bj with j =1, 2, 3 or 4 are for X
and Z’ traces respectively. Note that the peak to valley
height RPV remains smaller than 4 µm for all Y+θ plates
other than the Y+45 plates where the RPV reaches 4 µm.
Figures 6, 7, 8 and Tables 4, 5 demonstrate that only
profiles elements with diverging trajectories participate
to final etched surface profiles. Effectively diverging
trajectories result in the formation of profilometry traces
that necessary are only composed of curved elements.
This behaviour is specific to a dissolution process
governed by orientation.
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Y trace
Z’ trace
Angles ϕ, θ
90°, 0°
Concave and
Concave and
Face 1
symmetrical
symmetrical
90°, 45°
Concave and
Convex and nearly
Face 1
symmetrical
symmetrical
90°, 45°
Alternate concaveWith somewhat
Face 2
convex shape
constant slopes
Table 4: Geometrical features of traces made on X+θ
plates.
Angles ϕ, θ
0°, 0°
0°, - 45°
0°, 45°
0°, 90°

X trace
Concave and
symmetrical
Concave and
rather symmetrical
Rather alternate
convex-concave
shape
Concave and
symmetrical

Z’ trace
Concave and
symmetrical
Alternate convexconcave shape
Alternate shape
with predominance
of convex portions
Concave and
symmetrical

Table 5: Geometrical features of traces made on Y+θ
plates.
VII. DISCUSSION AND CONCLUSION
All experimental etching shapes presented in this study
give evidence for an orientation dependent dissolution
process. The anisotropy of etching shapes can thus be
conveniently described in terms of kinematic models
[15-17]. The kinematic and tensorial model (KT model)
for the anisotropic etching proposed by C.R. Tellier [17]
is particularly convenient to understood observed 2D
etching shapes such as out-of-roundness profiles and
surface profilometry traces. Let us recall that in the KT
model we associate at a surface element of orientation
(ϕ,θ) (i.e. ϕ and θ are the angles of cut) a dissolution
slowness vector L that characterises the anisotropy of
the dissolution process. The vector L is related to
parameters that can be determined experimentally in
such a way [17] that is magnitude L (ϕ,θ) is equal to the
reciprocal of the etch rate R (ϕ,θ) and that its direction
coincides with that of the unit inward normal n to the
surface element (Fig. 1). So when the orientation of the
surface element varies the extremity of the vector L
describes in space a representative surface called the
dissolution slowness surface. Moreover the trajectory of
a surface element within the crystal during the
dissolution follows a straight line so that we can
associate a displacement vector P to the surface
element. This displacement vector lies perpendicular to
the plane tangent to the dissolution slowness surface at
the point of corresponding orientation. The interest of
the KT model is that it is possible firstly, to determine
the displacement P from the equation of the dissolution
slowness surface and secondly, to construct numerically

etching shapes. When we are concerned with a 2D
etching shape we work with a particular cross-section of
the dissolution slowness surface and consequently we
have only to consider a polar graph of the dissolution
slowness vector L. It is easy to show that depending on
the concave (or convex) nature of the starting 2D shape
displacements of profile elements diverge around a
maximum (or a minimum) of the polar graph. More
pronounced is the extremum of the dissolution slowness
more accentuated is the divergence of trajectories. In the
case of profilometry traces it thus appears that a
concave (or a convex) background occurs when the
polar graph present a maximum (or a minimum) for an
orientation corresponding to the reference surface. In
fact characteristic shapes of profilometry traces are
correlated to the number and to the nature (maximum,
minimum) of extrema of the dissolution slowness lying
in an angular sector (−α°, +α°) centred on the reference
dissolution slowness. For a starting lapped surface this
angular sector is estimated to be (−20°, +20°). Table 6
lists the resulting shapes for the different cases that can
be met in practice.
Number
1
1
2

Nature
maximum
minimum
A maximum and a
minimum

Shape of trace
Concave
Convex
Alternate
concave- convex
shape
3
A minimum near α= Concave -concave
with constant
0° between two
average slopes
maxima
3
A maximum near α= Convex –convex
with constant
0° between two
average slopes
minima
Table 6: Expected geometrical features of traces with
respect to number and nature of extrema present in the
starting angular sector (−α°, +α°).
Moreover in terms of kinematic models out-ofroundness profiles constitute crude images of polar plots
of the dissolution slowness lying in the corresponding
cross sectional planes. Effectively the starting circular
section is convex thus the etched section is mainly
composed of profiles elements in the vicinity of minima
in the cross-sectional polar plot. Moreover elements
connected to minima have largest extents. As a
consequence valleys in the ORP correspond to minima
in polar graphs. But in practice peaks in ORP occur for
orientations that at are found to be associated to maxima
in polar graphs with departures of ±2° [14] that remain
in experimental range. Owing to the properties predicted
by kinematic models a tentative is made in the
following to use the resemblance between polar graphs
of the dissolution slowness and ORP to understand
experimental etching shapes.
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ϕ, θ

Type of extrema

Expected shape of Z’
trace
Concave
Mainly convex
Partly convex
Concave
Concave
Convex

0°, 0°
Maximum MY
0°, 45°
Minimum m1
Minimum m2
0°, − 45°
0°, 90°
Maximum MZ
90°, 0°
Maximum MX
90°, 45°
Minimum m3
Face 1
Table 7: Expected geometrical features of Z’ traces
with respect to valleys (minima) and to peaks (maxima)
present in the corresponding ORP.
Let us consider the Z’ trace made on a given Y+θ plate.
This trace lies in the plane (Y, Z) and the dissolution
slowness Lref (θ) of the reference Y+θ surface is
directed in the rotated −Y’ direction. Consequently the
characteristic shape of Z’ traces can be for Y+θ plates
determined from the ORP related to the X cut (Figure
1A). Note that owing to the two-fold axis X the choice
of the face is irrelevant for Y+θ plates. A similar
analysis for the Z’ traces related to X+θ leads to the
conclusion that the ORP associated with the Y cut
(Figure 2A) must be used to derive the characteristic
shape of traces. Apparent minima and maxima situated
in the angular sector centred on Lref(θ) are indicated in
Table 7. Conclusions drawn from these observations are
also collected in this table. These conclusions agree
with experimental traces. Indeed Table 7 predicts:
(i) The formation of concave and nearly symmetrical
Z’ profiles for X, Y and Z cuts for which Lref(θ)
coincides without ambiguity with a maximum (denoted
respectively MX, MY and MZ on the ORP of Figures 2A
and 1A).
(ii) The development of a convex Z’ profile for the
face 1 of the X+45 plate due to the minimum m3 (Figure
2A).
(iii) The predominance of convex portions in the Z’
trace made on the Y+45 plate. This predominance is
caused by the minimum m1 (Figure 1A) that is in the
vicinity (7±1°) of the reference orientation.
In the case of the Z’ profile related to the Y+θ plate
with θ = − 45° the polar plot of L (and thus the X cut
ORP) must fulfil one of the two following conditions to
explain the observed alternate shape:
(1) Only the minimum m2 that lies at about −15±2° of
the reference orientation is present in the starting
angular sector so the alternate shape is produced by
changes in the curvature (from concave to convex) in
the L(α) plot occurring when α takes positive values.
(2) A small maximum is also present in the angular
sector that induces the formation a very slight
protuberance that cannot be distinguished on the ORP.
Note that his assumption implies also the existence of a
third minimum between m2 and M’Z.
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Taking into account that the identification of very small
perturbations on ORP is problematic it is difficult to
conclude with sureness. However to our opinion the
first hypothesis remains the most probable.

ϕ, θ (Y+θ plane)

Y+θ* cross-section
θ* = 90° (Z cut)
θ* = 135° or
θ* = −45° (Y−45 plane)
0°, −45° (Y−45 plane)
θ* = 45° (Y+45 plane)
0°, 90° ( Z cut)
θ* = 180° or
θ* = 0° (Y cut)
Table 8: Identification of the cross-sectional plane
Y+θ* for the various Y+θ plates.
0°, 0° (Y cut)
0°, 45° (Y+45 plane)

Let us now turn attention on an X profile and on a given
Y+θ cut. Elements of the starting profile stands in the
Y+θ* plane with θ*= θ+90°. Hence to study the various
X profiles we have to consider a part of the polar plot
lying in cross-sectional planes listed in Table 8. The
reference dissolution slowness Lref(θ) that in the
reference system associated with the Y+θ plate is
parallel to the rotated Y’ axis lies now parallel to the
Z’axis related to cross sectional Y+θ* plane. More
precisely on Figure 2 Lref(θ) is parallel to the horizontal
axis. Table 9 summarizes the position of Lref(θ) with
respect to peaks and valleys that may be effective in
determining final etching shapes of X traces.

ϕ, θ
0°, 0°

Expected shape
Position of Lref(θ)
Between a minimum m5 Alternate shape
and a maximum M2
convex-concave
concave
Near a maximum M1
0°, −45°
0°,45°
No distinguishable
No prediction
extremum
0°, 90°
Maximum MZ
Concave
Table 9: Expected geometrical features of X traces with
respect to valleys (minima) and to peaks (maxima)
present in the corresponding ORP.
From comparison of Tables 5 and 9 we see that the
theoretical analysis leads to correct results for Y+θ cuts
with θ = 0°, 45° and 90°. In the case of the Y cut the
fact that the concave portion of the X trace is important
can be attributed to an abrupt change of curvature in the
L(α) plot that certainly occurs in the vicinity of α = 0°.
But it turns out that the analysis fails in the case of the
Y+45 plate essentially because it is not possible to
detect extrema with certainty on the Y−45 ORP.
Since LGS constitutes an alternative material to the
quartz crystal it is justifiable to undertake a comparison
of etching shapes encountered during anisotropic
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chemical attacks of these two crystals. The comparison
for quartz is undertaken for the NH4F.HF: H2O etchant
[18]. Tables 10 and 11 give the main results of the
comparison.

ϕ, θ

LGS
Quartz
0°, 45°
≈ 0.93
≈ 10
0°, − 45°
≈ 0.56
≈ 3.3
0°, 90°
≈ 0.12- 0.1
≈ 30
Table 10: Reduced anisotropy R(Y+θ)/R(Y cut)

ϕ, θ
0°, 0°
0°, 45°
0°, − 45°

LGS
Relatively flat pits
Mainly convex
hillocks
Concave pits

Quartz
Somewhat
triangular pits
Mainly concave pits

Elongated and flat
hillocks
0°, 90°
Concave pits
Pyramidal hillocks
Table 11: Comparison of geometrical features of etched
surfaces.
These tables emphasize the following main differences:
(i) Extrema of converse nature occur for the Z cut.
We observe a large maximum of the dissolution
slowness for the LGS crystal whereas it is commonly
reported in literature [1-3,18] that in the case of the
quartz crystal the Z cut corresponds to the smallest
minimum.
(ii) In contrary to quartz the two faces of the X plate
etch more rapidly than the Z surface in the case of LGS.
(iii) For a plate of a given orientation features of etched
surfaces may be different for these two crystals. A good
example of marked difference is furnished by the Z cut.
In conclusion the present work on the chemical etching
of various LGS plates reveals three important points:
(1) Etching shapes are found to be orientation
dependent.
(2) Kinematic models that outline the significant role
played by extrema in the dissolution slowness can be
conveniently used to determine final 2D etching shapes.
(3) The anisotropy of the dissolution process that
affects LGS plates is different to that observed for
quartz plates.
Hence it is important now to investigate the
micromachining of 3D LGS structures in order to
confirm the angular positions of peaks and valleys in the
dissolution slowness surface. The subsequent step will
be the determination of the dissolution constants that are
involved in the analytical equation for the dissolution
slowness surface. Accuracy in values of the dissolution
constants is necessary to derive numerically etching

shapes of 3D structures. This considerable work will be
reported in a future paper.
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Balanced wideband tapered three-transducer low-loss SAW filters
with impedance conversion
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This paper presents the balanced three-transducer SAW filters using tapered IDTs on YZ
LiNbO3 with impedance conversion as 1:2.6 from the input to output in a wide fractional
bandwidth of 6-28%. The filters have shown an insertion loss of 4-6 dB, passband ripple of
0.5-2 dB, shape factor of 1.3-2.5, stopband attenuation of 20-35 dB in a center frequency of
35 MHz. Matching the filters with the loads was provided by LC-elements. Withdrawal
weighting is used in order to improve the filter selectivity.

I. INTRODUCTION
The tapered single phase unidirectional transducers are
widely used in the SAW filters for obtaining the
fractional bandwidth over 10 % and reducing an
insertion loss [1]. But sufficiently large insertion losses
of 8-10 dB and narrow λ/8 or λ/6 width electrodes limit
the application of these filters (λ is the SAW wavelength
at the central frequency of the filter). In this connection
the use of a three-transducer structure containing the
conventional tapered input interdigital transducer (IDT)
and two output IDTs placed symmetrically around the
input IDT is very perspective [2]. Theoretically an
insertion loss of the three-transducer structure with full
matching is 3 dB. Because this structure has the
conventional λ/4 electrodes it may be used readily in the
frequency range up to 1 GHz. A passband ripple of the
tapered three-transducer structure is controlled by an
inclination of the output IDTs and may be about 1 dB
[2]. In this structure a symmetrical connection of the
tapered input and output IDTs to the loads is possible.
Moreover this structure allows to increase the output
impedance in sufficiently large limits. Consequently, the
tapered three-transducer SAW
Output

Input

Fig.1. Balanced tapered three-transducer
SAW filter with impedance conversion
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filter can be the balanced/unbalanced structure with an
impedance conversion in the wide frequency range. The
balanced operation allows to combine the SAW filters
with the modern balanced ICs of the amplifiers, mixers
without using cumbersome baluns. The low impedance
conversion to high impedance is highly suitable for
matching the low impedance RF cascades with high
impedance RF cascades for the wideband signal
processing. This paper presents the new balanced lowloss SAW filters with impedance conversion as 1:2.6
from the input to output in a wide fractional bandwidth
of 6-28%. The tapered three-transducer SAW filters are
used for this purpose.
II. BALANCED OPERATION AND IMPEDANCE
CONVERSION IN THE TAPERED THREETRANSDUCER LOW-LOSS SAW FILTERS
For a fractional bandwidth of better then 5% we used
wideband tapered three-transducer SAW filters [2] (Fig.
1). As will be seen from Fig. 1 in the three-transducer
filter the input and output tapered IDTs connected in
series/parallel have not a common grounded bus bar. So
a symmetrical connection of the input and two output
IDTs to the loads is possible. Consequently the tapered
three-transducer filter can be both the balanced/
unbalanced structure similar to the conventional threetransducer SAW filter. This construction allows to
increase the output impedance in sufficiently large
limits by a series connection of the out IDTs (Fig. 1). In
this case as a simulation shows in the tapered threetransducer filter the impedance conversion as 1:2 in
achievable if all IDTs are identical.
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III. EXPERIMENTAL RESULTS
The several tapered three-transducer SAW filters with a
different fractional bandwidth of 6-28% have been
designed on YZ LiNbO3. The circuit used in the
measurements is shown in Fig. 2. The parallel inductors
Lc are used for the compensating of the IDTs static
capacity. Measurements were carried out by a network
analyzer and balanced transformers. The losses of the
balanced transformers were eliminated from the
measured insertion loss of the filter.

Lc

SAW filter

Lc

ZS

ZL

Fig. 5. Input impedance characteristic of the tapered
three-transducer filter

Fig.2. Circuit used in measurements

IL=5.6 dB

Fig. 6. Output impedance characteristic of the tapered
three-transducer filter
Fig. 3. Normalized frequency response of the filter with
the 28% fractional bandwidth in a wide range

IL=5.6 dB

Fig. 4. Normalized frequency response of the filter with
the 28% fractional bandwidth in the passband

The normalized measured frequency response of the
filter with the fractional bandwidth of 28% is shown in
Fig. 3,4. The filter has been symmetrically connected to
a 170-Ω input load and to a 440-Ω output load. At the
34.83 MHz the filter has shown an insertion loss of 5.6
dB, low ripple of 0.5 dB, shape factor of 1.6 and
stopband attenuation around 30 dB. An aperture of the
filter was 36 λ. The input and output IDTs were 30 λ
long. A measured input impedance characteristic of the
filter with the parallel compensating inductor is shown
in Fig. 5. As will be seen from Fig. 5 at the center
frequency of 34.83 MHz the input impedance of the
filter is close to real value of 170 Ω. A measured output
characteristic of the filter is shown in Fig. 6. As will be
seen from Fig. 6 at the center frequency of 34.83 MHz
the output impedance of the filter is close to real value
of 440 Ω. Thus the impedance conversion from 170 Ω
to 440 Ω was obtained experimentally in the low-loss
SAW tapered three-transducer filter with series
connection of the output IDTs.
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IL=6 dB

Fig. 7. Normalized frequency response of the filter with
the withdrawal weighting in a wide range

IL=6 dB

IL=5.6 dB

Fig. 9. Normalized frequency response of the filter with
the 20% fractional bandwidth in a wide range

IL=5.6 dB

Fig. 8. Normalized frequency response of the filter with
the withdrawal weighting in the passband

Fig. 10. Normalized frequency response of the filter
with the 20% fractional bandwidth in the passband

To increase the stopband attenuation we can use the
withdrawal weighting in the input IDT balanced tapered
three-transducer filter. Fig. 7, 8 show the normalized
frequency response of the filter with the withdrawal
weighted central IDT. At the 34.83 MHz the filter has
shown an insertion loss of around 6 dB, 3-dB fractional
bandwidth of 28% with low ripple of 1 dB, stopband
attenuation of 35-40 dB, shape factor of 1.3 in a
symmetrical 250-Ω – 520-Ω system. The normalized
frequency response of the filter with the 3-dB fractional
bandwidth of 20% is presented in Fig. 9, 10. The filter
has shown an insertion loss of 5.6 dB, low ripple of 0.5
dB, shape factor of 1.6 and stopband attenuation around
30 dB in a symmetrical 170-Ω – 440-Ω system. The
amplitude ripples at the ends of the passband, shape
factor will be enhanced when the fractional bandwidth
is reduced (the slope of the IDT electrodes is reduced).
Fig 11, 12 show the normalized frequency response of
the filter with 6-dB fractional bandwidth of 10%. The
filter has shown an insertion loss of 4.3 dB, ripple of
1.5 dB and 5 dB in

the fractional bandwidth of 6% and 10% respectively,
shape factor of 1.9, stopband attenuation of 20-30 dB in
a symmetrical 100-Ω – 250-Ω system. The normalized
frequency response of the filter with 6-dB fractional
bandwidth of 6% is presented in Fig. 13, 14. The filter
was provided an insertion loss of 3.8-4 dB, ripple of
2 dB and 5 dB in the fractional bandwidth of 3.6% and
6% respectively, stopband attenuation of 20-30 dB,
shape factor of 2.5 in a symmetrical 50-Ω – 250-Ω
system. Attempts at the reduction of the 6-10%
fractional bandwidth ripple by the inclination of the
output IDT according to method [2] have not been
successful, even a deep minimum within the passband is
appeared. Apparently this is depended on the phase
responses of the inclined tapered structure. The further
investigations associated with finding more precise
inclination of the tapered IDT, curvatured [3] or stepped
electrodes [4] of the tapered IDT are needed.
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IL=4.3 dB

Fig. 11. Normalized frequency response of the filter
with the 10% fractional bandwidth in a wide range

IL=4.3 dB

IL= 3.8 dB

Fig. 13. Normalized frequency response of the filter
with the 6% fractional bandwidth in a wide range

IL= 3.8 dB

Fig. 12. Normalized frequency response of the filter
with the 10% fractional bandwidth in the passband

Fig. 14. Normalized frequency response of the filter
with the 6% fractional bandwidth in the passband

IV. CONCLUSION
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Developed the tapered three-trancducer filters have
demonstrated the low insertion loss of 4-6 dB, balanced
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fractional bandwidth of 6-28%. These filters have the
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and they are very promising for high frequencies
because they have the conventional λ/4 width
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Single Point Calibration and Investigations of Thermosensitivity, Thermal Response Time and Long Term
Stability of Quartz Temperature Sensors
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This paper presents the obtained results from the investigations of thermosensitivity; thermal response time and
long-term stability of new miniaturized designs of thermosensitive quartz resonators with NLC-cut at fundamental
frequency 29,3 MHz, used as high sensitive quartz temperature sensors (QTS). The comparison between thermal
response time of the two types QTS01 (with plane parallel piezoelement) and QTS02 (with strip piezoelement) shows
that QTS02 has shorter response time because of the smaller dimensions of the resonators. The frequency change does
not exceed 3,5.10-7 after the 40th day of aging. This guarantees the reliable function of the sensor without additional
recalibration in the next several years.
Special attention is given to the methodology and equipment for single point calibration of QTS. The QTS are
calibrated at ice point according to the requirements of ITS-90. Knowing the thermosensitivity the frequencytemperature dependence in the interval from minus 20°C to 120°C is approximated. Thermosensitivity in this range is
calculated as 1125 Hz/°C. The expanded uncertainty, obtained by multiplying the standard uncertainty by a coverage
factor k=2, in the temperature range from minus 20°C to 120°C is estimated as 0,24°C. This value could be in an order
lower if a correction of the non-linearity is taken into account at every defined temperature point.
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The QTS01 type is the plan parallel circuit (ppc)
resonator. They operate on resonant frequency 29,3 MHz
on fundamental frequency. Resonators are housed in
HC49-C enclosure with nitrogen or helium gas. The
design of the resonators is shown on the Fig.1.

HC 45U (View without can)
5

View along A

Glue
A

19,2

Piezoelement
Header
7,3
13

Thermo-sensitive quartz resonators became more
attractive as high sensitive temperature sensors. The
advantages of these sensors are: high sensitivity and
dynamic range [1], independence from strong electric,
magnetic and radiation fields [2] and a frequency output
signal ideally suitable for digital processing. The
thermosensitive quartz resonators are used in cryogenic
techniques as temperature sensors for measurements at
wide temperature range – from 4.2 K to 450 K [1,3].
Because of the attractive features of quartz crystal sensors
(high sensitivity and accuracy) they are successfully used
for calorimetric flow measurement of gaseous helium [4].
Such type of flow meters is more precise and convenient
in comparison with other methods.
Precision, accuracy and reliability of the measurement
strongly depend on calibration methodology and longterm stability of sensors.
This paper presents the obtained results from the
investigations of thermosensitivity; thermal response time
and long-term stability of new miniaturized designs of
thermosensitive quartz resonators with NLC-cut at
fundamental frequency 29,3 MHz, used as high sensitive
quartz temperature sensors (QTS).
Single point
calibration methodology of QTS is proposed for some
applications, where low cost calibrated sensors are
necessary.

II. QUARTZ TEMPERATURE SENSORS QTS01
AND QTS02

4,5

I. INTRODUCTION

3,75

Fig.1. The QTS01 design
The QTS02 are the strip-type resonators. They operate on
resonant frequency 29,3 MHz on fundamental frequency.
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Resonators are housed in TU-39 enclosure with nitrogen
or helium gas. The design of the resonators is shown on
the Fig.2

III. SINGLE POINT CALIBRATION
III.1. Calibration setup
Figure 4 shows the block diagram of single point
calibration setup.

Piezoelement

Glue



A



DM


0,7

STAND

Header

XO

1,4

PS

2,7

FC1
0,3±0,05

FC2

SPRT
A-A
M20:1

PC

QTS1
1

ICE-BATH

45

2,034

1,

QTS2

Fig.4. Setup for single point calibration

QTS1, QTS2 - Quartz thermo-sensors, SPRT – Standard Platinum
Resistance Thermometer, PC – Personal computer, FC1, FC2 –
Frequency counter 1 and 2, XO – Oscillator sours, PS – Power supply,
DM – Digital multimeter

Fig.2. The QTS02 design
The typical value of the motional resistance for both
series is 14 Ohm. The value of Q-factor is over 50000.
As it was mentioned in the previous reports [1,5], the
QTS work in temperature range from minus 269°C (4,2K)
to 150°C (430K) (fig.3). The temperature-frequency
characteristic can be described by a polynomial of third
order, but in the temperature range from minus 140°C to
150°C it has a linear character. Thermosensitivity is
2Hz/°C at temperature minus 269°C (4,2K) and becomes
1000 Hz/°C at room temperature.

The comparison method of calibration is used. It
involves comparing a QTS to Standard Platinum
Resistance Thermometer (SPRT).
According to the requirements of the measurement
traceability, several measurement devices have been
calibrated, especially the frequency counters and the
standard thermo sensor. The LabVIEW-program takes the
readings from SPRT and QTS every 2 seconds and
records them into a file..
III.2. Results and discussion

29250000

2

3

F(t) =2.90777E7+1141.58577 t+0.46387 t -0.00471 t

The expression “thermosensitivity of the quartz
resonator” usually means the dependence of its resonant
frequency versus temperature”. Thermosensitivity is
quantitatively measured by the thermosensitivity
coefficient Ct determined at a fixed temperature t0
(usually 25°C or 0oC), which is equal to the derivative of
the frequency F in regard to the temperature:

29200000
29150000

F, Hz

29100000
29050000
29000000
28950000
28900000

Ct =

28850000
-300

-200

-100

0

100

200

∂F
∂t

t =t0

(1)

o

T, C

Fig.3.Temperature-frequency characteristic of QTS
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29100000
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200

29040000

0
-300

-250

-200

-150

-100

-50

0

50

100

150

o

Temperature, C

Fig.5. Thermosensitivity of QTS
The non-linearity is the smallest one (≤0,2°C) in the
interval from minus 20°C to 120°C. One can see, that the
thermosensitivity is constant in the same interval too (fig
5).
The calibration of QTS by scanning in the whole
interval is a very expensive procedure, which takes a lot
of time. So this way, the QTS becomes expensive and the
market too limited. Consequently, we have figured out
that the single point calibration methodology of QTS for
some applications is the best option. This is in the case
where the low cost calibrated sensors are necessary. We
consider that, if we have already found the thermo
sensitivity (Ct ) of the QTS we should be able to find the
frequency temperature dependence in the all range from
minus 20°C to 120°C according the equation:

-40

-20

0

20

40

60

80

100

120

o

Temperature, C

Fig.6. Temperature-frequency characteristic in
temperature range from minus 20°C to 120°C.
Calibration of the QTS should be always connected to
the evaluation of the uncertainties. The attainable
uncertainty for temperature measurement system depends
on a number of variables: statistical standard uncertainty,
drift of thermosensitivity, non-linearity, instability and
gradient of temperature, uncertainty of the measurement
equipment. Expanded uncertainty, obtained by
multiplying the standard uncertainty by a coverage factor
k=2, in temperature range from minus 20°C to 120°C is
estimated as 0,24°C. This value could be lower by one
order of magnitude if a correction of the non-linearity is
taken into account at every defined temperature point.
IV.THERMAL RESPONSE TIME
IV.1. Experimental setup

F (T ) = F0 + C t .T

(2),

where
Fo is the resonant frequency in Hz at temperature 0°C,
Ct is the thermosensitivity in the range from minus
20°C to 120°C,
T is the temperature in °C.
The Fo is obtained from experimental measurement of
resonant frequency at ice point (temperature 0°C). The
measured thermosensitivity of the series TS01(which
consists 50 of resonators) varies from 1114Hz/°C to
1154Hz/°C. In the series TS01 the drift of the Ct is 40Hz,
which should be taken into account in uncertainty
evaluation. The calculated average thermosensitivity is
1125Hz/°C. Next the frequency of QTS at the any desired
temperature can be found and temperature-frequency
characteristic can be drown as it is shown on Fig.6.
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Using samples of QTS01 and QTS02 series, we
measured the response time of the transducers for a
temperature change from 100°C to 0°C in liquid medium.
The experimental setup for measurement at 0°C is shown
on fig. 4. For measurement at 100°C the ice bath is
replaced by water vapor thermostat.
The frequency alteration is automatically registered by
Lab VIEW program every 2 seconds. A standard quartz
thermometer Hewlett Packard 2804A with sensitivity
10-4ºC detects the permanent static temperatures.
IV.2. Results and discussion
The thermal response time is the time interval necessary
for reaching the temperature of the surrounding
environment with a precision of up to 1°C, 0,1°C and
0,001°C when the transducer is removed from a medium
with temperature 100°C to a medium with temperature
0°C.
The typical thermal response time at cyclical
temperature change from 100ºC to 0ºC within 1000sec.
interval is shown on figure 7. The thermal response time
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within 30 seconds for both QTS01 and QTS02 is shown
on figure 8.

29360

o

100 C

29340

F , KHz

29320
29300
29280
29260
o

0C
29240
0

200

400

600

800

1000

t , sec.

Fig.7. Typical thermal response time at cyclical
temperature change from 100ºC to 0ºC of QTS02 sensor
29220
29140
29200

QTS01

29160

F, KHz

18
34
48
60

for QTS02:
o
sec.-1 C accuracy
o
sec.-0.1 C accuracy
o
sec.-0.01 C accuracy
o
sec.-0.001 C accuracy

29120
29100

29080

29140

F, KHz

29180

- other effects- package leaks and outgassing, chemical
reaction effect. [7]
Manufacturing process, selection of electrode material,
holder, seal-type and internal atmosphere can be
optimised to produce resonators with minimum aging.
The long-term stability has been examined at room
temperature 25ºC. The purpose is to find the aging degree
of the resonators under normal conditions in the storage.
Sixty resonators have been kept in the storage at
temperature about 25ºC. The measurement period
increases by 5, 10, 15, 30 and 90 days. Periodical
frequency measurement is performed at supporting
temperature 0oC in an ice bath.
The temperature is registered by calibrated standard
quartz thermometer Hewlett Packard 2804A. Frequencymeasurement
device
for
resonators
frequency
measurement consist of precise, calibrated frequency

counter
-64 type and two-channel crystal oscillator
unit. The extended uncertainty is ± 0.059°C. It includes
uncertainty of frequency, uncertainty of oscillator and
connecting cables, temperature gradient of the ice bath,
temperature stability, uncertainty of the standard
thermometer.
Experimental results prove that the aging can be
positive or negative. The first part of the aging curve is
sometimes referred as “initial” or “stabilization period”.
Examples of aging behaviour are shown on figure 9.

29060
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29040
29100

5

QTS02

29020

4

29080
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10
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3
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The results from the experiments carried out, show that
the therma
l response time of the strip-type resonator is better
compare to the thermal response time of the ppc
resonator.

-6

1

∆F/F.10

Fig. 8. Thermal response time within 30 seconds
for both series
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V. LONG-TERM STABILITY (AGING)
Long-term stability (aging) is the systematic change
in frequency with time. Usually aging is stated as
deviation in frequency, typically in part per million (ppm)
over the time [6]. The aging of quartz crystal resonator
has been identified as one of the most important quality
control problems. The mechanisms that can cause aging
are very complex:
- mass transfer to or from the resonator’s surfaces due to
adsorption or desorption of contamination inside the
resonators enclosure;
- stress relief in the resonators-stress strain effects in the
resonator blank, quartz defect, mounting and bounding
structure effects, changes in the electrodes;

Fig. 9. Different aging behaviours
The typical changes of dependence ∆F / F in one
year at 25ºC storage are shown on figure 10.
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the reliable operation of the sensor without additional
recalibration in the next few years.
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Fig.10. Typical aging characteristic at 25oC storage.
The analysis shows that, the frequency change with the
time is the most significant at the first forty days at 25ºC
storage. The frequency change does not exceed 3,5.10-7
after the 40th day. This guarantees the reliable function of
the sensor without additional recalibration in the next few
years.
These changes are mainly due to relaxations of the
crystal cell’s intensity.
In order to decrease the aging, stabilizing processes
are necessary. Such process could be the high
temperature vacuum annealing at temperature about
200oC at the end of the technological cycle before enclose
the resonators.
In the next step of investigation, we are planning to carry
out the characterization of aging at higher storage
temperature of QTS.
VI. CONCLUSION
The QTS are calibrated at ice point according to the
requirements of ITS-90. Knowing the thermosensitivity
the frequency-temperature dependence in the interval
from minus 20°C to 120°C is approximated.
Thermosensitivity in this range is calculated as
1125Hz/°C. Calibration of the QTS should be always
connect the evaluation of the uncertainties.. Expanded
uncertainty, obtained by multiplying the standard
uncertainty by a coverage factor k=2, in temperature
range from minus 20°C to 120°C is estimated as 0,24°C.
This value could be in order lower if a correction of the
non-linearity is taken into account at every defined
temperature point.
The comparison between thermal response time of
QTS01 and QTS 02 shows that it is better for QTS02
because of the smaller dimensions of the resonators.
When the transducer is removed from a medium with
temperature 100°C the time for reaching the medium with
temperature 0°C can be measured with a precision of up
to 1°C is 18 sec, 0,1°C is 34 sec and 0,001°C is 48 sec.
The frequency change does not exceed 3,5.10-7 after
the 40th day of aging in storage at 25o C. This guarantees
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AUTODYNE MICROWAVE THERMOSENSOR UNDER VIBRODISTURBANCE INFLUENCE
Boloznev V.V., Safonova E.V., Sultanov F.I., Stanchenkov M.A., Mirsaitov F.N.
Kazan State Technical University, Kul-Gali str., 7 “a”, 15apt, Kazan-420141, Tatarstan, Russia.
ksafonova@yandex.ru
1.

INTRODUCTION

Our main goal is monitoring of flame
parameters such as electron density and temperature
with autodyne sensors, which operating principle is
based on antenna’s resistance dependence from
these parameters. As estimating and optimization
criterion of the quality control quantity of
information, extracted by the sensor in a unit of
time, has been chosen. Procedure of this quantity
estimation, which has been called information
productivity, includes spectral densities of controlled
parameter and disturbance effect comparison by the
Shannon method.
In the work [1] has been noted that autodyne
sensors of combustion process in thermal power
engine (TPE) chambers are subjected to the
influence of many factors. Just one these factors
(electron density or temperature) forms a monitoring
signal. Other factors such as vibrations, different
types of erosions, soot deposition on the firing
surface, antenna’s influence and etc. are
disturbances. Preliminary quantitative estimations
have been received under the assumption that listed
factors are mutually independent; sensor’s transfer
characteristics are linear.
Actually in the TPE all the factors mentioned
above, have been generated by one technological
process. Their interconnection is indubitable, but not
well known. With a fuel feeding growth not only
power or traction are changing, but the temperature,
pressure, vibrations and acoustic noise are growing
too.
From the auto-oscillations theory point of
view autodyne sensor’s response both to monitoring
parameter and to disturbance is equivalent to
frequency destabilization. Destabilizing influence
correlation (also including the one, appeared during
response forming, because of this operation
nonlinearity) has an effect on spectral envelope
shape of the monitoring signal. It plays an important
role in estimation of monitoring accuracy.
In a subject of our investigations there are
two microwave autodyne sensors. One is the
autodyne sensor of electron density in flame N e AS

[2, 3]. Another one (which is close to the first one by
its circuit and construction) is an autodyne sensor of
the temperature T in a wall area of combustion
chamber - TAS .
Purpose of this work: quantitative
estimation of the transfer characteristics nonlinear
influence and correlation of actuating factors at the
accuracy of monitoring. Accuracy measure as in [4]
is an information productivity has been chosen.

Taking into account mentioned above
features and pointed earlier [4] non-uniformity of the
initial spectrums, goal achievement includes five
stages:

Finding a distribution law of
monitoring signal;

Determination of the correlation
function (CF), spectral density (SD) of
monitoring signal as a products of
probe oscillation modulation by the
influences aggregate;

Finding of total and conditional
entropies of monitoring signal; also
their difference, which earlier has
been called an information density;

Monitoring signal band estimation
taking into account an effective band
of actuating factors and spectrum
spreading
under
nonlinear
transformation;

Information density integration in this
frequency band.

As we see, such order of operations
although has been provided by
Shannon, but don’t come to the well
known example.
Because of the limited article size, we are
going to present just part of received estimations,
dedicated to the influence of:

Nonlinearity - only for N e AS ;
Correlation- only for TAS ;
Just one, but most essential for each
AS disturbance factor. For TAS - only
narrow band vibro-influence.
In the second situation only heat noise has
been considered qualitatively.



2.

CORRELATION
FUNCTION
AND
SPECTRAL DENSITY OF THE SIGNAL
Under electron density N e control the most

powerful disturbance has been generated by
fluctuating heating of antenna, which aperture
coincides with N e AS firing surface. Both

influences are stationary, (except emergency
situations) and have spectral densities and
correlation functions
−γ
S N ,T ( Ω ) = AN ,T Ω ,
RN ,T =

AN ,T

π

Γ (1 − γ ) sin

πγ
2

τ

γ −1

= BN ,T τ

γ −1

(1)
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the autodyne response. x ( N , T , t ) stays as weighted
sum (2), but with a different μ value.
Basing on a standard expression of the
normal distribution law, attaching x1 ( t1 ) and
x2 ( t2 ) values to the x ( N , T , t ) function, let’s

calculate correlation function and spectral density of
the monitoring signal:
n =3

Rω (τ ) = ∑ bn mN BC τ
2

n

(1−γ ) n

n =0

Sω N ( ω ) =

,

⎧

n

3 ⎪
⎡A
πγ 1 ⎤
+ ∑ ⎨bn ⋅⎢ ⋅Γ(1−γ )⋅sin ⎛⎜ ⎞⎟⋅ ⎥ ×
⎝ 2 ⎠ σ x2 ⎥⎦
ω n =1 ⎪ ⎢⎣ π

b0

⎩

× cos

⎡π
⎤ Γ (γ − 1) n + 1 ⎫⎪
,
γ
− 1) n + 1 ⋅
(
(γ −1) n +1 ⎬
⎢⎣ 2
⎥⎦
ω
⎪⎭

(

Fig. 1 Correlation function of stochastic process on the exit of
NAS.

In linear approximation autodyne response in
a sum with the sensor heating is:
x ( N , T , t ) = Δω ( N , T , t ) / ω0 = mN Δ N + mT ΔT =
= mN ( Δ N + μΔT ) ,

2

)

BC = BN + μ BT ,

where

(4)

(

)

bn = bn an , M 1,2 ,

M 1,2 - mathematical expectations, corresponding to

the electron density N a and temperature Ta values
in TPE nominal conditions.

(2)

where Δ N ,T - electron density and temperature
increments, normalized by average values N a , Ta .
Both spectrum responses are summarizing
and the information density is estimating by the
classical ratio [5]. Actually in the process of
measuring transformation response’s multiplication
takes place because of nonlinearity x ( N , T , t ) and
dependence

of

mN from

the

temperature.

Simplifying the task and generalizing both cases,
let’s approximate response by polynomial:
2
3
y ( N , T , t ) = a0 + a1 x + a2 x + a3 x ,
(3)
where x = x ( N , T , t ) .

Fig. 3 Spectral densities of the frequency fluctuation caused by
electron density and temperature values variation.

In a general case expressions (4) are bulky.

However when μ BT  BN , mN = m1 (1 + μΔT )
2

and under limitation of monitoring signal range from
“bellow” (i.e. under a0 = 0 ), polynomial (3) turns
into
y ( N , T , t ) ≈ m1 ( Δ N + μΔT ) + m1μΔ N ΔT +

(

2

2

)

+ a2 ⋅ Δ N + Δ N Δ T .

In this case expressions for correlation function and
spectral density are simplifying.
3.
Fig. 2 Transfer function of NAS approximated by power
polynomial and limited by plasma’s frequency.

By the mentioned reasons polynomial coefficients
are not the same like in Taylor’s decomposition of

SPECTRUM OF TAS SIGNAL
Operation principles of N e AS and TAS are

similar. Antenna plays the main role in the
temperature response forming; its spectrum response
is close to the ST ( Ω ) spectrum. Due to autodyne
frequency choice and antenna’s construction features
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N e influence at the monitoring signal frequency is

∗

) . It considers like

where Sαυ ( Ω ) gets into “right” wing, Sαυ ( Ω ) -

a noise. Influence mechanism of such disturbance
and its result are clear from the previous part of the
work. It is important also that neither controlled
parameter T nor disturbance N don’t cause
nonlinear effects.
The main disturbance forms by combustion
chamber vibration (in this work it is narrowband). Its
influence mechanism consists in amplitude
modulation of the monitoring signal. Moreover,
resonator and oscillating diode heating exert
influence on the amplitude. This process spectrum is
much narrower than ST ( Ω ) .

into “left”, that causes spectrum asymmetry [5].
Spectral components presented on the figures

much less K N ΔN  KT ΔT

Vibration spectrum is
AV
SV ( Ω ) =
⋅ ST ( Ω )
2
1 + ⎡⎣ 2 ( ΩV − Ω ) / ΠV ⎤⎦

∗

−3

−4

10

−5

10

10

Spectral density

10

Sυ

( K A ⋅ Π)
=
2Ω

γ

TAS

−4

−5

•

20

60

∗
10

−6

0,1

15

30

Fourier frequency Ω/2Π [Hz]

Fig. 5 Spectral densities of the sensor's responce (*), amplitude
fluctuations (•), caused by narrow-band vibration interference
with a different Q-factor.

2

−3

TAS

10

AT ;

Sαυ ( Ω ) = K A ⋅ KV ⋅ AT

∗

ρΠ + Ω

Sαυ ( Ω ) = − K A ⋅ KV ⋅ AT
∗

30

−3

5

10

2 +γ

Ω
Π

1+γ

Ω

.

2

;
(6)

Spectral density

;

2+γ

⎡
⎤
⎢
⎥
2
KV
⎢
⎥
2
+ Kd (Ω)
2
⎢
⎥
⎢1 + ⎡ 2 ( ΩV − Ω ) ⎤
⎥
⎥
⎢⎣ ⎢⎣ ΠV
⎥⎦
⎦

15

Fig. 4 Spectral densities of the sensor's responce (*), amplitude
fluctuations (•), caused by the temperature and narrow-band
vibration interferences.

∗

Ω

∗

Fourier frequency Ω/2Π [Hz]

(even αυ and odd αυ ) for one sideband of the
monitoring signal (following terms of the [5] it is a
wing of the spectral line).
2

0,1

(5)

Q-factor of vibrator.
Similar from the point of view of the
fluctuation theory in active oscillators situation is
also the same with considered in [5]. Following
traditions, lets present spectral densities of amplitude
(index α ), frequency ( υ ) and joint fluctuations

Π

•

1 2
−6

10

It reflects not the direct temperature influence on
vibrator (for example on the chamber wall), but their
– vibration and temperature – common dependence
from
physicochemical
effects
in
flame.
ΠV = ΩV QV  ΩV , ΩV , QV - central frequency and

Sα ( Ω ) = AT

TAS

10

Spectral density

(

Sυ , Sαυ ( Ω ) , Sαυ ( Ω ) magnitudes summation,

−4

10

10

−5

10

20

Here KV , K A , K d are influence coefficients of
vibration, antenna’s heating and resonator with a
diode on the corresponding spectral densities.
Π =ω Q
- resonator range and its Q-

factor; ρ = ω (1 + Rd Rr ) - where Rd , Rr - diode
( Rd < 0 ) and resonator resistances ; γ < 1 . Entire

spectrum of the monitoring signal forms by Sα ( Ω ) ,

30

•
−6

10

0

15

30

Fourier frequency Ω/2Π [Hz]

Fig. 6 Spectral densities of the sensor's responce (*), amplitude
fluctuations (•), caused by narrow-band vibration interference
with central frequencies: 10, 20, 30 Hz.
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4.

INFORMATION PRODUCTIVITY

According to the algorithm, which was
described in the beginning of the article, information
productivity estimation is
ΩV

W = ∫ ⎡⎣log 2 ( SMS + S П )−log 2 S П ⎤⎦ d Ω

(7)

0

where ΩV

- band boundary of the monitoring

system.

Information productivity C(Ω) [bit]

6

TAS
60

20

4

5

2

contain information about the monitoring parameter
- N e for the N e AS and T for the TAS . Let’s
restrict possible variants. Under the most hard
S MS
contains only undistorted
restriction

monitoring signal, i.e. linear term for N e AS and Sυ
for TAS , the rest components form disturbance.
Under the mild restriction S П contains only those
spectral densities, which are non-connected with
monitoring parameter. It means that under the
monitoring signal reprocessing quantity of
information (in comparison with a hard variant) can
be increased.
Formulas comparison (6) and especially (3)
with integral (7) gives an idea about bulky structure
of final expressions for information density. Because
of that, results are presented only graphically on the
figures.
Under drawing the graphs hard restriction
variant has been accepted. Additive noises and heat
noise (to avoid an information density growth
outside the effective bandwidth of the monitoring
signal) have been qualitatively considered.

0
0

15

30

5.

Information frequency band Ω/2Π [Hz]

Fig. 7 Information productivity of the sensor under vibration
interferences with a different Q-factor.

Information productivity C(Ω) [bit]

9

TAS

6

20

3

30

10

0
0

15

30

Information frequency band Ω/2Π [Hz]

Fig. 8 Information productivity of the sensor under vibration
interferences with central frequencies: 10, 20, 30 Hz.

All spectral densities, which were found for
all types of the sensors, as summands get into the
first term of subintegral expression; those which
form conditional entropy get into second term.
It is complicated and ambiguous to relate
spectral densities calculated components to the one
of two aggregates S MS or S П . It happens, because
most of the calculated spectral densities more or less
66

DISCUSSION

Signal spectrums of both sensors, which have
been constructed in accordance with traditions,
existing in research of self-oscillators frequency
instability are represented on the pictures ( ). These
traditions are based on consideration of the single
sideband envelope (usually right) of HF spectrum,
which is assumed as identical to detected signal’s
form. In our case, there are some distinguishing
moments, thus, so spectrums do not represent neither
result of detection, nor single sideband of HF
oscillation. Reasons are: coupling of factors,
necessity to detect AM and FM oscillations in
different ways, absence of phase ratio’s account;
that’s why HF spectrum dissymmetry takes place.
The most evident result of non-linear
transformation in N e AS , as it was expected, is

monitoring signal spectrum widening with some
information loss in the main frequency band domain.
This phenomenon occurs because of both decreasing
of monitoring signal’s spectral density and
disturbance growth. The working point (M1,2) choice
is quite important, but it is not reflected in our
pictures. A little bit unexpected was relative
spectrums narrowing. Actually, they are disturbance,
correlated with the monitoring signal. That’s why
they are worst under the monitoring signal
reprocessing.
Formation of monitoring signal’s spectrum in
TAS in many respects is similar to the well known
frequency modulation process in radio transmitters,
accompanied by incidental amplitude modulation.
Appearing cross correlation has a weak influence at
the information productivity, because of crossspectrums bandlimitedness. This is especially
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important because the main task of TAS is fast
temperature fluctuations control. Under the
amplitude-independent frequency detecting of the
monitoring signal vibration splash in spectrum, in
fact, reduces. It is the result of known phase ratios
for two modulation types.
It doesn’t mean that for TAS vibroprotection
is not required. First of all, real autodyne response is
non-linear; consequences of that are well seen in the
ratio expressions of the fourth part of the article (4.
Information productivity). On the other hand, further
processing of the monitoring signal includes nonlinear operations. It is surely interesting to have a
look on dependences of information productivity on
frequency and Q-factor of vibrator (a little
controversy from the point of view of thermal
protection). The last phenomenon gives an idea of
TAS constructing from elastic materials.
6.

4)

5)

signal”, abstracts of Wave Electronics and its
Applications in the Information and
Telecommunication
Systems,
p.92-93,
St.Petersburg, Russia, September 2005
Boloznev V.V., Safonova E.V., Sultanov F.I.,
Stanchenkov M.A. “Signal processing
principal in a microwave autodyne sensor”,
abstracts and proceedings of the 19th
European Frequency and Time Forum, p.69,
Besancon, France, March 2005.
Malakhov A.N. “Fluctuations in selfoscillating systems” – M.[in Russian]
Science, 1969, 690.

CONCLUSIONS

In this work the feature of information
productivity estimation is stipulated by the condition
that sensors working band Π = ω Q in tens to
hundreds times exceeds the band of useful signal
and noise impacts. That’s why in case of nonwhite
spectrum information productivity significantly less
in comparison with potential capacity of the sensor
(the famous notice of Shannon about nonwhite
spectrum is valid for only noise). Taking into
consideration non-linearity and side amplitude
modulation makes the picture worse.
On the other hand, it is possible to compare
received spectral-correlated characteristics with a set
of scientific works, but none of comparisons about
information productivity can be done. Thus, we will
come nothing more than coarse estimation of
response rate, which is tens of millisecond (there no
such results for compact sensors of flame had been
obtained before).
Correlation reprocessing of the measuring
signal, particularly at an independent disturbance
control (for example, comparison of TAS and
N e AS

signals),

we

hope,

will

improve

informational indexes of the sensors.
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Latest developments in ultra-stable microwave oscillators at Femto-ST Institute
V. Giordano,∗ Y. Gruson, N. Boubekeur, R. Boudot, K. Benmessaı̈, S.
Cordier, C. Rocher, N. Bazin, E. Rubiola, P.Y. Bourgeois, and Y. Kersalé
Institut FEMTO–ST, Dpt. LPMO, UMR 6174 CNRS-Université de
Franche-Comté 32 av. de l’Observatoire, 25044 Besançon Cedex, France
A growing number of scientific or technical applications requires very high frequency stability oscillators.
Thus a frequency stability of the order of 1 × 10−14 at short term is now required for metrology, future space
programs and some tests of fundamental physics. Besides any reduction in oscillators phase noise will improve
radar systems and phase noise measurement sensitivity. These new requirements impose to surpass the performances of the state-of-the-art quartz crystal oscillators. Such a breakthough can today be effectively achieved
by the Sapphire Whispering Gallery Mode Resonator technology. In this paper the new advances achieved in
our laboratory, related to this technology, are presented.

I. INTRODUCTION

II.

LIMITATIONS IN THE OSCILLATOR FREQUENCY
STABILITY
A.

A growing number of scientific or technical applications
requires very high frequency stability oscillators. Thus a
frequency stability of the order of 1 × 10−14 for integration time between 1 and 104 s is now required for metrology, future space programs and some tests of fundamental
physics [1–3]. Besides any reduction in oscillators phase
noise will improve radar systems and phase noise measurement sensitivity. These new requirements impose to surpass the performances of the state-of-the-art quartz crystal
oscillators whose short term frequency stability is limited
to around 1 × 10−13. Such a breakthough can today be
effectively achieved by the Sapphire Whispering Gallery
Mode Resonator technology. The aim of this paper is to
present the new advances achieved in our laboratory, related to this technology. It summarizes about ten years of
research and technical works and constitutes the continuation of a preceeding paper [4]. These developments have
been mainly supported by the french national space and
metrology agencies (CNES and BNM).

In the first section we review the main phenomena affecting the frequency stability of an electronic oscillator.
The performances of classical RF and microwave sources
are then compared to the new requirements in term of frequency stability and phase noise. The principle and the
main characteristics of the Whispering Gallery Mode Sapphire Resonator are recalled in the section III. The main
part of this paper (sections IV, V and VI) is devoted to
present the different ultra-stable oscillators we have implemented and tested in our laboratory. The last section
VII relates to a new avenue: a whispering gallery mode
cryogenic MASER which presents very high potential to
achieve ultra-high frequency stabilities.

∗ Electronic
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Leeson formula

Basically, an electronic oscillator consists of a frequency
reference, i.e. the resonator, inserted in the positive feedback loop of an electronic amplifier (see figure 1). The
resonator is characterized by its resonance frequency ν0
and its loaded Q–factor QL whereas the loop amplifier has
a power gain G and a noise figure F.
ν0 Q
L
Resonator
Amplifier

+

G

∆θ

FIG. 1: Basic electronic oscillator

The signal output frequency fluctuations can arise from
any phase noise source present in the loop circuit. Assume
a phase variation ∆θ arising at a given point of the circuit. As the oscillation condition imposes a constant phase
along a round trip, oscillation frequency adjusts itself automatically to compensate these phase variations:
∆θ
∆ν
=
ν
2QL

(1)

Obviously, this phase–to–frequency conversion also takes
place with random fluctuations of any part of the loop,
whereat higher Q–factor yield better frequency stability.
This phenomena can be described by the well–known Leeson model [5] which expresses the power spectrum density
(PSD) of output signal phase fluctuations Sϕ ( f ) as a function of the PSD of internal phase fluctuations Sθ ( f ):
ν2 1
Sϕ ( f ) = 1 + 02 2
4QL f




Sθ ( f )

An extensive discussion is available in reference [6].

(2)
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D. Intrinsic noise, environmental sensitivity and resonator
aging

The fundamental limitation in the oscillator frequency
stability can be derived by neglecting any internal noise
source but the thermal noise. If T is the absolute temperature of the circuit and P the signal power at the amplifier input port, the PSD of the internal phase fluctuations
is Sθth ( f ) = FkB T /P where kB is the Boltzmann constant.
From equation (2) and for Fourier frequencies lower than
the resonator bandwidth ( f < ν0 /2QL ), the output signal
PSD is:
Sϕth ( f ) =

ν20 FkB T
f 2 4PQ2l

(3)

In presence of such a white frequency noise, the oscillator frequency stability will improve as the square root of
the integration time τ. Expressed as the square root of the
Allan variance the frequency stability is:
1
σyth (τ) =
2

s

FkB T
2PQ2L τ

(4)

√
This limitation is of the order of 2 × 10−15/ τ at 1s
√ for a
5MHz quartz oscillator and lower than 5 × 10−18/ τ for
a microwave oscillator based on a high–Q cryogenic resonator. Actual oscillators show frequency instability well
above these limits and then additional noise sources have
to be taken into account.

C.

Amplifier flicker noise

In most cases, the intrinsic phase noise of the loop amplifier is the relevant noise source which limits the oscillator frequency stability at short term. For low Fourier frequencies the PSD Sθ ( f ) generally presents a flicker component resulting from the up–conversion of DC bias flicker
[7]:
Sθ ( f ) = (1 + fc / f )FkB T /P

(5)

where fc depends on the amplifier technology. Combining
equations 2 and 5, we get the oscillator phase noise for low
Fourier frequencies:
Sϕ ( f ) =

ν20 fc FkB T
f 3 4PQ2l

(6)

Sϕ ( f ) appears now limited by a 1/ f 3 component leading
in the time domain to a frequency instability independent
of the integration time:
σy (τ) = 0.59

s

fc FkB T
2PQ2L

(7)

Additional frequency fluctuations of the output signal
can arise from the resonance frequency fluctuations of
the resonator itself. Intrinsic flicker frequency fluctuations leading to a frequency instability of the order of
0.5 − 1 × 10−13 have been measured on high quality quartz
resonators [8]. Moreover, the resonator frequency is determined by its geometry and by the wave velocity inside the
resonator medium. These physical characteristics are generally affected by the environmental parameters such as the
temperature, the magnetic field, the level of radiation, etc
... The sensitivity to these external parameters limits the
oscillator long term frequency stability. Random fluctuations in the environmental parameters lead to an oscillator
stability with a τ1/2 slope in the Allan deviation curve.
The resonator medium properties vary with time. For
example the stresses induced during the resonator mounting relaxe with a long time constant. As stresses induce a
change of the wave velocity in the resonator medium, the
oscillator frequency drifts. These phenomena are responsible for frequency stability degradation in the long term.
This aging is generally characterized in the time domain
by an Allan standard deviation increasing proportionally
with the integration time τ.

E.

Frequency stability requirements

Figure 2 represents the new requirements for a 10GHz
carrier in term of phase noise for new applications in the
fields of metrology, fundamental physic tests and radar
systems. In the same figure the typical performance of
available sources based on a quartz X-tal oscillator reference is shown. In term of frequency stability, metrology
and physic experiments need secondary reference source
presenting a standard deviation σy (τ) ≤ 1 × 10−14 over integration times ranging from 1 to typically 10.000 s.
Sϕ( f ) dBrad2Hz−1

B. Thermal noise

−60

c)

−100

b)

−120

a)

−140

f (Hz)
10

100

1k

10k

FIG. 2: Phase noise requirements (carrier frequency 10GHz):
a) for Radar systems, b) for metrology and fondamental physic.
c) Classical 10 GHz low noise synthetized source using 5MHz
quartz reference.

It is obvious that these new requirements can not be fulfilled by classical quartz oscillators. This situation has motivated since about ten years a lot of researches and developments in the field of sapphire resonator based microwave
oscillators which have the potential to surpass the quartz
X-tal performances.
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WHISPERING GALLERY MODE RESONATOR

The sapphire resonator consists of a cylindrical resonator machined in a low defect Al2 O3 monocrystal.
The use of particular resonance modes called Whispering
Gallery (WG) modes allows to concentrate almost all the
electromagnetic energy inside the sapphire cylinder. The
latter has a typical diameter of 30–50mm and a high of 10–
30mm for X-band operation . The Q–factor, essentially
limited by the sapphire dielectric loss, is 200,000 at the
ambient temperature, higher than 10 millions at 77K and
up to 109 at the liquid helium temperature. This type of
resonator constitutes an excellent frequency reference that
can be implemented in an oscillator loop.
In practice the sapphire cylinder is placed in the center
of a metallic cavity to prevent radiation losses. Two coupling probes consisting of small magnetic loops or straight
antenna protude in the walls of the cavity and permit to excite the WG mode. In all the experiments described in
the following, the sapphire resonators operate on quasitransverse magnetic whispering gallery modes (or WGH
modes). As the WG modes are high order modes, they
can be perturbed by a number of low-Q spurious modes
that have to be suppressed in order to get oscillation on the
right resonance. We developed two different modal selection techniques enabling to operate the oscillator without
the need of sharp bandpass filter in the loop [9]. The first
method consists in the deposition of thin metallic lines on
the flat surface of the sapphire cylinder. This technique can
be applied at room temperature as well as at 77K [10]. At
lower temperature and especially around 4.2K this method
induces a strong decrease in the resonator Q-factor and
then is not convenient. To address this issue we developed
the opened cavity technique (see section VI).
One problem with sapphire WG mode resonator is the
high sensitivity to thermal fluctuations. This sensitivity
arises from the strong dependence of the sapphire permittivity with temperature. Temperature stabilization and
thermal compensation techniques have been then developped.
IV.

ROOM TEMPERATURE OSCILLATORS
A.

Phase noise

At ambient temperature, the sapphire resonator shows a
Q–factor at least 10 times higher than classical microwave
dielectric ceramic resonators. As expected from the Leeson formula (see equation 2), our room temperature oscillators show a phase noise 20dB lower than that of ceramic
resonators-oscillators with similar amplifier (Figure 4–a)
[4].
New generation of microwave SiGe heterostructure transistors have been tested in collaboration with the LAAS
(Laboratoire d’Analyse et d’Architecture des Systèmes Toulouse) to achieve better phase noise (see figure 4–b)
[11]. For lower noise the system has to be made more complex. A noise degeneration system can be implemented
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as suggested firsty by Galani [12] and improved later by
Ivanov et al. [13]. In such a system the intrinsic noise
of the amplifier is measured thanks to an interferometric phase noise detector that uses the sapphire resonator
as phase reference (see figure 3). The signal reflected by
the resonator consists of the carrier surperimposed to the
phase noise modulation sidebands generated by the sustaining amplifier. A bridge comprising a variable attenuator l and a variable phase shifter γ is used to suppress
the carrier. The noise sidebands are amplified and then
detected with a properly pumped microwave mixer. This
mixer finally delivers an error signal that is fed in a voltage controlled phase shifter (VCPS) to correct the amplifier phase noise. The interferometric technique provides
in real time and with a high sensitivity a low frequency
voltage proportional to the phase fluctuations induced by
the amplifier [14]. Typical gain at low Fourier frequencies
( f ≤ 1kHz) is of the order of 40dB [15].
VCPS

Oscillator
Loop

γ
Interferometer

l

+
Error signal

FIG. 3: WG mode sapphire resonator-oscillator with interferometric correction.

The figure 4 represents the phase noise for a 10 GHz
carrier we obtained with the different versions of the room
temperature sapphire resonator-oscillator.
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FIG. 4: Phase noise of ambient temperature 10 GHz sapphire resonator oscillators. a: Sapphire resonator and classical AsGa microwave transistor. b: Sapphire resonator and SiGe heterostructure microwave transistor. c: Sapphire resonator and interferometric correction.

B. Long term frequency stability

At room temperature the WG resonator suffers from
a high sensitivity (-70ppm/K) to the temperature fluctua-
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tions. It results in poor frequency stability for integration
times higher than few tenth of second. A high efficiency
thermal regulation has to be implemented to minimize the
effect of the ambient temperature changes on the oscillator frequency. To solve this issue, we recently developed
a special cavity design completed with a high-resolution
thermal control [16]. The main idea is to ensure as perfect the best symmetry of the thermal paths with respect
to the electromagnetic fields configuration inside the sapphire resonator. In this condition we demonstrated that the
oscillator frequency stability remains limited by the intrinsic noise of the loop amplifier up to an integration time
higher than 10s (Figure 5). At long integration time the
oscillator frequency sensitivity to room temperature variation is reduced to −0.05ppm/K.

σy (τ)

10 −5
10 −7
10 −9
10 −11

1

10

100 1000 10000

Integration time τ (s)

FIG. 5: Frequency stability of a room temperature WG sapphire
resonator oscillator : (•) non thermally controlled, ( ) thermally
controlled.

          

Spring

a)





Rutile
Sapphire

b)
         
         

FIG. 6: Principle of dielectric compensation for cryogenic sapphire resonators. a): Two rings of rutile are placed on the two
flat surfaces of the sapphire puck and maintained by the strength
of a spring. b): A rutile thin film is directly deposited on the
entire sapphire resonator surface.

A. Thermomechanical compensation

The principle of the thermo–mechanical compensation
has been firstly proposed by J. Dick [17]. The sapphire
resonator consists of two disks separated by a small gap.
The height of this gap depends on the length of a piece
made in copper or silver. For a WGH mode the electric
field is essentially axial. The dilatation coefficient of the
copper is stronger than those of the sapphire and any increase of the resonator temperature induces an increase of
the relative height of the gap. The mean value of the relative permittivity seen by the electric field then decreases
which is just opposite to the natural sapphire relative permittivity variation. Depending on the height of the copper
piece the turnover temperature can be adjusted between 40
to 90K. We designed a compensated resonator presenting
a turnover temperature of 88K and a Q-factor of 2 millions
[18].

V. THERMALLY COMPENSATED RESONATORS
B. Dielectric compensation

The oscillators described above provide high spectral
purity but are not at all suited for applications requiring a
high frequency stability over integration times higher than
few tenth of second. Indeed the frequency stability of these
oscillators is drastically limited by the resonator sensitivity to the thermal fluctuations. This sensitivity decreases
slowly with temperature but remains of the order of few
ppm at cryogenic temperatures. Considering the temperature can be hardly stabilized within a few 10µK, there results in a frequency stability worst than 10−11 which cannot compete with the quartz oscillator.
The resonator structure has then to be modified to introduce some perturbation which will compensate the sapphire permittivity thermal sensitivity. If the compensating perturbation is well designed, the resonator shows a
turnover temperature T0 at which the thermal sensitivity
nulls at the first order. The higher is the turnover temperature, the stronger is the perturbation. As the perturbation
inevitably induces a degradation of the resonator Q–factor,
the turnover temperature is in practice limited to T0 ≤ 80K.
Few compensation technics have been tested in our laboratory.

The sapphire shows a positive temperature coefficient
of permittivity (TCP). Thermal compensation is obtained
by combining sapphire with another dielectric having a
negative TCP as rutile (TiO2 ). Low dielectric loss rutile
monocrystal can be used. The compensated resonator is a
sapphire disk on which two thin rutile rings are maintained
thanks to a delicat mechanical assembly. The structure we
tested in our lab was designed by two other groups [19, 20]
and presents a turnover temperature of 53K and a Q–factor
of the order of 107.
We also developed another technique consisting of the
deposition of a rutile film (1–2µm thick) by using a sol–
gel method on the overall surface of the sapphire disk
[21, 22]. The main advantage of this technique is compactness, intrinsic immunity to mechanical vibration and
low cost. Nevertheless, as the deposited rutile film is not a
perfect crystal, the resonator Q–factor remains limited to 2
millions. Studies on the material and on other depositions
techniques are currently under development aimed to improve the crystallographic characteristic of the deposited
layer.
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Thermal shield and regulation 300K +/− 0.1K

FIG. 7: Scheme of the oscillator circuit. The bold line are the oscillator loop. The thin lines refer to the electronic controls required to
get a high frequency stability.

C. Paramagnetic compensation

Another type of thermal compensation is obtained by
doping the sapphire crystal with paramagnetic Ti3+ ions.
The magnetic susceptibility resulting from Ti3+ ions depends on temperature. Its effect on the resonator frequency
is opposed to those due to the sapphire permittivity sensitivity. With a 0.1% by weight Ti3+ ions concentration, the
turnover temperature is in the range of 20–77K, depending
on the WG mode[23]. In collaboration with UWA (University of Western Australia, Perth) which provides the crystal, we tested in an oscillator loop a 25mm diameter, 20mm
hight doped sapphire resonator excited in the WGH8,0,0
mode at 12.7 GHz. For this mode the turnover temperature is 34.286K and the unloaded Q-factor is 1.6 × 106.
D. Oscillator loop and additional control

All the above thermal compensation techniques require
to cool the sapphire resonator at a cryogenic temperature.
The resonator can be immersed in a liquid nitrogen or helium bath or can be mounted in a closed-cycle cryocooler.
The resonator is thermally connected to the cold source
and stabilized at its turnover temperature.
With a special design the sustaining amplifier can be
placed in the cryogenic environment [24]. This solution
yields to difficult technological issues: thermal dissipation
of the microwave amplifier, final adjustment of the roundtrip phase and of the overall gain in the loop. Moreover, to
get high frequency stability the power injected in the resonator as well as the phase of the oscillating loop have to
be controlled. These controls are difficult to implement in
the cryogenic environment. Generally only the resonator is
cooled while the sustaining circuit is outside the cryostat.
This hybrid solution permits more flexibility in the choice
of the WG mode and in the oscillator parameters, as power,
gain etc...Figure 7 shows the typical circuit implemented in
our oscillators.
Two semi-rigid coaxial cables link the resonator to the
oscillator circuit at room temperature. The coaxial cables undergo large temperature gradients. Their electrical
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length fluctuates due to the cryogenic fluid evaporation or
to room temperature fluctuations. There results in a large
phase drift along the oscillator loop which has to be compensated. This is realized thanks to a Pound servo which
ensures the oscillation frequency to be equal to the resonator frequency [25]. The loop signal is phase modulated
by a voltage phase shifter inserted in the loop. The modulation frequency νm is higher than the resonator bandwidth.
A circulator placed at the resonator input port enables to
derive the signal reflected by the resonator which is sent to
a tunnel diode operating as a quadratic detector. The latter
delivers a voltage which is synchronously demodulated at
νm in a locking amplifier. Let’s assume that the resonator
input port coupling is adjusted to the unity, i.e. β1 = 1. The
reflected signal contains the residual carrier at νosc and two
sidebands at νosc − νm and νosc + νm . When the oscillating
frequency νosc is just equal to the resonator frequency ν0 ,
the residual carrier is absorbed by the resonator and only
the two sidebands subsist. These sidebands are mixed in
the diode which delivers a voltage whose a.c. component
is at the frequency 2νm . The demodulated signal is then
equal to zero. If νosc 6= ν0 , the diode voltage is modulated at νm and the demodulated signal is proportional to
νosc − ν0 . The locking amplifer output signal is integrated
and sent back to the bias stage of the voltage controlled
phase shifter. The phase fluctuations arising in the loop
are corrected in real time in the loop bandwidth. The condition β1 = 1 is required to optimize the Pound servo operation otherwise the slope of the frequency discriminator is
decreased. In practice the adjustment of the resonator coupling coefficients is a difficult task. Indeed as the coupling
coefficients increase as the Q-factor β1 is almost 100 times
higher at cryogenic temperature than at 300K. At room
temperature, the resonator input port reflexion coefficient
is hardly measurable with a network analyzer. Multiple
cooldown are generally needed to get a proper value for
β1 .
The sapphire resonator is also sensitive to the injected
power. This sensitivity arises from two effects: the microwave power dissipation and the radiation pressure inside the resonator [26]. In our experiments we stabilized
the power injected in the resonator by a classical power
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control using a quadratic detector as the sensor and a voltage controlled attenuator (VCA) in the loop.
Finally all the room temperature electronics are stabilized at 300K±0.1K.

E. Performances

The different compensated sapphire resonators described above have been tested alone and in actual oscillators. The performances are given in Figure 8.
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FIG. 9: WGH16,0,0 resonant frequency as a function of temperature. The turning point occurs at 11.565051341 GHz.
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FIG. 8: Frequency stability obtained with the compensated resonators. (4): thermomechanical compensated resonator T0 =
87K. those of(): Dielectric compensation with sol–gel deposited thin film of rutile T0 = 47K. (): Dielectric compensation with mechanical assembly of monocrystal rutile rings on
sapphire. (•): Ti3+ doped sapphire resonator.

These oscillators provide an improvement as compared
to the non–compensated oscillators. Nevertheless, for integration time higher than few seconds, frequency drift
phenomena occur, limiting the interest for these structures.
The frequency drift causes have still not been clearly identified. Few phenomena can induce such long term variations, as stress or thermal gradient relaxation. Although
the performances are still not sufficient, these structures
are alternative solutions for the next–generation of low
noise oscillators.

VI. LOW TEMPERATURE RESONATOR
OSCILLATOR
A. Natural thermal compensation

In order to obtain ultra-high frequency stability, the sapphire resonator must be cooled near the liquid helium temperature, where the Q-factor of the WG modes can reach
109 . Moreover the resonator shows a turnover temperature near 6K. Fortunatly even high quality crystals contain a small concentration (. 1ppm in weight) of paramagnetic impurities as Mo3+ ions as the consequence of the
growth process. There results a natural thermal compensation at random turning point between 4K and 10K, depending on the actual impurities and on the mode[27]. Figure 9
shows the frequency variation of the WGH16,0,0 resonance

FIG. 10: Picture of the opened cavity WG resonator.

of a 50x20 mm HEMEX sapphire resonator between 4 and
10K. The thermal sensitivity is zero at about 6K.

B.

Opened cavity concept

It is a common pratice to enclose the sapphire in a Nb or
Cu cylindrical cavity. This cavity prevents radiation losses
and improve thermal stability. The main drawback of this
configuration is the presence of a number of low–Q empty
cavity modes perturbed by the sapphire resonator. These
spurious modes induce Q-factor degradation and enhance
of the thermal sensitivity [28]. To suppress these spurious modes we have used an opened cavity structure [29].
Only the metal caps remain while the cylinder is replaced
with microwave absorber (Figure 10). This assembly is inserted in a vacuum chamber whose internal walls are covered with microwave absorber.
In this configuration the spurious resonances are no
longer confined, for they are completely eliminated from
the spectrum. Conversely, the high order whispering
gallery modes are almost unaffected by the absorber. The
measured Q-factor of these modes is still higher than
2 × 108 which is sufficient for a frequency stability of
1 × 10−14. Figure 11 shows the frequency stability obtained with the resonator operating on the WGH15,0,0 mode
at 10.959 GHz with a Q-factor of 4.3 × 108. This measurement has been made by comparing the cryogenic oscillator
frequency with a microwave synthetizer (Agilent 8254A)
driven by a hydrogen maser.

73

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

|5/2>
no
n

10−15
10

100
1000
10000
Integration time τ (s)

100000

FIG. 11: Frequency stability of the cryogenic resonator-oscillator
operating at 10.959 GHz.

At short term, the measured stability is limited by the
noise of the reference. The cryogenic oscillator instability shows up at τ > 100s. The flicker floor is of the order of 7 × 10−15. Interstingly, no drift is observed (up to
2 × 10−14/day) [30], while similar oscillators implemented
by other groups are affected by frequency drift of the order of 1 × 10−13/day. The cause of this fortunate outcome
is still not known. Nevertheless, we believe that it results
from the opened cavity. In fact, all other oscillators are
based on a sapphire resonator in a closed metallic cavity. The useful mode is in this case embedded by number of spurious modes. The latter can increase the reference mode senstivity to mechanical creeps or to thermal
drift. Forthcoming experiments should permit to understand these phenomena.
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FIG. 12: Energy levels of Fe3+ ion in sapphire at zero dc magnetic field.

31.34 GHz is sufficient to obtain a -56dBm maser signal,
available outside of the cryostat. The output Maser signal
was directly amplified by 70dB and mixed with the signal
of a microwave synthesizer (Wiltron 69137A) driven by a
hydrogen Maser. The 200kHz beatnote is sent to a high
resolution frequency counter (HP 53132A). We slowly increased the resonator temperature and recorded the beatnote frequency. We determined experimentaly that the
maser frequency has a turn-over point at 7.9K. Finally we
stabilized the resonator temperature at the turning point
and we measured the Allan deviation σy of the fractionnal frequency (Fig. 14).
31.34 GHz (2dBm)

12.04 GHz (−56dBm)

VII. ZERO–FIELD FE3+ MASER

In the ultra-stable oscillator described above, the resonator and the sustaining amplifier are spatially separated
and the oscillator requires appropriate microwave coupling
and a frequency control loop. The overall system is therefore complex and need difficult adjustments. In this classical configuration the cryogenic resonator is simply a linear
two-port system that provides a sharp resonance.
We have demonstrated that the sapphire resonator can
be used in a different way [31]. Among the different paramagnetic impurities that can be found in high purity sapphire crystal there is the Fe3+ ion. The Fe3+ energy levels
at zero dc magnetic field are shown in Figure 12. Near the
liquid helium temperature, there are significant differences
in the populations of these levels. Transitions between any
of these levels are allowed and their linewidths are of a few
tens of MHz. A 31.3 GHz pump signal causes a net transfert of Fe3+ ions from the |1/2i level to the |5/2i level. In
turn non-radiative transitions |5/2i 7→ |3/2i create a negative population difference between the two lower states,
making possible the amplification of a 12.04 GHz signal.
Our whispering-gallery-mode maser is represented in
Figure 13. It is based on sapphire resonator whose
WGH17,0,0 mode frequency coincides with the |1/2i 7→
|3/2i frequency, i.e. 12.04 GHz. This resonator has a
number of resonances near the pump frequency. After
some attemps, we observed that a 2dBm pump signal at
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Fe 3+
doped sapphire

T=7.9K

FIG. 13: Principle of the whispering gallery mode maser oscillator.

At short integration times, τ < 100s, the WG maser exhibits a frequency stability better than 4 × 10−14. The
cause of the long term degradation has still not been determined. Although the system is not optimized, this preliminary result is encouraging. For instance, the two lines
linking the cryogenic resonator to the outside do not include isolators. Fluctuations in the standing wave pattern
could thus induce significant drift on the maser frequency.
We have to evaluate the resonator sensitivity to experimental parameters as the pump power and frequency, the resonator coupling, the reflexion coefficient of feedthrough
and cables, magnetic field, etc ...
The WG maser shows several advantages versus the
classical oscillator: (i) there are fewer critical components,
(ii) it is simpler and more compact, (iii) the number and
the complexity of auxiliary controls is reduced, and (iv)
the resonator coupling is far less critical.
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FIG. 14: Preliminary result on frequency stability of the whispering gallery mode maser. The dashed line is the noise floor of the
measurement system.
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Measurement of Short-Term Frequency Stability of Controlled Oscillators
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1
2

Helsinki University of Technology, Metrology Research Institute, Otakaari 5 A, FI-02150 Espoo, Finland
Helsinki University of Technology, Applied Electronics Laboratory, Otakaari 5 A, FI-02150 Espoo, Finland
A method for measuring the frequency of a controlled oscillator as a function of time is described.
Sometimes it is necessary to detect and measure small but fast frequency changes. This method
can also be used to measure frequency-hopping radio transmitters or radar pulses. In these cases
suggested measurement tools, e.g. spectrum analyzers or frequency counters cannot be used.
The performance of the system depends mostly on the multimeter, whose accuracy, noise and
speed set the limits for the measurements. So far we have been able to measure frequency changes
of 5 Hz with sampling speed of 100 000 s−1 . The observed uncertainty is less than 2 Hz. With some
further noise reduction better results are expected.

I.

INTRODUCTION

Crystal oscillators provide nowadays a very accurate timebase. There are, however, some factors that
may cause instability of the frequency. These are, e.g.
temperature, humidity or pressure changes, acceleration or changes in their external load [1]. On the
other hand, the frequency of the oscillator can also be
changed intentionally, for example in voltage or oven
controlled crystal oscillators (VCXO, OCXO)[2].
Sometimes it is necessary to measure fast frequency
changes, caused by either external factors or intentional tuning, for example, in pulsed or chirped radars
or in frequency hopping radios. Radar pulses are typically very short, so a predefined amount of measurements must be done during short time period. Frequency deviation during pulse may be hard to detect.
In chirped radars, the pulse is longer but has a frequency shift. In frequency hopping radios, frequency
is changed typically in several millisecond intervals,
but the change in frequency is significant and therefore easier to measure than radar pulses.
The primary target of this research is, however, to
measure the frequency of controlled oscillators during
the adjustment, when a frequency counter is too slow
and domain-type analyzers are too inaccurate. This
setup is also used to measure nonlinearities of controlled oscillators [3]. The goal of this research was to
reach an uncertainty of less than 5 Hz and a measurement rate better than 20 000 s−1 .
Frequency counters provide accurate results, but
can not be used for fast measurements, because a
short gate time decreases accuracy too much. The
data transfer rate of the communications bus may
also be a factor that limits the measurement rate. A
modulation domain analyzer was also used, but when
measurement time was shortened, accuracy dropped
substantially.
Characterization of frequency stability is discussed
more in [4] and [5], for example.
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II.

MEASUREMENT SETUP

Block diagram of the setup is presented in Figure
1. It consists of a power splitter, coaxial delay line,
mixer, attenuator, low-pass filter, DC-amplifier and a
8 21 -digit multimeter. The output of the oscillator under test is connected to the splitter, whose first output
goes straight to the RF-input of a mixer. The second
signal from the splitter is delayed and connected to
the LO-port. Because of the delay, there’s a phase
difference between two signals in mixer’s inputs.
When the frequencies in the RF-port and LO-port
are equal, a DC-voltage is present in the output of the
mixer, proportional to the phase difference φ. In an
idealized case, output voltage v(t) of the mixer is

v(t) = A1 sin(ωt) · A2 sin(ωt + φ) =
A1 A2
(cos(φ) − cos(2ωt + φ)).
2

(1)

The length of the delay line was tuned to generate
a phase difference of 90◦ with measured frequency.
With this arrangement output voltage is 0 V, as stated
in Equation 1, and the response of the measurement
system is linear as a function of frequency.
High-frequency components are filtered using a lowpass filter. An attenuator is used between mixer and
filter to ensure proper impedance matching. The filtered signal, which now consists only of DC-voltage,
is amplified using a low-noise operational amplifier,
whose gain is 100. The amplifier is battery powered
to reduce unintentional noise.
The DC-voltage is measured using a fast buscontrolled multimeter (digital voltmeter, DVM). The
speed and accuracy of the multimeter defines also the
sampling speed and accuracy of the frequency measurement. The uncertainty of the voltage measurement is defined by calibrating the multimeter using
the same integration time and measurement range as
in the actual frequency measurement.
The multimeter used in this setup was Agilent
3458A, which was calibrated using Keithley model 263
calibrator. The multimeter was connected to a PC via
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FIG. 1: Block diagram of the setup. PIC microcontroller drives the digital to analog-converter (DAC), which supplies the
control voltage for the voltage controlled oscillator (VCXO), marked in the figure as OSC. Signal from the oscillator is
split, and splitter’s first output goes straight to the mixer. The second signal from the splitter is delayed and connected
to the LO-port of the mixer. Mixer’s output signal is attenuated and filtered using low-pass filter. The remaining
DC-component is amplified and voltage is measured using digital voltmeter (DVM).

GPIB-bus. LabView-software was used to control the
multimeter and to save the results.
The input impedance of the multimeter is very high,
over 10 GΩ. Because a DC amplifier is used, the input
impendace can be reduced to minimize noise. In this
setup, 1 kΩ precision resistor was connected to the
input terminals of the DVM.
A precise controller for voltage controlled oscillator
(VCXO) was also needed. It is used to supply wanted
waveform for desired frequency modulation, but it is
also needed in defining the frequency scale. We used
Microchip’s PIC microcontroller, which is connected
to 16 bit digital to analog-converter (DAC). DAC has
parallel data bus and current output. It drives a lownoise operational amplifier, which was used as current
to voltage converter.
PIC was programmed to produce a waveform that
creates a linear frequency sweep (sweep measured with
the modulation domain analyzer can be seen in Figure
2). Program also allowed us to measure a number of
stable frequencies, which were used in defining the
measurement scale of the setup.
Similar frequency measurement methods based on
the phase detector and phase shifter have been presented before [6, 7], but an important difference is,
that in this setup no reference oscillator is used. Measured frequency is compared to itself, and possible frequency fluctuations of the reference oscillator do not
affect the results. Therefore the absolute frequency is
not known, but only the differential frequency change,
which in this research was the focus.

III.

RESULTS

The output voltage of the setup was measured as a
function of frequency. Eight different control voltages,

FIG. 2: Frequency of the VCXO in function of time measured with Agilent 53310A modulation domain analyzer.
Center frequency ic ca. 25 MHz, frequency change is 5,18
kHz and sweep duration is 1 second.

which covered the whole tuning range of the measured
VCXO, were used. VCXO output requencies were
measured with frequency counter, and output voltages of the setup were measured respectively. Results
are presented in figure 4; sensitivity is 0,139 mV/Hz.
Since the length of the delay line is tuned to generate a phase difference of about 90◦ , the output voltage
is near 0 V and the response is linear.
The multimeter used in the setup was calibrated using the same settings as in frequency measurements.
To achieve best possible measurement rate, averaging
was not used, and the integration time was set to 0.
The measurement range was 1 volt, and single precision was used to transfer results to the computer.
With single precision, each result is transferred using
two bytes.
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10, with nominal frequency of 25 MHz. The measurement duration was 500 µs and it was done during a
frequency sweep, shown in Figure 2.
When a modulation domain analyzer was used to
measure same oscillator using more accurate time
scale, frequency deviation of over 300 Hz was observed
(Figure 3). With a shorter measurement time deviation increased. This kind of result is not plausible, and
our method can be considered better in such precise
measurements.

IV.
FIG. 3: The requency deviation of tested oscillator measured using modulation domain analyzer. Frequency deviation of 300 Hz shown in the figure is not plausible.

The multimeter was calibrated using Keithley
model 263 calibrator. Triaxial cable was used to connect calibrator to the multimeter. Calibration was
done with 0 V, 1 V and -1 V voltages. Observed voltage measurement uncertainty was 0,22 mV.
Using double precision in data transfer (4
bytes/result) did not provide lower uncertainty. Because averaging was not used, uncertainty was considerably higher than normally. The noise of the DCamplifier was also measured, but it’s contribution to
the overall uncertainty was minimal.
When integration time is set to 0, the measurement
speed of Agilent 3458A is 100 000 s−1 . Results are
stored temporarily in DVM’s internal memory, and
transferred to the PC when the measurement is finished. The capacity of the internal memory is ca. 75
000 results, and if memory runs out, measurement
rate drops dramatically. Therefore, the longest usable
measurement time is about 0,75 seconds.
An example of the measurement done using described setup can be seen in Figure 5. The measured
worst case frequency fluctuation between two samples
was 5 Hz. The measured oscillator was Axtal Axis
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CONCLUSIONS

A simple and cheap setup for measuring small differential frequency changes was presented. Measurement rate is 100 000 s−1 and the observed uncertainty
is 1,6 Hz. The described setup is very flexible, it can
be modified for even more precise frequency measurements by using longer delay line. A drawback is that
the linear frequency range decreases. On the other
hand, with shorter delay useful frequency range can
be very wide.
Our results show, that using this kind of setup, fast
frequency changes can be measured with greater measurement rate than with frequency counter, and far
more accurately than with modulation domain analyzer.
In near future, better results may be obtained if
noise is further reduced. It may be done by improving
either the voltage supply used to control the VCXO
or the DC-amplifier.
Since the performance of the setup depens mostly
on the performance of the multimeter, high-quality instruments must be used. Calibration is also necessary,
because normal calibrations are done using longer integration times.
The described setup can also be used in long-term
stability measurements. Software, that controls the
multimeter, provides possibility to measure output
voltage of the setup with longer intervals (e.g. 1 second . . . 10 minutes)
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FIG. 4: Measured frequency scale. Microcontroller and digital to analog converter were used to feed stable control
voltage to the VCXO. A number of stable frequencies were measured using frequency counter and output voltages of the
setup were measured respectively. The response of the setup is linear in the whole measurement region, and sensitivity
is 0,139 mV/Hz.

FIG. 5: The differential frequency fluctuation of the measured oscillator. Measurement time is 500 µs, measurement rate
is 100 000 s−1 and measured frequency deviation is less than 5 Hz. Frequency is rising because the time period shown
in this figure is part of longer frequency sweep (see Figure 2), where frequency changes over 5 kHz.
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Frequency flicker in ultra-stable quartz oscillators
Enrico Rubiola∗ and Vincent Giordano†
FEMTO-ST Institute, Dept. LPMO
UMR 6174 CNRS-Université de Franche-Comté, Besançon France
The frequency flicker of an oscillator, which appears as a 1/f 3 line in the phase noise spectral
density, and as a floor on the Allan variance plot, originates from two basic phenomena, namely: (1)
the 1/f phase noise turned into 1/f frequency noise via the Leeson effect, and (2) the 1/f fluctuation
of the resonator natural frequency. The discussion on which is the dominant effect, thus on how to
improve the stability of the oscillator, has been going on for years without giving a clear answer. This
article tackles the question by analyzing the phase noise spectrum of several commercial oscillators
and laboratory prototypes, and demonstrates that the fluctuation of the resonator natural frequency
is the dominant effect. The investigation method starts from reverse engineering the oscillator phase
noise in order to show that if the Leeson effect was dominant, the resonator merit factor Q would
be too low as compared to the available technology.

I.

INTRODUCTION AND SUMMARY

In the domain of ultra-stable quartz oscillators used
in the most demanding applications, like space and
atomic fountain clocks, we notice that the frequency
flicker is often the most critical parameter. The required stability is sometimes in the upper 10−14 (Allan
deviation) at 1–30 s or so, which can only be achieved
in the lower HF band (5–10 MHz), and after selection.
In such cases, identifying the dominant flicker mechanism is far from being trivial. Whereas some authors
strongly suggest that the amplifier noise can be the parameter that limit the frequency stability, rather than
the flickering of the resonator natural frequency [1, 2],
the general literature seems not to give a clear answer.
This conclusion results from a set of selected articles,
which includes the measurement of the frequency stability [3, 4] and the interpretation of the flicker noise
of crystal resonators [5, 6]; the design fundamentals
of the nowadays BVA resonators [7]; some pioneering
works on the low-frequency noise in quartz oscillators
[8, 9]; more recent articles focusing on specific design
solutions for ultra-stable oscillators [10–14]; and, as
a complement, a thorough review of the SiO2 crystal
for the resonator fabrication is found in [15]. Conversely, in everyday-life oscillators, which span from
the low-cost XOs to the OCXOs used in telecommunications and instrumentation, the relative simplicity
of the low-noise electronics required indicates that the
frequency flicker is chiefly the 1/f fluctuation of the
resonator.
In a previous work [16], now extended to more
commercial products and laboratory prototypes, we
have analyzed the phase noise spectrum of some oscillators, aiming at understanding the internal mechanisms and parameters. We look at the phase-noise
spectrum from the right hand to the left, hence from
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the higher Fourier frequencies to the lower, matching
theory, technology and physical insight. In this way
we get information on the sustaining amplifier on the
output buffer, on the Leeson effect and on the resonator.
In this article we first explain the phase noise mechanisms in amplifiers. Then we introduce the Leeson
effect, which consists of the phase-to-frequency conversion of noise below the resonator cutoff (Leeson)
ν0
frequency fL = 2Q
. Finally, we analyze the phase
noise spectral density Sϕ (f ) of a few oscillators. The
conclusion that the resonator natural frequency is the
main cause of frequency flickering is based on experimental facts. After taking away the effect of the output buffer, we calculate the frequency fL00 at which the
oscillator f −3 line crosses the f −1 line of the sustaining amplifier. Provisionally assuming that fL00 is the
the Leeson frequency, we observe that the resonator
ν0
merit factor Qs = 2f
00 thereby calculated is far too
L
low for a high-tech resonator. Conversely, under any
reasonable assumption about the true merit factor,
the Leeson effect is found at a frequency fL  fL00 .
Therefore the Leeson f −3 line on the Sϕ (f ) plot is
well hidden below the resonator fluctuation.

II.

PHASE NOISE FUNDAMENTALS

Let the quasi-perfect oscillator sinusoidal signal of
frequency ν0
v(t) = V0 [1 + α(t)] cos[2πν0 t + ϕ(t)] .

(1)

where α(t) is the fractional amplitude noise, and ϕ(t)
is the phase noise. The AM noise is not essential to
this work. The phase noise is best described in terms
of Sϕ (f ), i.e., the one-sided power spectral density of
ϕ(t), as a function of the Fourier frequency f . In addition to f , we use the angular frequency ω for both
carrier-related frequencies (ω = 2πν), and Fourier frequencies (ω = 2πf ) without need of introducing it,
0
and the normalized frequency fluctuation y = ν−ν
ν0 .
The quantities ν, f and y refer to one-sided trans-
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b0=

b−1 ~
~ constant

Sϕ (f)

FkT0
P0

b. Flicker noise. Understanding the close-in
noise starts from the bare observation that the output
spectrum is of the white type—flat in a wide frequency
range—when the carrier power is zero, and that noise
shows up close to the carrier only when a sufficiently
large carrier power is present at the amplifier output.
The obvious consequence is that the close-in flickering
results from a parametric effect by which the near-dc
flicker noise modulates the carrier in amplitude and
phase.
The simplest way to understand the noise upconversion is to model the amplifier signal as a nonlinear function truncated to the 2nd order

b−1f−1
b0

P0
fc

low

P0

high

P0

f0

f
fc depends on P0

FIG. 1: Typical phase noise of an amplifier.

vo (t) = a1 vi (t) + a2 vi2 (t) + . . . ,
forms, ω to two-sided transforms. Frequency fluctuations are described in terms of Sy (f ), related to Sϕ (f )
by
f2
Sy (f ) = 2 Sϕ (f ) .
ν0

2
X

hi f i

⇔

0
X

Sϕ (f ) =

i=−2

bi f i .

(3)

i=−4

Our main concern is the frequency flickering term
b−3 f −3 , which is related to the Allan variance by
σy2 = 2 ln(2) h−1 = 2 ln(2)

b−3
,
ν02

(4)

constant, i.e., independent of the measurement time.
Finally, the general background on phase noise and
frequency stability is available from numerous references, among which we prefer [17], [18], [19], and [20,
Vol. 1, Chapter 2]. A IEEE standard is also available
[21].
III. PHASE NOISE IN RF (AND
MICROWAVE) AMPLIFIERS

Sϕ (f ) = b0 f 0 (constant)

(5)

with
F kT0
.
P0

vi (t) = Vi ejω0 t + n0 (t) + jn00 (t)

(8)

contains the carrier and the internally generated neardc noise n(t) = n0 (t) + jn00 (t). Rather than being an
easy-to-identify voltage or current, n(t) is an abstract
random signal that also accounts for the efficiency of
the modulation process. Combining (7) and (8) and
selecting the terms close to the carrier frequency ω0 ,
we get
n

o
vo (t) = Vi a1 + 2a2 n0 (t) + jn00 (t) ejω0 t .
(9)
Hence, the random fluctuations are
α(t) = 2

a2 0
n (t)
a1

and ϕ(t) = 2

(6)

When amplifiers are cascaded, the noise contribution
of each stage is divided by the gain of all the preceding stages (Friis formula [22]). Accordingly, in most
practical cases the total noise is chiefly the noise of
the first stage. Of course, this also holds for phase
noise.

a2 00
n (t) .
a1

(10)

Deriving Eq. (10), the statistical properties of n0 (t)
and n00 (t) are not affected by the carrier power. This
accounts for the experimental observation that the
amplifier phase noise given in rad2 /Hz is about independent of power in a wide range [23–25]. Thus
Sϕ (f ) = b−1 f −1

a. White noise. The equivalent noise spectrum
density at the amplifier input is N = F kT0 , where F
is the noise figure and kT0 is the thermal energy. This
type of noise is additive. In the presence of a carrier
of power P0 , the phase noise spectral density is

b0 =

in which the complex input signal

(2)

A model that has been found useful in describing
the oscillator noise spectra is the power-law
Sy (f ) =

(7)

b−1 ≈ constant .

(11)

Of course, some dependence on P0 remains. We ascribe it to terms of order higher than 2 in (7), and to
the effect of the large signal regime on the dc bias. In
the case of bipolar amplifiers used in HF/VHF amplifiers, b−1 is in the range of 10−12 to 10−14 rad2 /Hz
(−120 to −140 dBrad2 /Hz).
When m amplifiers are cascaded, the The Friis formula does not apply. Instead, the phase noise barely
adds
(b−1 )cascade =

m
X

(b−1 )i .

(12)

i=1

This occurs because the 1/f phase noise is about independent of power. Of course, the amplifiers are supposed independent.
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A − Oscillator loop
(input)

Σ

+

+

oscill
out

main
out
e j ψb

A

e jψ
random
phase

noise
free

random
phase

1
noise
free

β(s)
resonator

oscillator
B − Phase−space equivalent
Ψ(s)
Φ(s)
oscill
out
+
1
Σ
+

buffer

Ψb (s)
+

Σ

Φo (s)
main
out

+
1

B(s)



1 ν2
Sϕ (f ) = 1 + 2 0 2 Sψ (f )
f 4Q

resonator

oscillator

buffer

FIG. 2: Oscillator model and its phase-space equivalent.
For the sake of simplicity all the dependence on s is moved
to β(s), hence the gain A is assumed constant. The scheme
emphasizes the amplifier phase noise. Amplitude noise is
not considered.

c. Phase noise spectrum. Combining white noise
[Eq. (5)] and flicker noise [Eq. (11)], there results the
spectral density Sϕ (f ) shown in Fig. 1. It is important to understand that the white noise term b0 f 0 depends on the carrier power P0 , while the flicker term
b−1 f −1 does not. Accordingly, the corner frequency
fc at which b−1 f −1 = b0 is a function of P0 , thus fc
should not be used to describe noise. The parameters
b−1 , F , and P0 should be used instead.
IV.

1
β(s)

1
A
=
1
1 − Aβ(s)
−1
Aβ(s)

(13)

Stationary oscillation occurs at the angular frequency
ω0 at which Aβ(jω) = 1, thus |Aβ(jω)| = 1 and
arg[Aβ(jω)] = 0. This is known as the Barkhausen
condition for oscillation. At s = jω0 the denominator
of H(s) is zero, hence oscillation is sustained with zero
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(14)

This formula calls for the phase-space representation
of Fig. 2 B, which deserves the following comments.
The Laplace transform of the phase of a sinusoid is
probably the most common mathematical tool in the
domain of PLLs [27–30]. Yet it is unusual in the analysis of oscillators. The phase-space representation is
interesting in that the phase noise turns into additive
noise, and the system becomes linear. The noise-free
amplifier barely repeats the input phase, for it shows
a gain exactly equal to one, with no error. The resonator transfer function, i.e., the Laplace transform
of the impulse response, is
B(s) =

1
1 + sτ

ωL =

The Leeson effect

Figure 2 shows a model for the feedback oscillator,
and its equivalent in the phase space. All signals are
the Laplace transform of the time-domain quantities,
as a function of the complex frequency s = σ+jω. The
oscillator transfer function is derived from Fig. 2 A
according to the basic rules of linear systems
H(s) =

(Leeson) ,

τ=

2Q
.
ω0

(15)

The inverse time constant is the low-pass cutoff angular frequency of the resonator

PHASE NOISE IN OSCILLATORS
A.

input signal. Oscillation starts from noise or from the
switch-on transient if <{Aβ(s)|s=jω0 } > 1 (yet only
slightly greater than 1 for practical reasons). When
the oscillation reaches a threshold amplitude, the loop
gain is reduced to 1 by saturation. The excess power
is pushed into harmonics multiple of ω0 , and blocked
by the resonator. For this reason, at ω0 the oscillator
operates in quasi-linear regime.
In most quartz oscillators, the sustaining amplifier
takes the form of a negative resistance that compensates for the resonator loss. Such negative resistance is
interpreted (and implemented) as a transconductance
amplifier that senses the voltage across the input and
feeds a current back to it. Therefore, the negativeresistance oscillator loop is fully equivalent to that
shown in Fig. 2.
In 1966, D. B. Leeson [26] suggested that the oscillator phase noise is described by

ω0
1
=
.
τ
2Q

(16)

The corresponding frequency
fL =

ωL
1
ν0
=
=
2π
2πτ
2Q

(17)

is known as the Leeson frequency. Equation (15) is
proved in two steps:
1. Feed a Heaviside step function κU (t) in the argument of the resonator input sinusoid. The latter becomes cos [ω0 t + κU (t)].
2. Linearize the system for κ → 0. This is correct
in low phase noise conditions, which is certainly
our case. Accordingly, the input signal becomes
cos(ω0 t) − κ sin(ω0 t)U (t).
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A − High Q, low ν 0 (xtal)
Sϕ(f)

B − Low Q, high ν 0
(microwave)

B.

Sϕ(f)

b−3f−3

x f −2

b−3f−3

Leeson effect

b−2f−2

b−1f−1
b0 f 0
fL

Leeson effect

fc

b0 f 0

x f −2

fc

f

fL

f

FIG. 3: Oscillator phase noise, not accounting for the output buffer.

3. Calculate the Laplace transform of the step response, and use the property that the Laplace
transform maps the time-domain derivative into
a multiplication by the complex frequency s.
The Dirac function δ(t) is the derivative of U (t).
The full mathematical details of the proof are available in [16, Chapter 3].
Applying the basic rules of linear systems to
Fig. 2 B, we find the transfer function
H(s) =

Φ(s)
1
1 + sτ
=
=
,
Ψ(s)
1 − B(s)
sτ

(18)

Output buffer

The phase noise Sψ b (f ) of the output buffer barely
adds to the oscillator phase noise


1 ν2
(21)
Sϕ o (f ) = 1 + 2 0 2 Sψ (f ) + Sψ b (f ) .
f 4Q
This a consequence of the flicker noise mechanism explained Section III 0 b, and inherent in the model of
Fig. 2 B.

C.

Resonator stability

The oscillator frequency follows the random fluctuation of the resonator natural frequency. However complex or tedious the formal proof for this statement can
be, the experimentalist is familiar with the fact that
the quartz oscillator can be frequency-modulated by
a signal of frequency far higher than the Leeson frequency. For example, a 5 MHz oscillator based on
a Q = 2×106 resonator shows a Leeson frequency of
1.25 Hz (see Table I), while it can be modulated by a
signal in the kHz region. Additionally, as a matter of
fact, the modulation index does not change law from
below to beyond the Leeson frequency. This occurs
because the modulation input acts on a varactor in
series to the quartz, whose capacitance is a part of
the motional parameters.

thus
D.

1 + ω2 τ 2
.
|H(jω)| =
ω2 τ 2
2

(19)

The Leeson formula (14) derives from Eq. (19) by replacing
ω = 2πf

and τ =

Q
.
πν0

(20)

Other effects

The sustaining amplifier of a quartz oscillator always includes some kind of feedback; often the feedback is used to implement a negative resistance that
makes the resonator oscillate by nulling its internal
resistance. The input admittance Yi seen at the amplifier input can be represented as
(v)

Yi = Yi
The transfer function H(s) has a pole in the origin (pure integrator), which explains the Leeson effect, i.e., the phase-to-frequency noise conversion at
low Fourier frequencies. At high Fourier frequencies
it holds that H(jω) = 1. In this region, the oscillator
noise is barely the noise of the sustaining amplifier.
The amplifier phase noise spectrum contains flicker
and white noise, i.e., Sψ (f ) = (b−1 )ampli f −1 +
(b0 )ampli . Feeding such Sψ (f ) into the Leeson formula (14), the oscillator Sϕ (f ) can only be one of
those shown in Fig. 3. Denoting with fc the corner
frequency at which flicker noise equals white noise, we
often find fL < fc in HF/VHF high-Q oscillators, and
fL > fc in microwave oscillators. In ultra-stable HF
quartz oscillators (5–10 MHz), the spectrum is always
of the type A (fL < fc ).

(r)

+ Yi

,

(22)

that is, the sum of a virtual term (v) plus a real term
(r). The difference between ‘virtual’ and ‘real’ is that
in the case of the virtual admittance the input current flows into the feedback path, while in the case of
the real admittance the input current flows through
a grounded dipole. This is exactly the same concept
of virtual impedance routinely used in the domain of
(r)
analog circuits [31, Chapter 1]. The admittance Yi
also includes the the effect of the pulling capacitance
in series to the resonator, and the stray capacitances
of the electrical layout. As a consequence, the fluctu(v)
ation δYi is already accounted for in the amplifier
noise, hence in the model of Fig. 2, while the fluctu(r)
(r)
ation δYi is not. On the other hand, Yi interacts
(r)
with the resonator parameters, thus δYi yields frequency fluctuations not included in the Leeson effect.
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A − estimate f L’
Leeson effect?
Sϕ(f)
1 ν0 2
= 1+
S ψ (f)
f 2 2Q

Sϕ(f)

b−3f−3
check
b
σ 2y = 2ln(2) −3
ν 20

x f −2

check
FkT0
b0

P0 =

b−1f−1
b0 f 0
fL’

Sϕ(f)

B − estimate f L’’
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buffer 1/f noise
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b−3f−3
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ν
Qs= 0
2fL’’

Leeson effect?
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tain
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pli

technology => Q t

4. At first sight, the cutoff frequency fL0 (Fig. 4 A)
can be taken for the Leeson frequency because
there the slope changes from f −3 to f −1 . Yet
the term b−1 f −1 contains the flicker of the sustaining amplifier and of the output buffer, which
add [Equations (12) and (21)]. For this reason,
fL0 can not be the Leeson frequency.

Sϕ(f)

b−3f−3

ν
fL = 0
2Qt

resonator 1/f
freq. noise

the Leeson effect
is hidden
sus
tain

fL

am

fL’ fL’’

pli

fc

f

FIG. 4: Interpretation of the oscillator phase noise.

The hard assumption is made in our analysis, that
(r)
(v)
|δYi |2  |δYi |2 . In words, we assume that the
fluctuation of the electronics are chiefly due to the
gain mechanism of the amplifier. Whereas the variety
of circuits is such that we can not provide a proof for
this hypothesis, common sense suggests that electronics works in this way.

V.

ANALYSIS OF THE OSCILLATOR NOISE

This section address the core question, wether the
1/f 3 noise observed on the oscillator Sϕ (f ) plot is due
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(23)

3. Feeding the oscillator b−3 term into Eq. (4), we
calculate the floor of the Allan deviation σy .
We check on the consistency between calculated
value and specifications or measures, if available.

~
~ 6dB

C − estimate f L

ing

F kT0
.
b0

f

fc

x f −2

2. The term b0 f 0 is chiefly due to the sustaining
amplifier, hence the amplifier input power can
be calculated using Eq. (6)

In the absence of information, it is wise to take
F = 1.26 (1 dB). To the extent of our analysis,
estimating P0 is only a check of plausibility.

b0 f 0
fL’ fL’’

1. We start from the spectrum, measured or taken
from the oscillator specifications. The first step
is to remove the residual of the mains (50 or
60 Hz and multiples) and other stray signals,
and to fit the spectrum with the power-law
[Eq. (3)]. This process is called parametric estimation of the spectrum. With a pinch of experience, sliding old-fashion squares on a A4size plot gives unexpectedly good results. Otherwise, the mathematical methods explained in
[38, 39] are useful. After this, the spectrum
looks like that of Fig. 4 A,

P0 =

buffer + sust.ampli

b−1a f−1

to the Leeson effect, or it originates in the resonator.
The interpretation method is shown in Fig. 4, and
discussed below.

5. Actual oscillators have 2–4 buffer stages, the
main purpose of which is to isolate the feedback
loop from the environment in order to ensure
frequency stability and to prevent injection locking. Owing to the Leeson effect, a wise designer
will spend the lowest-noise technology in the
sustaining amplifier, rather than in the buffer.
Thus, we assume that the buffer contributes 3/4
of the total noise, and that sustaining amplifier
contributes 1/4 (−6 dB). Accordingly, we plot
the line b−1 a f −1 in Fig. 4 B, 6 dB below the
total flicker.
6. After taking away the buffer noise, the continuation of the b−3 f −3 line meets the b−1 a f −1 line
at f = fL00 . The latter is a new candidate for
the Leeson frequency. Feeding fL00 into Eq. (17),
we calculate the resonator merit factor Qs (the
subscript s stands for ‘spectrum’)
ν0
Qs = 00 .
(24)
2fL
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TABLE I: Estimated Parameters of some Ultra-Stable Oscillators.
fL0

fL00

Oscillator

ν0

(b−3 )tot

(b−1 )tot (b−1 )amp

Oscilloquartz
8600
Oscilloquartz
8607
CMAC
Pharao
FEMTO-ST
LD protot.

5

−124.0

−131.0

−137.0

2.24 4.5 5.6×105 1.8×106

5

−128.5

−132.5

−138.5

1.6

5

−132.0

−135.5

−141.1

1.5

10

−116.6

−130.0

−136.0

4.7

9.3 5.4×105 1.15×106 4.3

10

−103.0

−131.0

−137.0

25

50

10

−102.0

−126.0

−132.0

16

100

−67.0

−132 ?

Agilent
10811
Agilent
prototype
Wenzel
501-04623
unit

MHz

Qs

Qt

fL

(b−3 )L

R Note References

1.4

−134.1 10.1 (1) [14, 32]

3.2 7.9×105

2×106

1.25 −136.5

8.1

(1) [14, 32]

8.4×105

2×106

1.25 −139.6

7.6

(2) [12, 13, 33]

6.6

(3) [34]

3

7×105

7.1

−119.9 16.9 (4) [35]

32 1.6×105

7×105

7.1

−114.9 12.9 (5) [36]

−138 ? 1800 3500 1.4×104

8×104

625

−79.1

(none)

Hz

dB
dB
dB
Hz
rad2 /Hz rad2 /Hz rad2 /Hz

Hz

1×105

−123.2

(none)

15.1 (6) [37]

dB
dB
rad2 /Hz

Notes
(1) Data are from specifications, full options about low noise and high stability.
(2) Measured by CMAC on a sample. CMAC confirmed that 2×106 < Q < 2.2×106 in actual conditions. See Fig. 5.
(3) LD cut, built and measured in our lab, yet by a different team. All design parameters are known, hence Qt .
(4) Measured by Hewlett Packard (now Agilent) on a sample.
(5) Implements a bridge scheme for the degeneration of the amplifier noise. Same resonator of the Agilent 10811.
(6) Data are from specifications. See Fig. 7.

7. Technology suggests a merit factor Qt (the subscript t stands for ‘technology’) significantly
larger than Qs , even in actual load conditions.
Feeding Qt into Eq. (17), we calculate fL based
on the actual merit factor
ν0
fL =
,
(25)
2Qt
as shown in Fig. 4 C. There follows a phase noise
term (b−3 )L , which account for the Leeson effect
alone.
8. Given Qt  Qs , thus fL  fL00 , the Leeson effect is hidden. Consequently, the oscillator f −3
phase noise is chiefly due to the fluctuation of
the resonator natural frequency.

only by the Leeson effect, with the resonator fluctuations removed. Thus, R = 1 (0 dB) indicates that
the oscillator f −3 phase noise comes from the Leeson
effect. Equal contribution
of resonator and
√
√ Leeson effect yield R = 2 (3 dB), while R  2 is found
when resonator instability is the main cause of f −3
phase noise. In all cases we have analyzed, discussed
in the next Section, we find R of the order of 10 dB,
with a minimum of 6.6 dB. This means that the Leeson effect is hidden below the frequency fluctuation of
the resonator.
Coming back to the estimation of the 1/f noise of
the sustaining amplifier it is to be remarked that if the
1/f noise of this is lower than 1/4 of the total flicker,
fL00 is further pushed on the right hand on Fig. 4 B-C,
which reinforces the conclusion that the resonator is
the main cause of frequency fluctuation.

We introduce the stability ratio R, defined as
R=

(σy )oscill
(σy )Leeson

(floor),

(26)

and related to the other oscillator parameters by
s
(b−3 )tot
Qt
f 00
R =
=
= L .
(27)
(b−3 )L
Qs
fL
This can be demonstrated from the b−3 term of the
Leeson formula (14), using Equations (4) and (17).
The parameter R states how bad is the actual oscillator, as compared to the same oscillator governed

VI.

EXPERIMENTAL DATA AND
DISCUSSION

Figure 5 shows the phase noise spectrum of a 5 MHz
oscillator, out of a small series intended as the flywheel
for the space Cesium fountain clock Pharao [40, 41].
On this plot, the reader can follow the interpretation process explained in Section V, and illustrated in
Fig. 4. Guessing on technology, the merit factor was
estimated to be 2×106 . Afterwards, the manufacturer
confirmed [42] that Qt is between 2×106 and 2.2×106
in actual load conditions for that series of oscillators,
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−100

−90
(b −3) tot =−132dB

−110
−120

Sϕ(f)

f"=3Hz
L

−130
f’c =50Hz

−130
−140

b0=−152.5dB

−150
technology
Q=2x10 6?
=> fL =1.25Hz

−170
10−1

specifications

−120

f’L =1.5Hz

−160

Wenzel 501−04623

−30dB/dec
b−3 =−67 dBrad 2/Hz

−110

(b −1) tot =−135.5dB
fc =13Hz

1

10

(b −1) osc=−141.5dB
102

103
104
Fourier frequency, Hz

105

Phase noise, dBrad 2 /Hz

dBrad 2/Hz

−100

Leeson effect (hidden)
is about here

−140

amp

−150

li no

ise

(?)

−160
b0=−173dBrad 2 /Hz

−170
−180
10 1

FIG. 5: Phase noise of the CMAC Pharao 5 MHz quartz
OCXO. Courtesy of CMAC. Interpretation and mistakes
are of the authors.

10 2
guess

Q=8x104

10 3
=> f L =625Hz

10 4
f L’’ =3.5kHz

10 5

Fourier frequency, Hz

FIG. 7: Phase noise of the Wenzel 100 MHz OCXO [37].
−67
dBrad 2/Hz

Oscilloquartz 8607
(specifications)
−87

so low that there is no doubt that it can not be the
resonator merit factor.

Sϕ(f)

(b −3) tot =−128.5dB
f’L =1.6Hz

−107

fL =1.25Hz <= Q=2x10 6?
−127

=> Q=7.9x10 5
f"=3.2Hz
L
(b −1) tot =−132.5dB

−147

b0=−153dB
(b −1) osc=−138.1dB

−167
1

10

102

103

104
105
Fourier frequency, Hz

106

FIG. 6: Phase noise of the Oscilloquartz 8607 5 MHz
quartz OCXO. Courtesy of Oscilloquartz. Interpretation
and mistakes are of the authors.

and that the flicker noise of the sustaining amplifier
is less than 1/4 (−6 dB) of the total flickering. This
validates our conclusions.
Table I shows the results of our analysis on some oscillators. The ability to estimate the resonator merit
factor is necessary to understand the oscillator inside.
Experience indicates that the product ν0 Q is a technical constant of the piezoelectric quartz resonator,
in the range from 1×1013 to 2×1013 . As a matter of
fact, the highest values are found in the 5 MHz resonators. In load conditions, the resonator merit factor
is somewhat lower. The actual value depends on frequency, on the designer skill, and on the budget for
implementation. A bunch of data are available from
[1, 6, 43], and from our early attempts to measure
the resonator frequency stability [4]. The oscillators
we have analyzed exhibit the highest available stability, for we are confident about published data. The
Agilent 10811 (hence the Agilent prototype) is closer
to the routine production, and probably closer to the
cost-performance tradeoff, as compared to the other
ones, thus understanding oscillator the inside is more
difficult. Nonetheless, in this case the value of Qs is

86

In the case of the Oscilloquartz 8607 (Fig. 6), the
f −3 noise is too low for it to be extracted from the
Sϕ (f ) spectrum available on data sheet, which starts
from 1 Hz. Yet, we can use the device specifications
Sϕ (f )|1 Hz = −127 dBrad2 /Hz, Sϕ (f )|10 Hz = −142
dBrad2 /Hz, and Sϕ (f )|1 kHz = −153 dBrad2 /Hz. In
fact, looking at the spectrum and at the Allan variance it is clear that at f = 1 Hz and f = 10
Hz the terms b−3 f −3 and b−1 f −1 determine Sϕ (f ),
with at most a minor contribution of b0 . It is also
clear that Sϕ (f )|1 kHz ' b0 . Thus b−3 and b−1 are
obtained by solving a system of two equations like
Sϕ (f ) = b−3 f −3 + b−1 f −1 + b0 , at 1 Hz and 10 Hz.
In the case of the Wenzel 501-04623 oscillator
(Fig. 7), the specifications available on the manufacturer web site consist of a few points, while the whole
spectrum is not published. Experience indicates that
in the case of 100 MHz oscillators the f −1 line tends
to be hidden by the frequency flickering. That said,
we can only guess that the f −1 noise of the sustaining
amplifier is similar to that of other oscillators. This is
sufficient to estimate fL00 , and to notice that the merit
factor Qs is far too low as compared to the state of
the technology, and to conclude that the f −3 phase
noise is due to the fluctuation of the resonator natural frequency. It is to be remarked that the power at
the amplifier input is of the order of 10–20 µW in all
other cases, and of 1 mW here. In addition, the 100
MHz resonator is smaller in size than the other resonator. A relatively high frequency flicker is therefore
not surprising.
The examples shown above indicate that, under the
assumption of Sections III–IV, the oscillator frequency
flickering is chiefly due to the fluctuation of the resonator natural frequency.
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A study of the paramagnetic properties of Fe3+ ions in sapphire towards realizing an
ultra-stable cryogenic Maser oscillator
K. Benmessaı̈,∗ P.Y. Bourgeois, M. Oxborrow†, N. Bazin, Y. Kersalé, and V. Giordano
Institut FEMTO–ST, Dpt. LPMO,
UMR 6174 CNRS-Université de Franche-Comté 32 av. de l’Observatoire,
25044 Besançon Cedex, France
† National Physical Laboratory
Queens Road, Teddington,Middlesex, TW11 0LW, UK.
In a preceding publication, we reported the experimental demonstration of maser oscillation at 12.04 GHz
in a cryogenic sapphire whispering-gallery-mode resonator, where the resonator’s dielectric ring contained a
low concentration of paramagnetic Fe3+ ions within its monocrystalline sapphire lattice. Our preliminary measurements revealed a frequency stability of the order of 2.5 × 10−14 in a non-optimized design. In this paper,
we report new measurements made on this same resonator to determine more precisely the main parameters
affecting the dynamics of the Fe3+ ions when exposed to a microwave signal within their ESR bandwidth.
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The search for a flywheel oscillator presenting frequency stability better than 1 × 10−14 at short term concerns a growing number of scientific or technical as future space programs, metrology and tests of fundamental
physicss [1–3]. The best solution achieved today consists
in an oscillators based on a whispering gallery mode sapphire resonator cooled at 4,2K. Nevertheless the few units
build in some laboratories around the world are exceedingly complex systems. Among all the difficulties to run
such a system, the resonator adjustment is certainly the
most critical task. To get the proper values of the resonator couplings at low temperature needs skill, training
and above all a lot of luck. Moreover the sapphire whispering gallery mode resonator oscillator is a spatially extended system; at least two microwave lines, each typically
> 1 m in length, are required to connect the cryogenic resonator to the room-temperature section of the oscillator’s
loop. To achieve stabilities at the 1 × 10−14 level, several auxiliary cables and sensors, supporting the control of
the resonator’s temperature, the Pound servo, loop-power
regulation[4], ... all need to be wired into the cryostat.
We have demonstrated that the sapphire resonator can be
used in a different way [5, 6] allowing noticeable simplification of the system. Among the different paramagnetic
impurities that can be found in high purity sapphire crystal
there is the Fe3+ ion presenting at zero dc magnetic field
three levels: |1/2i, |3/2i and |5/2i. Near the liquid helium
temperature, there are significant differences in the populations of these levels. Transitions between any of these
levels are allowed and their linewidths are of a few tens
of MHz. A 31.3 GHz pump signal causes a net transfert
of Fe3+ ions from the |1/2i level to the |5/2i level. In
turn non-radiative transitions |5/2i 7→ |3/2i create a negative population difference between the two lower states,
making possible maser oscillation at 12.04 GHz if the resonator presents a high-Q mode at this frequency. The prin-

ciple of our first whispering-gallery-mode maser oscillator (WhigMO) is represented in Figure 1. It is based on
sapphire resonator whose WGH17,0,0 mode frequency coincides with the |1/2i 7→ |3/2i frequency, i.e. 12.04 GHz.
Another WG mode at 31.3 GHz is used to pump the cristal.
A 2mW pump signal generated by a microwave synthetizer
is sufficient to obtain a -56dBm maser signal, available
outside of the cryostat. The frequency stability measured
in e very preliminary experiment is better than 4 × 10−14
for τ ≤ 100s.

12.04 GHz

I. INTRODUCTION

T=7.9K

|1/2>

Figure 1: Principle of the whispering gallery mode maser oscillator.

The theory of the paramagnetic resonance [7] introduces
two characteristic times to describe the dynamics of the
spin system: T1 and T2 the spin-lattice and the spin-to-spin
relaxation times respectively. Moreover the maser power
depends on N the effective ions concentration. The aim of
this paper is to present experiments made on our resonator
to determine these three parameters. Moreover, the senstivity of the maser frequency to an applied dc magnetic
field has been measured.

II. MAGNETIC SUSCEPTIBILITY MEASUREMENT

In a pure sapphire resonator (i.e. in impurity free region), the frequency of the WG mode depends only on the
geometry and on permittivity of the material. The Fe3+
paramagnetic impurities induce a magnetic susceptibility
in the resonator which yields to shift the resonant frequencies of the different WGH modes around the ESR resonance at 12.04 GHz.
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If a strong signal at 12.04 GHz is applied to the resonator, the power absorbed by the magnetic resonance is
no longer proportional to the incident power, but rather
saturates. This led to a frequency shift of the surrounding WG modes back to the one they should have had in
the abscence of impurities. This is explained by the fact
that the magnetic susceptibility, which is proportional to
the difference in population of the two lower levels, tends
to zero.
The real part of the ac magnetic susceptibility is given
by :

χ0 =

Ref

Hydorgen Maser

Synthesizer

Cryostat top flange

Ref

~1.5m

C

Network Analyzer

Sapphire

T=4.2K

4e−08

0

−4e−08
−8e−08
−4

−2

0

2
V−V12 (GHz)

therefore :

off

PUMP

Fit

8e−08

(1)

where T2 is the spin-spin decoherence time, χ0 the dcsusceptibility, and ∆ν the detuning parameter of the analysed WG mode with respect to the ESR-line (ν0 ) and assuming that the energy is totally confined inside the sapphire (magnetic filling factor η ∼ 1).
The measurement set-up is then represented in figure 3.

12.04 GHZ

Experimental data

Figure 3: χ0 = −2 ∆ν
ν

4π2T22 χ0 ν0 ∆ν
1 + 4π2T22 ∆ν2

on

Real part of the magnetic Susceptibility

Silver plated copper cavity

Figure 2: Set-up for electron paramagnetic resonance experiment.

A pump signal corresponding to the WGH17,0,0 mode
is sent to the resonator with the help of an external microwave synthesizer. The power -of about 3dBm- is high
enough to saturate the transition. The detuned frequencies
of each mode around WGH17,0,0 are recorded via a network analyser. The real part of the magnetic susceptibility
can be then evaluated and subsequently plotted as a function of the measured detuned parameter, as shown in figure
3.
An adapted fit to this curve related on eq. (1) give the
dc susceptibility χ0 ≈ 10−9 ± 0.1 × 10−9 and the spin-spin
relaxation time T2 ≈ 2.2 × 10−9s±0.8 × 10−9s.
These values are of about one order of magnitude from
other measurements[8]. As a matter of fact, the width of
the ESR-line is known to be approximately equal to 27
MHz[9]. The equivalent Q-factor QESR is then ≈ 450,

QESR = πν0 T2

(2)

Eq. (2) give T2 ≈ 10−8, which is consistent with other
measurements. A possible explanation of this discrepancy
is the inaccuracy of the data fit due to the lack of data points
near the sharp variation region of χ0 .
A more physical one is also given there.
At thermal equilibrium, dc-susceptibility χ0 can be
given by :
χ0 =

(gβ)2 µ0
N
4kB T

(3)

with g the Landé factor ∼ 2, β Bohr’s magneton
= 9.27 × 10−24Am2 , kB the Boltzmann constant, and N
the iron ions concentration. One can then evaluate the iron
ions concentration to be 5.3 × 1020ions m−3 . We have already pointed out that such a small concentration (≈ 12
ppb) is enough to obtain a maser operation. This result
is also consistent with our previous estimation based on
the measured maser power[5]. However this value is far
less than the Fe3+ ions concentrations obtained by spectroscopic methods in HEMEX sapphire samples [10] of
about 2 ppm. This inconsistency may be explained by assuming the 12.04 GHz absorbtion line shape is inhomogeneously broadened[11] which led to a spin-spin relaxation time T2? << T2 . Most of the spins have different precessional frequencies than in a homogeneous broadening
situation. Their resonant structure is also known as spinpacket.

III.

SPIN LATTICE RELAXATION TIMES

It has been shown (in the early 60s) [12, 13] that the
determination of the spin-lattice relaxation time T1 is more
adapted using a time domain technique. The principle of
this experiment was inspired from [13]. and is schematized
in figure 4.
We build an oscillator loop around the cryogenic sapphire resonator. A cavity filter placed in this loop permits to get oscillation on the WGH18,0,0 mode at 12.654
GHz. This mode was chosen because its frequency shift
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T 1 (s)

Agilent E8254A
12.04 GHz

Fit
Experimental data

0.016
PUMP

0.014
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ν =12.65 GHz

0.012

10 MHz

Scope
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LO

0.01
5

6

7
Temperature (K)
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Agilent E4433B
4.21 GHz

Figure 6: T1 vs temperature.

Figure 4: Principle of spin-lattice relaxation time measurement.

spin-lattice relaxation time varies as T−1 .
observed in the previous section is large: 120Hz. A microwave coupler is used to inject (in the loop at the resonator input) the signal coming from a synthesizer tuned
to the ESR at 12.04 GHz. A power of -6dBm is sufficient
to saturate the ESR. The oscillator output is sent to a specially designed system to analyze the fast change in the
oscillator frequency when the pump is switched. The frequency of the analysed signal is firstly down-converted to
low frequencies (10 MHz) by mixing it with an external
microwave synthesizer. A 10 MHz VCO phase locked on
this signal. The low frequency error signal is then an image of the VCO frequency and follows the frequency of
the CSO. When the pump is switched on, the frequency
change is recorded on an oscilloscope trigged to the microwave synthesizer pump via a quadratic detector.
We volontary increased the resonator coupling in order
to get a loaded Q-factor of 30 · 106 . Under these conditions, the intrinsic relaxation time of the resonator is 1 ms
which is about ten times lower than the expected value of
T1 . Figure 5 shows an example of the observed signal dur-

IV.

MASER SENSITIVITY TO AN EXTERNAL DC
MAGNETIC FIELD

To build a useful frequency standard, sensitivity to environmental parameters should be known. One of them truly
affects the inherent spin system: the magnetic field.
It is thus interesting to evaluate the maser’s frequency
sentivity to an applied dc magnetic field. The experimental set-up is drawn on figure 7. Specially wired Helmoltz coils were placed around the cryostat to generate a
magnetic field along the sapphire lattice c-axis direction.
The injected power is driven by a high-current stabilyzed
source. In this configuration, we get 4 A gauss−1. This
PUMP

C axis

Maser

Vosc (V)

B

Coils

0.005

B
Sapphire

0.004

B

PUMP OFF

0.003

B

PUMP ON

0.002

Figure 7: .
0.001
−0.015

−0.005

0

0.005

0.015

Time (s)

Figure 5: Oscilloscope trak example.

ing a 12.04 GHz pump-on/off cycle. As the voltage is directly proportionnal to the oscillator frequency, T1 is determined by the time constant of this exponential function,
that is T1 = 10 ms.
We also conduct few measurements of T1 by changing
the resonator temperature. From 4.2 K to 7 K, T1 decreases
from 16.6ms to 11ms, as shown in figure 6.
This result is in a good agreement with the fact that the
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value has been previously measured at room temperature
with a gauss-meter placed in the center of the coils inside
the cryostat.
The dc magnetic field can be increased step by step
while the whigmo is operating. Results are given in figure 8. For a c-axis (resp. -c-axis) oriented field, whigmo’s
frequency is shifted up (resp. down). Maser oscillation
stops when the field reaches > 4 gauss. The ESR-line is
then splitted and pulled away by Zeeman effect, and the
WG17,0,0 mode frequency is no longer located within the
ESR’s profile.
The measured sensitivity is of about 1.7 ± 0.1 Hz/gauss.
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~Maser frequency (Hz)
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191430 No maser signal
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4
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Figure 8: Whigmo’s sensitivity to an external dc magnetic field.

V.

setups greatly differ from early measurements. Physical
properties of our crystals need to be evaluated to understand more precisely the dynamics of the spin-system in
a whigmo configuration. This paper presents some results such as T2 ∼ 2 × 10−9s, χ0 ∼ 10−9, and N ∼ 12 ppb,
which are not in good agreement with other publications
but revealed the presence of an inhomogeneous broadening system. New measurements will be conducted soon for
better understanding. We also have presented an original
set-up to measure the spin-lattice relaxation time T1 ∼ 10
ms which is T−1 dependant. Finally, we have evaluated
our whigmo’s sensitivity of 1.7 Hz/gauss to an applied dcmagnetic field.

CONCLUSION

Experimental measurements of some paramagnetic
properties of Fe3+ : Al2 O3 ions have been presented. Our
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Progress in the Development of Cryogenic Sapphire Resonator Oscillator at NMIJ/AIST
K. Watabe1, J. G. Hartnett2, C. R. Locke2, G. Santarelli3, S. Yanagimachi1, T. Ikegami1, and S. Ohshima1
1
National Metrology Institute of Japan(NMIJ), AIST, Tsukuba 305-8563, Japan.
2
School of Physics, University of Western Australia, 35 Stirling Hwy, Crawley, WA, 6009 Australia.
3
LNE-SYRTE, Observatoire de Paris, 61 avenue de l’Observatoire, 75014 Paris, France.
e-mail: k.watabe@aist.go.jp

In this paper, we describe the progress in the development of a cryogenic sapphire
oscillator (CSO) at NMIJ, AIST. The oscillator was based on a high Q-factor cryogenicsapphire-resonator cooled with liquid helium which operates on a Whispering Gallery mode.
Two CSOs (CSO1 and CSO2) have been built to evaluate their stability at short averaging
times. We measured a fractional frequency stability of 1.1 × 10-15 at averaging times of 1 s
and a minimum frequency instability of 5.5 × 10-16 at averaging times of 20 s.

1. INTRODUCTION
Cryogenic sapphire oscillators (CSOs) are currently
the most stable microwave frequency sources for
averaging times from 1 to 100 s, exhibiting a fractional
frequency instability of a part in 1015 to a few parts in
1016 [1], [2]. They are excellent local oscillators for a
number of frequency standard applications, such as
trapped ytterbium ion frequency standards [3], cold
atomic fountain clocks [4] and trapped mercury ion
frequency standards [5]. Other applications include
fundamental tests of physics, such as tests of Lorentz
invariance [6].
At NMIJ, AIST, a cesium atomic fountain frequency
standard (NMIJ-F1) is operational [7]. For this standard,
we are developing a microwave local oscillator using
CSO under a collaboration with the University of
Western Australia and LNE-SYRTE. Performance
targets are a stability below 10-14 for averaging times
of 1 s to 100 s, which is sufficient to operate an atomic
clock at the quantum projection noise limit [4]. This
excellent short term stability enables an evaluation of
systematic frequency shifts and frequency comparisons
between clocks at the 10-16 level over a few days [8].
In a previous paper, we reported that the stability of
the CSO for averaging times shorter than 300 s could
not be directly measured, it was masked by short-term
fluctuations of the hydrogen maser reference [9]. In this
paper, we report on the progress of the development of
two CSOs (CSO1 and CSO2) at NMIJ, AIST to
evaluate their stability at short averaging times.
II. CRYOGENIC SAPPHIRE RESONATOR
The sapphire crystals were manufactured from
Crystal Systems “HEMEX” and supports a Whispering
Gallery mode, WGH15,0,0 at 10.8 GHz. The sapphire
crystal for CSO1 (resonator 1) has a diameter of 50.0
mm and a height of 30.0 mm, with one 11.8 mm-
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diameter and 19.0 mm-long support spindle machined
from a single piece of sapphire. The sapphire crystal for
CSO2 (resonator 2) has the same diameter of 50.0 mm
and height of 30.0 mm, with one 11.8 mm-diameter and
19.0 mm-long support spindle, and an additional 11.8
mm-diameter and 12.0 mm-long support spindle,
machined from a single piece of sapphire. The 11.8
mm-diameter and 12.0 mm-long support spindle of the
resonator 2 was used to handle the crystal easily without
touching the main part after chemical cleaning to
remove the surface contamination. Each resonator was
placed in a silver-plated copper cavity and supported
from the bottom in the cavity by the spindle and a clamp
mechanism [10]. The inner diameter of the copper
cavity was nominally 80 mm and 50 mm high. The
sapphire-loaded cavity (SLC) was placed in a vacuum
cylinder that was permanently evacuated, and sealed
with Mylar gaskets. This inner cylinder was sealed
inside a large stainless steel cylinder that is attached to a
cryostat for cooling to liquid helium temperatures [11].
Each resonator has its own cryostat. The two cryostats
are about 1.5-m apart. The CSO can operate
continuously for periods of approximately three weeks
with the cryostat.
The turning point temperature for the chosen mode
of resonance (WGH15,0,0) was measured at 6.1 K at
10.812300 GHz for the resonator 1 and at 7.0 K at
10.810148 GHz for that in the resonator 2. At these
temperatures unloaded Q-factors of the resonator 1 and
the resonator 2 exhibited 1.1 × 109 and 1.5 × 109,
respectively. In both resonators, the mode frequency
exhibits a maximum as function of temperature
described by a fractional frequency curvature (1/f
d2f/dT2) of ∼ –2 × 10-9 K-2. The mode frequency also
shows a dependence on the microwave power dissipated
in the resonator due to the electromagnetic radiation
pressure [12]. The magnitude of this dependence at
operating injected power is 1/f df/dP ≈ –7 × 10-12/mW
for the resonator 1 and ≈ –5 × 10-11/mW for the
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resonator 2, respectively. The temperature of both
resonators is controlled within 1 mK at the turning point
using a temperature controller with a calibrated carbon
glass thermometer and a foil heater attached to the
copper post just above the SLC, outside the inner
vacuum can. Coupling to the resonator 1 was
accomplished with a magnetic field loop probe from the
side of the cavity at the primary input port and from the
bottom at the output port with a straight antenna probe
made from the inner conductor of the coaxial cable.
Coupling to the resonator 2 was accomplished with a
straight antenna probe from the bottom of the cavity at
the primary input port and with a magnetic field loop
probe from the side at the output port. The measured
resonator couplings were set to β1 = 0.97 on the primary
reflection port and β2 = 0.26 on the transmission port for
the resonator 1, and β1 = 1.07 and β2 = 0.15 for the
resonator 2.
III. LOOP OSCILLATOR
The CSOs employ a loop oscillator configuration,
which is servo controlled by a Pound-type frequency
stabilization scheme and a power control servo [13] as
shown in Fig. 1. In transmission, the sapphire resonator
is the primary frequency-determining element of the
loop oscillator, while in reflection it also acts as the
dispersive element in an active Pound-type frequency
stabilization scheme to lock the oscillation frequency to
the resonance of the sapphire resonator. The carrier
signal incident on the sapphire resonator was phase
modulated by a voltage-controlled phase shifter
(VCPS1). The detector diode (D1) for the frequency
stabilization has been placed near the resonator, outside
the inner vacuum can in the vacuum region that is
temperature controlled close to liquid helium
temperatures, improving the noise floor of the frequency
control servo because of the elimination of the 15 dB
transmission line loss before D1. In both oscillators,
microwave power dissipated in the sapphire resonator is
typically 0.1 mW and is regulated by the power servo
comprising the detector diode (D2) and voltage
controlled attenuator (VCA). This servo compensates
for amplifier power fluctuations, the variation of
insertion loss of the error corrector (VCPS2) with the
error voltage from the frequency stabilization servo and
permittivity change induced by radiation pressure
variation. D2 was also placed near the resonator in the
cryogenic environment, outside the inner vacuum can.
This eliminates both the long-term variation of incident
power on the resonator due to the variation of
transmission line attenuation with liquid helium bath
level and the temperature dependence of the detector
sensitivity. A 10 dB directional coupler and a 6 dB
directional coupler in the cryogenic environment were
used for the CSO1 and for the CSO2, respectively, to
feed some of the incident signal power to a detector.

Output
VCPS2

VCA

BPF
Filter
MPS

Amplifier

Pound
frequency
servo

VCPS1

Isolator

Cryostat
Outer
can
Inner
can

Power
control
servo

D1

D2

Cavity

Circulator
Sapphire

Fig. 1. Configuration of 10.8-GHz loop oscillator with
Pound frequency control servo and power control servo.
MPS is a mechanical phase shifter, BPS is a band-pass
filter, VCPS is a voltage-controlled phase shifter, VCA
is a voltage controlled attenuator, and D is a detector
diode.
The resulting DC voltage signal is then subtracted from
a stable reference, filtered and fed back into VCA to
maintain constant power incident upon the sapphire
resonator.
IV. OSCILLATOR FREQUENCY STABILITY
Figure 2 shows a schematic block diagram of the
measurement system to evaluation the short-term
frequency stability of two oscillators. The frequency
difference of 2.152 MHz between two CSOs was mixed
down to 1 kHz using a frequency synthesizer, designed
in LNE-SYRTE, locked to the CSO1. Detailed
descriptions for the synthesizer have been presented
elsewhere [14]. A 1 GHz voltage-controlled oscillator
(VCO) locked to the CSO1 was divided to 40 MHz
using two prescalers of divide-by-5. The 40-MHz signal
was used to phase lock to a direct digital synthesizer 2
(DDS2) to produce 2.151 MHz. The 1 kHz signal was
counted using an Agilent 53132A frequency counter
referenced to 10 MHz reference from a hydrogen maser.

93

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

CSO2
10.810148 GHz

BPF

Comb
generator

Phase
comparator

Loop
filter

2.152 MHz

Allan deviation

CSO1
10.812300 GHz

10

-13

10

-14

(ii)

10

(i)

DDS1
1 GHz
VCO

-15

10

-16

1

1/5
Power
splitter

1/5

1/5

DDS2

10

-15

(v)

Low noise
amplifier
Frequency
counter

Fig. 2. Block diagram of the measurement system to
evaluation the short-term frequency stability of two
oscillators. VCO is a voltage-controlled oscillator, 1/5 is
a prescaler of divide-by-5, DDS is a direct digital
synthesizer, and BPS is a band-pass filter. The
frequency difference of 2.152 MHz between CSO1 and
CSO2 was mixed down to 1 kHz using a frequency
synthesizer, designed in LNE-SYRTE, locked to the
CSO1.
The Allan deviation calculated from the measured
frequency data is shown in curve (i) of Fig. 3, along
with the result compared CSO1 with a hydrogen maser.
The frequency data was collected in three sets with gate
times of 1 s for averaging times of 1 s and 2 s, those of 4
s for averaging times of 4 s and 8 s, and those of 10 s for
averaging times longer than 10 s. A factor of square root
of 2 has been removed to display the Allan deviation
due to a single oscillator, assuming equal instability in
each. We measured a fractional frequency stability of
1.1 × 10-15 at averaging times of 1 s and a minimum
frequency instability of 5.5 × 10-16 at averaging times of
20 s. The fractional frequency drift is approximately 1013
/day from the comparison with the hydrogen maser. It
seems that the drift is caused by stress release in the
sapphire resonator [15].

Allan deviation

1 kHz

94

100
1000
Averaging time (s)

10

4

Fig. 3. Allan deviation of the beat frequencies. (i)
represents results for single CSO and (ii) represents
results of the comparison between CSO1 and a
hydrogen maser.

Power
splitter

2.151 MHz

Hydrogen
maser
10 MHz

10

10

-16

10

-17

10

-18

(i)

(iv)
(iii)

(ii)

1

10
100
Averaging time (s)

1000

Fig. 4. Individual contribution to the frequency
stability for the CSO1 of frequency control servo (i),
power control servo (ii), spurious amplitude modulation
(iii), and their sum (iv). (v) represents the observed
frequency stability for single oscillator.
Figure 4 shows noise floors for the CSO1 of the
frequency control servo, the power control servo,
spurious amplitude modulation (AM) caused by the
phase modulator, which are the individual contributions
to the frequency stability, and their sum. The voltage
noise was measured as was done in [10]. The short-term
frequency stability is limited by noise in spurious AM.
With an additional servo to suppress the spurious AM,
this noise floor will be reduced and should result in an
improved frequency stability.
V. CONCLUSION
The cryogenic sapphire oscillator at NMIJ, AIST has
demonstrated an Allan deviation of 1.1 × 10-15 at

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

averaging times of 1 s and a minimum frequency
instability of 5.5 × 10-16 at averaging times of 20 s. The
short-term frequency stability is limited by noise in the
spurious amplitude modulation. The CSO is expected to
be installed at NMIJ-F1.
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Simulation of a parametric quartz crystal oscillator
by the symbolic harmonic method
N. Ratier,∗ M. Bruniaux, S. Galliou, and R. Brendel
Institut FEMTO–ST, département LPMO & LCEP, CNRS UMR 6174
32 avenue de l’Observatoire, F-25044 Besançon, France
The Symbolic Harmonic Analysis (SHA) method is a frequency domain approach for computing
the steady state of ultra stable quartz crystal oscillators. First, we present a general method to
convert a set of differential equations into a system of non-linear algebraic equations that can
be solved for the periodic steady state solution. Then, we apply this method to simulate the
behavior of a parametric quartz crystal oscillator currently being developed at FEMTO–ST/LCEP.
This oscillator uses a 10 MHz quartz resonator and a 20 MHz signal derived from the oscillator
nonlinearities is used to pump a varactor-diode. The quartz resonator time constant induces too
long simulation time with classical integration methods. So that the symbolic harmonic analysis
offers a good alternative to quickly obtain the periodic steady state. Simulation results are compared
with experimental data.

I.

INTRODUCTION

The work described in this paper presents the latest development of a simulation method to determine
in real time the steady–state solution of ultra–stable
crystal oscillators.
Usually the method used to simulate this kind of circuit is the so–called ”harmonic–balance” method [1].
Roughly, this numerical method amounts to compute
the behavior of the linear part of the circuit in the
frequency domain and the nonlinear part in the time
domain. The name stems from an approach based on
current balancing between the linear and nonlinear
parts.

II. PRINCIPLE OF THE SYMBOLIC
HARMONIC ANALYSIS METHOD

P (T0 ) denotes the set of all periodic functions of
bounded variation with period T0 . The system of differential equations under consideration is of the form
(Eq. 1) where u ∈ P (T0 ) is the stimulus waveform, x
is the unknowns waveform to be found and f is continuous and real.
f (x, x0 , u) = 0

If the solution x exists, is real, and belongs to P (T0 ),
it can be written as a Fourier series (Eq. 2) where
ω0 = 2π/T0 .
x(t) = X0 +

∞
X

Xk cos(kω0 t)+

k=1

In our method, by using symbolic calculation, the
system of nonlinear differential equations describing
the oscillator circuit is replaced by a system of nonlinear equations of Fourier coefficients whose solution
is an approximation of the steady–state response of
the circuit. The harmonic analysis method imposes
the steady–state conditions through a Fourier expansion of the unknown functions. This method in which
the simulation time no longer depends on the transient is used to develop a real time simulation tool for
ultra–stable oscillator circuits.
The main drawback of symbolic methods lies in the
fact that they usually involve a very large number of
terms. The first part of the paper proposes a solution based on “tree parsing” to solve this problem,
while the second part applies the method to simulate
a parametric oscillator.
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(1)

∞
X

X−k sin(kω0 t) (2)

k=1

Since x ∈ P (T0 ) and u ∈ P (T0 ) imply x0 ∈ P (T0 ) and
f (x, x0 , u) ∈ P (T0 ), by substituting x, its derivative
and u into f , the resulting equation can be written
under a Fourier series form (Eq. 3).
f (x, x0 , u) = F0 +

∞
X
k=1

Fk cos(kω0 t) +

∞
X

F−k sin(kω0 t)

k=1

(3)
By using the orthogonality of sinusoidal functions,
(Eq. 3) can be rewritten as a system of nonlinear
equations (Eq. 4), one for each harmonic defined by
the assumed solution. Then the nonlinear system (4)
can be solved numerically to obtain the Fourier coefficients Xk of the unknowns.
Fk (Xk ) = 0 for all k ∈ Z

(4)

Nevertheless, even by truncating the Fourier series,
a direct application by symbolic calculation of the
method described above to build the nonlinear system leads to an exponential growth of the number of
terms.
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The method proposed to overcome this difficulty is
to rewrite each differential equation of the system as
a binary tree so that each node involves only one algebraic operation. Then the trees are progressively
reduced in harmonic (i.e. Fourier series) form from
the bottom to the top: at each node new coefficients
expressed in function of the previous ones are generated. Eventually, it remains only a Fourier series with
manageable coefficients.
The mapping of differential equations into binary
trees is defined by the following abstract syntax: the
UNKNOWN terminals are elements of the unknown vector
x(t) and the FUNCTION terminals are either constants
or functions already in harmonic form, as the stimulus
waveform u(t) does.
type odeTree
SUM
| PROD
| POWER
| DIFF
| EXP
| COS
| SIN
| UNK
| FCT

=
of
of
of
of
of
of
of
of
of

odeTree * odeTree
odeTree * odeTree
odeTree * INTEGER
odeTree
odeTree
odeTree
odeTree
UNKNOWN
FUNCTION

• SUM(S1,S2) with
S1 = A00S1 +
+
S2 = A00S2 +
+

A01S1
B01S1
A01S2
B01S2

cos
sin
cos
sin

wt
wt + ...
wt
wt + ...

=
=
=
=

A00S1 + A00S2
A01S1 + A01S2
B01S1 + B01S2
...

and returns:

(5)

(6)
(7)
(8)

The latter equations are now recognized by the grammar. The same method can be directly applied to the
inverse of a function and to the composite functions.

III.

• FCT(R1) is already under the right form, so it is
replaced by itself.

TT1
TT2
TT3
...

becomes
· · · + H1 + · · · + H 2 + · · · = 0
H1 cos V1 = sin V1
cos H2 = V2

A00V1
+ A01V1 cos wt + B01V1 sin wt
+ A02V1 cos 2wt + B02V1 sin 2wt
+ A03V1 cos 3wt + B03V1 sin 3wt

is reduced by generating new coefficients

Because only EXP, COS and SIN functions of Fourier
series can be expanded into Fourier series, the grammar accepts only these transcendental functions. Any
other transcendental function (log, tan, ...), inverse of
a function, and composite function are rejected. To
fit all ODE to the given grammar, one proceeds by
introducing an additional unknown to the equation
system, which transforms the initial differential equation system into an algebro–differential system. This
handling is trivial as shown in the following example.
· · · + tan V1 + · · · + arccos V2 + · · · = 0

• UNK(V1(t)) is replaced by its Fourier series limited to N terms, i.e. it returns:

EVALUATION OF UNK, FCT, SUM, PROD, DIFF,
EXP, COS, SIN NODES

Once the tree of the differential equation is built,
each node of the tree can be progressively reduced (or
evaluated). Assuming that V1 (t) is an unknown function of the differential system and R1 is a parameter,
the reduction is performed as follow:

TT1 + TT2 cos wt + TT3 sin wt + ...
• PROD(S1,S2), DIFF(S1) are reduced in the same
way as SUM(S1,S2), but with a bit more complex generated coefficients.
• The “harmonization” of EXP(S1), COS(S1) and
SIN(S1) functions is explained in [2]. The solution of this problem is quite similar to the
harmonization of ODE. A binary tree is constructed and new coefficients are generated as
a function of the previous ones during the tree
parsing. Each transcendental function has a different associated tree.
IV.

EVALUATION OF POWERS (POWER)

Given x and n, where x is a Fourier series and n is
a positive integer, we study the problem of computing symbolically POWER(x,n), or xn , efficiently. Here,
“multiplication” means multiplication of series. Although we are concerned with multiplication of powers of x, the problem can be reduced to addition, since
the exponents are additive. This leads to the following
abstract formulation:
An addition chain for the integer number n is a
sequence of integers
a0 = 1, a1 , a2 , . . . , ar = n

(9)

with the property that, for all i = 1, 2, . . . , r:
ai = aj + ak , for somek 6 j < i

(10)
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This means that each exponentiation in the chain can
be evaluated by multiplying two of the previous exponentiation results. The optimal way to compute xn
by multiplication is given by the addition chain for n
having the smallest length r. The smallest length r
for which an addition chain for n exists is denoted by
l(n).
Despite numerous work in this area, the determination of a minimal–length addition chain generating
the desired exponent is still an open problem is mathematics. The weaker problem to compute l(n) is neither solved. However, a lower and a upper bounds of
l(n) are known.
dlog2 ne 6 l(n) 6 blog2 nc + ν(n) − 1

Power Algorithm
x9
x10

TABLE I: Computation of x9 and x10

PROD
x

For example, table I shows the application of the
square–and–multiply algorithm on x9 and x10 . The
second column follows the application of the algorithm
giving the addition chains in reverse order, and the
third column gives the algebraic equivalent.
The computation of x9 and x10 are represented by
the following binary trees (Fig. 1). It should be noted
that each power of x has a different binary tree and
two closed powers, for example xn and xn+1 , don’t
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SQR

PROD
x

SQR

SQR

SQR

x

x

FIG. 1: Binary tree of x9 and x10

have closed binary trees at all. The trees are reduced
as explains in the previous section.
Table II illustrates the efficiency of the square–and–
multiply algorithm to compute xn . l(n) is the minimal
number of multiplications. For large n, the lower and
upper bounds and computed by inequality (Eq. 11).
l? (n) is the number of multiplications required by the
square–and–multiply algorithm. Results have to be
compared to the ordinary method of powering which
needs n − 1 multiplications.
n
10
100
1000
10000
100000
1000000
10000000
100000000
1000000000

1. Although, it doesn’t lead to an optimal addition
chain, it is quite efficient. Compared to the ordinary method of multiplying x with itself n − 1
times, this algorithm uses only O(log 2 n) multiplications. (The number of multiplications required to
compute xn by the square–and–multiply algorithm
is exactly blog2 nc + ν(n) − 1).
2. Unlike optimal addition chains, the addition chains
computed by the square–and–multiply algorithm
have always a binary tree structure. So the computation of xn by this algorithm is naturally integrated into the SHA method as it is based on binary
trees representation.

SQR

SQR

(11)

where dlog2 ne is the ceiling of x (smallest integer
greater than or equal to x), blog2 nc is the floor of x
(greatest integer less than or equal to x) and ν(n) is
the number of 1’s in the binary representation of n.
Our SHA program use the following recursive algorithm to compute xn for a Fourier series x and a
positive integer n. This algorithm is known as the
square–and–multiply algorithm [3]. The repeated application of this algorithm amounts to decompose the
exponent into a sequence of squares and products. It
requires only one temporary storage x (and of course
the current partial result).

if n = 1
 x,
if n is even
Power(x, n) = Power(x2 , n/2),
 x × Power(x2 , (n − 1)/2), if n is odd
(12)
The square–and–multiply algorithm is used for two
main reasons:

Algebraic

9, 8, 4, 2, 1 ((x2 )2 )2 x
10, 5, 4, 2, 1 ((x2 )2 x)2

l(n)
4
8
10 6 l(n) 6 14
14 6 l(n) 6 17
17 6 l(n) 6 21
20 6 l(n) 6 25
24 6 l(n) 6 30
27 6 l(n) 6 37
30 6 l(n) 6 41

l? (n)
4
8
14
17
21
25
30
37
41

TABLE II: Efficiency of the square–and–multiply algorithm

V.

APPLICATION: PARAMETRIC
OSCILLATOR

The symbolic harmonic method is applied to analyze the forced–mode behavior of the parametric
quartz oscillator (PXO) shown in Fig. 2. The principle of this oscillator developed at FEMTO–ST/LCEP
is described in [4]. It uses a 10MHz quartz and a
20MHz pump Upmp coming from the second harmonic
at 20 MHz generated by a varactor-diode. For instance the parameters of the oscillator are R1 = 100Ω,
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d
d2
(Cvd (t).Uvd (t)) + L. 2 (Cvd (t).Uvd (t))
dt
dt
d
d
−R1 (Cvd (t).Uvd (t)) − R1 Cq Uq (t) + Vp sin(2ωq t)
dt
dt
d2
d
Uq (t) + Rq Cq Uq (t) + Lq Cq 2 Uq (t)
dt
dt
d
d
−R1 (Cvd (t).Uvd (t)) − R1 Cq Uq (t) + Vp sin(2ωq t)
dt
dt
Cvd (t).H(t)
Uvd (t)
1+
φ0

Ub + Uvd (t) + R2

L
Uvd

Cvd

R1

(14)

= C0 vd

(15)

= H 2 (t)

(16)

0
−1
−2
−3
−4

Upmp

−5
4.5

4.6

Ub

4.7

4.8

4.9

5

Time (µs)

FIG. 3: SHA Simulation of the varactor–diode voltage Uvd
versus time.

The voltage–capacitance relationship of a varactor–
diode is written [5] as Eq. (17), where Cvd 0 is the
diode capacitance at Uvd = 0 (typically a few tens
of picofarad), φ0 is the contact potential, and γ is
the fractional change in capacitance (γ = −1/2 for
abrupt junction, and γ = −1/3 for graded–junction
varactors).
(17)

The circuit is described by the system of ordinary differential equations (Eq. 13) to (Eq. 16). The “harmonization” of Eq. 17 is done by introducing an additional unknown function H(t). The equation of the
varactor diode, for γ = −1/2 is then replaced by the
two Eq. 15 and 16.
The unknowns of the system are the voltages across
the varactor Ucd (t) and the quartz series capacitance
Uq (t), the capacitance Cvd (t) and the additional function H(t). H(t) doesn’t have any physical meaning.
The previous ODE system is then solved by SHA
method by replacing all unknowns by Fourier series,
building and reducing ODE trees. The resulting equations involving Fourier coefficients of the unknowns
are then solved numerically. The varactor voltage Uvd
versus time in plotted in Fig. 3.

Fig. 4 shows experimental results performed in
forced mode [6]. Theoretical results are in good agreement with experimental ones, although theoretical improvements still have to be done. The simulated curve
plotted in Fig. 3 is computed in a few seconds. Numerical computation of the system (Eq. 13 to Eq. 16)
done by usual techniques [6] need a few hours and give
results not as good as the SHA method.

2

Voltage Uvd (V)

FIG. 2: Quartz crystal Parametric oscillator


γ
Uvd
Cvd = C0 vd 1 +
φ0

=

1

Q

R2

(13)

2

Voltage Uvd (V)

R2 = 300Ω, Ub = −1V , Upmp = 4.5V , and L is tuned
at 10MHz with the varactor–diode capacitance value.
The resonator is a 10MHz SC cut quartz crystal, exhibiting a unloaded quality factor of about 1 106 .

=

1
0
−1
−2
−3
−4
4.5

4.6

4.7
4.8
Time (µs)

4.9

5

FIG. 4: Experimental varactor–diode voltage Uvd versus
time.

99

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

VI.

CONCLUSIONS

The principle of a symbolic–numeric method to analyze ultra–stable oscillators, presented in this paper
and [2], allows one to replace a system of nonlinear differential equations by a system of nonlinear equations
of Fourier coefficients, whose solution is an approximation of the steady–state solution. The method has
been successfully applied to simulate a parametric oscillator.
A solution based on trees to manage the large number of coefficients inherent to symbolic computation
has been proposed. At the opposite of all other harmonic methods, the linear and the nonlinear parts of
the differential equation are processed in an uniform
way in the Fourier domain.
Using symbolic computation technique is not com-

[1] K. S. Kundert, J. K. White, and A. SangiovanniVincentelli, Steady–State Methods for Simulating Analog and Microwave Circuits (Kluwer Academic Publishers, 2003).
[2] N. Ratier, M. Bruniaux, S. Galliou, and R. Brendel, in
Proc. of the 19th European Frequency and Time Forum
(EFTF) (Besançon, France, March 2005), pp. 413–418.
[3] D. E. Knuth, The art of computer programming, Vol
II. Seminumerical algorithms (Addison–Wesley, 1998),
ISBN 0-201-89684-2.
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mon in the electronics circuit community, and in the
time–frequency domain, whereas it proved its ability
to solve quickly and efficiently the difficult problem of
the simulation of quartz crystal oscillators. The gain
in terms of computing time is in the order of decades
for usual oscillator circuits.
The calculation times to solved the equations generated in the last step of the method is independent
on the length of transients, because the symbolic harmonic method imposes the steady–state conditions by
virtue of Fourier expansion of the unknowns.
No mention has been made about how to solve the
system of nonlinear equations generated in the last
step of the symbolic harmonic method. The resulting
system is highly nonlinear and sparse. Efforts are currently made to develop specific and efficient numerical
algorithms in this direction.

[4] V. Komine, S. Galliou, and A. Makarov, IEEE Trans.
Ultrason., Ferroelect., Freq. Contr. 50, 1656 (2003).
[5] L. Blackwell and K. Kotzebue, Semiconductor
Diode Parametric Amplifiers (Englewood Cliffs, N.J,
Prentice–Hall, 1961).
[6] S. Galliou, R. Brendel, N. Ratier, M. Bruniaux,
P. Abbe, and G. Cibiel, in Proc. of the 19th European Frequency and Time Forum (EFTF) (Besançon,
France, March 2005), pp. 408–412.
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Experiments with a commercial multivibrator as a detector for high impedance patterns

2

J. A. PARTANEN1, J. VOUTILAINEN1,2, P. ESKELINEN2
1
Voyantic Ltd.
Tekniikantie 21; FI-02150 Espoo; FINLAND
Helsinki University of Technology, Applied Electronics Laboratory, Finland
Contact Email: juho.partanen@voyantic.com

Certain industrial detectors call for robust, low-cost varying oscillators in the MHz range. In our application,
high impedance patterns in the frequency domain are detected by sensing a small capacitance change related to
the pattern passing a detection plane. Various commercial building blocks are readily available e.g. in CMOS IC
chip form. We have studied the applicability of some typical products such as TC74HC4060, however, in most
cases the obtained dynamic range in frequency domain has been inadequate for our purposes.
A compact solution is the HEF4047B type multivibrator from the LOCMOS HE4000B family. A sensitive
astable multivibrator circuit with a base frequency of 2.4 MHz has been constructed. By utilizing a simple
counter, sensitivity in the range of 500 kHz/pF has been achieved. The response time far exceeds the
requirements of this application. The sensor function is based on variable capacitance and therefore all stray
sources must be carefully controlled. This has been accomplished through a dedicated printed circuit board
layout. A buffer circuit is mandatory in the oscillator output not only to reduce the load pulling effects but also to
provide convenient output levels.
1. INTRODUCTION

II. MATERIALS AND METHODS

The adoption of radio frequency identification
technology, later RFID, in item level tracking has been
slow due to the relative high cost of RFID transponders.
For the recent years this cost factor has been dominating
the industry and has resulted in the emergence of certain
printable RFID solutions. If the transponder could be
assembled as a by-product during the existing processes
of the packing industry, the cost could shrink down to
fractions of a cent.

The data is stored as a geometrical pattern as illustrated
in Figure 1. The pattern is applied to the inner layer of a
package making it undetectable from outside the
package. Carbon ink, metals or certain polymer,
polyaniline, is used to obtain electric conductivity for
the pattern. Polyaniline has traditionally been used for
electromagnetic interference shielding and microwave
absorption [5] [6].

Capacitive coupling is a well understood phenomenon
and it is used in a variety of applications. Meyer [1]
reported an integrated capacitive position sensor already
ten years ago. Some of the recent work includes
pointing device that is based on capacitive coupling [2].
In the meantime, a similar technique has been widely
used to sense the level of liquids, even in a restaurant
application [3].
In this paper, a novel identification system is presented.
The system is composed of conductive patterns on the
surface of the package substrate and a handheld reading
device that senses the patterns via capacitive coupling.
The resulting system stores 96 bits in the area of 10*100
mm. This capacity suggests that the system can be used
to produce an Electronic Product Code1, later EPC [4].

1

EPC is a trademark of EPCglobal

Figure 1: 96 bits stored in a geometrical pattern. The
dimensions of the pattern are 10 mm (H) and 100
mm (W). This pattern is produced with carbon ink
to obtain electrical conductivity.
To produce two bits per period, the pattern has four
different heights: 1.25 mm, 2.5 mm, 5.0 mm and 10.0
mm. This choice of geometrical dimensions slightly
emphasizes the difference between the two highest
peaks making the pattern easier to interpret.
The resulting high impedance pattern is detected by
sweeping the package with a reading device (Figure 2).
As the pattern passes the detection planes, a resulting
change in the capacitance is detected. The detection
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circuit diagram is illustrated in Figure 3. The change in
capacitance is transformed by a commercial
multivibrator HEF4047B into a change of frequency as
a function of time. This measurement data is further
processed with a 16-bit counter of an ATMega88
microcontroller and transferred to a PC via USB
interface. LabVIEW-software is then used to obtain the
data stream that is stored in the pattern.

The multivibrator circuit has a single supply of 10.0 V
that is made with a switched-capacitor voltage
converter. The measurement signal level is scaled down
to 3.0 Vpp to suit the counter input of the
microcontroller.

Figure 4: The lay-out of the analog electronics. The
capacitive detection planes are connected to the
multivibrator HEF4047B on the right and the buffer
is in the center of the picture. The counter is in the
far left corner of the picture. The length of the traces
is minimized to control the sources of stray
capacitance.
III. RESULTS
Figure 2: The reading device slides over the pattern
that is hidden inside the box

The obtained measurement signal from a single sweep is
processed in three steps. The pattern is formed with
carbon ink and the reading is performed through one
layer of carton. The unprocessed ‘rough’ data is
illustrated in Figure 5. The dynamic range of the data
sequence is approximately 300 kHz.

Figure 3: The diagram of the detection circuit.
'Detection' denotes the capacitive detection planes. A
line driver in front of the counter is needed to reduce
the load pulling effect. Bypass capacitors and other
peripheral circuits are left out from the picture for
clarity.

Figure 5: ‘Rough’ data that is transferred to a PC.
The Y-axis represents the frequency (kHz) and Xaxis the time (ms). The first clear peak downwards
denotes the start signal. The data pattern results in
a dynamic range of 300 kHz.

As we are sensing relatively small changes in
capacitance in the range of 0.5...2.5pF, all stray sources
must be carefully controlled. It is especially important
to minimize the sources that change over time, such as
the position of the operator’s fingers as an example.
This has been achieved through certain mechanical
structures and careful circuit layout as illustrated in
Figure 4. The length of all traces is minimized until the
measurement signal has passed the line driver
(LT1363). Ground planes are not allowed under the
signal traces. The 330 kOhm resistor, that sets the base
frequency to 2.4 MHz, is located directly under the pads
of the detection plane.
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After some signal processing done in LabVIEW, the
measurement signal that will be interpreted to data is
illustrated in Figure 6.

Figure 6: The change in frequency (kHz) as a
function of time (ms).
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To acquire the data, the decision levels have to be
dynamically defined. Depending on the number of bits
per period, there might be numerous decision levels. In
this system, however, only four levels are needed
(Figure 7).

Figure 7: The data with the decision levels for 96-bit
interpretation.

Figure 8: The original pattern without the start
mark is repeated here for convenience.
The resulting sensitivity of the system is in the area of
500 kHz/pF.
IV. DISCUSSION
The correlation between the original pattern (Figure 8)
and the measurement result (Figure 7) is almost perfect.
The non-constant velocity of the sweep performed by
the operator does cause some displacement of the peaks
in comparison to the original pattern, but that does not
result in any difficulties while interpreting the signal.
However, if the velocity would temporarily drop to
zero, it would obviously result in an error. As can also
be noted, the wide patterns can be easily spotted as the
high peaks in the signal. However, the lower peaks are
more difficult to classify into three different categories,
especially the two smallest ones could be hard to
distinguish.
As the industrial applications ultimately call for the
highest possible reading reliability, we will next discuss
future improvement possibilities. The geometries should
be adjusted so that the second and third levels would be
slightly larger. A suitable scale might be 1.0 mm,
3.5mm, 6.0 mm and 10.0 mm. Furthermore, the current
system does not support codes that have one or more
peak levels totally missing. This, however, could be
corrected by using certain coding methods.
The geometry of the detection planes is not optimized. It
is probable that by slightly decreasing the distance of
the planar detection planes from each other, the change
of capacitance as the pattern passes over the plane
would be increased. One should however make sure that
the direct coupling between the planes will not develop
to be the dominant capacitive component.

The sensitivity of the multivibrator could possibly be
improved by tuning the value of the parallel resistor. We
could also try to cancel the influence of the stray
sources by organizing the capacitive detection in a
different manner. Some ideas can be found from the
work of Huang et al. [7]. The double differential
operating principle [8] is another prominent option.
There are naturally plenty of alternatives for the
oscillator circuit HEF4047B. Already we have tested the
TC74HC4060 crystal oscillator but we found it not to be
suitable for this purpose, because the sensitivity of the
oscillation frequency was not high enough. Additionally
we tried using a universal capacitive readout IC
MS3110 from Irvine Sensors, but programming the
circuit turned out to be unreliable, and the specifications
did not hold up.
The fundamental problem in measuring the change of in
capacitance is the limitation concerning the reading
distance. If the surface of the box is rough or if the
operator’s hand trembles, the resulting error in the
measurement signal cause the pattern to be falsely
interpreted. The orientation of the reading device is also
critical, and the issue has been taken into consideration
during the mechanical design of the prototype. The
upside of the limited reading range is that the detection
process is well under control. For example, the
disturbing effect of additional conductive planes, such
as metallic blisters in typical pharmaceutical packages,
is not a dominating problem in this system.
There are always ways to improve the instrumentation
but as for now the sensitivity was graded high enough.
The 96-bit capacity is compliant with the EPC tag data
standards [4] and thus the proposed system is ready for
piloting.
V. CONCLUSIONS
In this paper, a novel identification and brand protection
system has been presented. The achieved sensitivity
makes it possible to use inks that have relatively low
conductivity, such as ones including polyaniline.
The system can be applied to RFID applications. It is
especially suitable for brand protection purposes in the
luxury product segment and for verifying the product
authenticity in pharmaceutical application. The
underlying benefit of the system is that it is very costefficient since the identification patterns can be applied
to the packages during the existing processes of the
packaging industry.
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Low drive level sensitivity (DLS) of quartz crystal resonators
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Abstract: This work is a contribution to a better understanding of the DLS mechanism.
The paper describes an experimental set-up allowing resonator’s motional parameter
measurements with variable drive level as low as – 100 dBm in a controlled temperature
enclosure. As the drive level becomes very low, measurement becomes more and more
noisy and difficult to exploit. Specific experimental procedures and data processing
required to improve the signal-to-noise ratio are described. Resistance vs. drive level curve
of several crystals exhibiting DLS reveal different behaviours that have been investigated.
Phase noise measurement of resonators exhibiting DLS by using a high performance
interferometric instrument developed in our lab are currently being performed at the idea of
answering the question of the correlation between the two phenomena. Eventually, by using
a submicron resolution scanning electron microscope, a number of surface defects have
been observed on the surface of the resonators exhibiting DLS. The responsibility of these
defects for the DLS is discussed.

1. INTRODUCTION
Drive Level Dependency (DLD) or Drive Level
Sensitivity (DLS) of quartz resonators, i.e. the increase
of the resonator’s series resistance at low drive level is
known for about fifty years [2, 3, 4, 12, 16, 20]. Very
early, that phenomenon has been attributed to surface
defects coming from microscopic scraps of various
origin often associated with a sticky surface coating or
surface scratches. A lot of work and experiments have
been done and many models have been described to
explain the DLS mechanism and to correlate the
resistance increase with the surface defects [8, 9, 10, 11,
13, 14]. Attempts also have been made at relating the
DLS with the noise of the resonator with contradictory
conclusions [1, 6]. On the other hand, the need for
resonators of higher and higher performance in the
domain of telecommunication and/or space localization
encourages to further investigate on this phenomenon.
The reader can refer to [5] for a more complete
bibliography on the DLS.
II. DESCRIPTION OF THE DLS
A large number of experiments carried on for decades
have led to the following observations:
– Increase of the series resistance is always associated
with a positive or negative frequency shift,
– The DLS “signature” strongly depends on
temperature,

– The DLS behaviour can be modified or suppressed
permanently or temporarily by overdriving the
resonator, by polishing, etching or cleaning the
crystal. Cleaning is often considered the most
efficient [7, 13],
– The most disconcerting aspect of this phenomenon is
its lack of reproducibility. Crystals seemingly
identical may be drive sensitive or not, and DLS of
crystals apparently cured may reappear after a long
time of inactivity.
A lot of work and efforts have been put into
understanding the origin of the phenomenon, and very
early the attention has been focused on the surface
imperfections as a possible cause of DLS. Among the
most often reported defects one can cite:
– Particles of metal, quartz, or abrasive,
– Thin coat of resin or oil,
– Surface scratches,
– Flaking of quartz surface or metal electrode,
– Poorly adhesive electrodes or blisters,
– Surface stress.
Various experiments have proved the relationship of
cause and effect between the surface pollution and DLS.
For example, talc blown in the vicinity of an unsealed
quartz resonator may induce DLS [4]. Another
interesting and dramatic demonstration of the
correlation between surface contamination and DLS has
been reported a few years ago [6]: a 100 MHz 5th
overtone AT-cut crystal resonator exhibiting no
noticeable DLS has been opened and the surface has
been sprinkled with alumina particles, after the
resonator has been resealed, it presented an important
DLS, and once the resonator has been reopened, cleaned
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and resealed, it approximately recovered its original
state (Fig. 1). It should be noted first that a single
particle not bound to the surface, cannot induce the
observed phenomenon.

measurement relies only on amplitude and phase of the
transfer function and on our own algorithms.
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Figure 2: Experimental set-up.

Figure 1: Effect of a surface contamination [6].
Similarly, a particle tightly bound to the surface acts as
a loading mass and thus induces a negative frequency
shift, which is often refuted by experiments. So, the
observed phenomenon can be explained only if the
particle is bound to the surface by an elastic force that
can be due to a thin sticky coating of oil or resin, or any
other attractive force such as Van der Waals,
electrostatic, or capillarity forces for example. In this
case, as the surface moves back and forth under the
shear motion, the bounded particle acts as a small
oscillating system that absorbs a part of the vibrating
energy. Although this simple coupling system does
explain that the resonant frequency can either decrease
or increase, it doesn’t account for the drive level
sensitivity of the damping term that should be explained
only if some non-linear mechanism is involved.
Dworsky [8] has proposed a model assuming that the
particles trapped in some surface imperfections
experience inelastic collisions with scratch walls, thus
inducing the required non-linear damping term.
III. EXPERIMENTAL SET-UP
Some preliminary experiments have been performed by
using an Agilent 4395A Network-Spectrum-Impedance
Analyser and the 43961A Impedance Kit [23]. The
accuracy of the measurements has been improved by
using a precision oven keeping the crystal at its turnover
point as shown in Fig. 2. In addition, to comply with the
standard motional parameter measurement technique,
the experimental set-up has been modified as shown in
Fig. 3 that implements the popular pi-network IEC–444
[15, 22]. A problem with our arrangement is that the
network analyser is no longer able to extract the
motional parameters, as it would do in normal
conditions, and the measurements becomes more and
more doubtful as the drive level decreases. So, the
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Figure 3: Set-up using pi-network IEC–444.
IV. DATA PROCESSING
Let first recall that in the Nyquist plane, the admittance
of a resonator represented by its classical Butterworth Van Dyke equivalent circuit shown in Fig. 4 follows
approximately a circle whose diameter is the inverse of
the series resistance Rq and the centre coordinates are
( 1 , ω q C p ) where ωq is the series resonant frequency
2 Rq
and Cp the parallel capacitance (Fig. 5).
Lq

Cq

Rq

Cp

Figure 4: Butterworth – Van Dyke equivalent circuit.
The algorithm used to extract the motional parameters
as well as their uncertainty from the experimental data
is inspired by the method proposed by R. J. Williamson
[19]. Given N measures of the real and imaginary parts
(xi, yi) of the admittance, at frequencies fi equally spaced
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over a span ∆f around the resonance, our problem is to
calculate the centre coordinate (x0, y0) and the radius r0
of the fitting circle (Fig. 6).
6

4

Susceptance (mS)

2

ωqCp
fr

0

1
2Rq

1
Rq

–2

–4

–6
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Figure 5: Resonator admittance circle.

 ∂E ( x 0 , y 0 , r0 )
=0

∂x 0

 ∂E ( x0 , y 0 , r0 )
=0

∂y 0

 ∂E ( x0 , y 0 , r0 )
=0

∂r0

r0 > 0
Usually, 401 data points equally spaced over a span of
± 250 Hz on either side of the resonant frequency have
been used in the experiments presented in the next
section. Fig. 7 shows the experimental data obtained
with a –70 dBm drive level and the fitting circles
calculated by the analyser internal algorithm and by the
least squares method described above. An estimation of
the uncertainty δ in the radius determination can be
obtained by calculating the average difference between
the experimental radii ri 2 and the calculated radius r02 :

δ = 1

(xi, yi)

ri2 − r02

=

2
0

r0

E ( x 0 , y 0 , r0 )
N r02

Admittance calculated by least
squares method

2
60

(x0, y0)

Admittance
calculated by the
analyser internal
algorithm

0
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12

Susceptance (mS)

Susceptance (mS)

r

=

In all experiments performed: δ < 1 %.

4
ri

N

N ∑
i 1

6

20
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–20

Conductance (mS)
–40

Figure 6: Least squares fitting.

Drive level: –70 dBm

Among several possible criteria to measure the
closeness between the experimental data and the rebuilt
circle, the best result has been obtained by using a norm
defined as the difference between the squares of the
experimental radius ri and the expected radius r0:
ε ( x i , y i , x 0 , y 0 , r0 ) = ri2 − r02 = ( x i − x 0 ) 2 + ( y i − y 0 ) 2 − r02
A cost function is then defined as the quadratic sum of
the norms associated with each one of the N
experimental data:
N

E ( x 0 , y 0 , r0 ) = ∑ [ε ( x i , y i , x 0 , y 0 , r0 ) ]

2

i =1

The unknown centre coordinates (x0, y0) and the radius
r0 of the expected circle are eventually calculated by a
least square method that amounts to solve the following
set of three partial derivative equations:

–60

0

20

40

60

80

100

120

Conductance (mS)

Figure 7: Internal algorithm and least squares fitting.
V. DLS MEASUREMENTS
We have measured a set of 11 resonators of frequency
about 13 MHz AT-cut fundamental among which some
pieces exhibited a strong DLS. The average series
resistance of the group has been found to be about 10–
20 Ω. This set has been mainly used to validate the
correctness of data processing. Due to the resistance
bridges of the pi-network, the drive level range was
approximately –60 dBm to 0 dBm.
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Fig. 8 shows a general picture of the series resistance vs.
drive level of the group where it is obvious that parts #1,
3, 12, and 14 have a strong DLS, parts #5, 6, and 8 have
a less marked defect, while parts #2, 4, 7, and 20 have
no perceptible DLS.
To assess the reliability of the measurement procedure
and data processing, five frequency sweeps are
performed for each value of the drive level, Fig. 9
shows a pretty good reproducibility of the different
sweeps.
As outlined in Sec. II and quoted in the literature [9, 10,
11], the resonator series resistance is not the only
parameter affected by the DLS. From the admittance
measurements, it is possible to obtain the resonant
frequency fr as the intersection of the admittance circle
with the real axis (Fig. 5) and to plot this parameter vs.
drive level as shown in Figs. 10 to 12. It can be
observed in theses figures that the resistance change is
always associated with an important frequency shift.
Correlation between these two parameters can be
evidenced by plotting the resistance change against the
resonant frequency change.
For resonators having no DLS this representation would
reduce to a single point since the two parameters do not
depend on the drive level, for resonators having a
marked DLS, the representation in the plane (resistance
vs. frequency) forms more or less interlaced cycles that
reveal a high degree of correlation as shown in Figs. 10
to 12.
After the first set of measurements, the resonators under
test have been left fifteen days at rest and measured
again. The curves obtained (in dotted line in Figs. 10 to
12) show that some parts seem cured, while other ones
still have a DLS with a different location.
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q20
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Figure 8: Series resistance of a set of 11 resonators.
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Figure 9: Series resistance of some resonators.
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Figure 10: Series resistance and resonant frequency of
some resonators.
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Figure 11: Series resistance and resonant frequency of
some resonators.
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the resonator #2. In this latter case, the sharpness of the
outlines indicates that the fragments have been trapped
by the electrode plating during the fabrication process,
in which case they cannot move anymore and cannot
play a role in the DLS. Nevertheless, it is highly
probable that other smaller particles, trapped in the
numerous surface defects with a more or less degree of
freedom, vibrate in their trap and thus take part in the
DLS mechanism in absorbing a part of the acoustic
energy.

Resonator #5
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Figure 13: Resonator #1.

5

Figs. 14 and 15 show that the surface of resonators #1
and #2 are particularly irregular compared with the
surface of a test resonator coming from another source
(Fig. 16).
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Figure 14: Surface of resonator #1.
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Figure 12: Series resistance and resonant frequency of
some resonators.
VI. SURFACE SCANNING
Two of the 11 parts have been opened to examine their
surface by using a scanning electron microscope.
Fig. 13 is a picture of one of the taken down resonators.
Numerous defects are observable in Figs. 14 and 15, in
particular a blister in the electrode of the resonator #1
and two fragments, probably of quartz, on the surface of
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Figure 15: Surface of resonator #2.
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Test resonator
10 µm

Figure 16: Surface of a test resonator.
VII. NOISE AND DLS
The main reason why these experiments are currently
carried out is to check for a possible correlation between
drive level sensitivity and noise of the resonators that
should have the same origin. One of the possible
mechanisms relating these two phenomena has been
suggested in the past [21].
Adsorption rate r0

Desorption rate r1

Number of adsorption sites: N
Quartz plate

is an enlargement of Fig. 14, where a large number of
surface defects, clearly visible in the picture are so
many possible traps for contaminants.
Nevertheless, experimental verifications of the expected
correlation between drive level sensitivity and resonator
noise investigated so far have led to contradictory
conclusions [1, 6] so that the question remains open.
A new series of experiments is going to be started to
clarify this question based on the following
assumptions:
– Small particles located on the surface of a resonator
exhibiting DLS often induce a large frequency
change.
– Submicron particles located on or near the surface of
most resonators could bring about DLS not
measurable at normal drive level but evidenced only
at very low drive level and could also be partly
responsible for the frequency noise of the resonator.
– Correlation between noise and DLS, if any, should
be demonstrated by performing noise and DLS
measurements in the same experimental conditions
and, if possible, at the same time.
Analyser

Synthesiser

R

RF

A

Splitter
3 stages low
noise amplifier
3 × 15 dB

Ovenized
resonator

Attenuator
40 dB 50 Ω

Zq

Figure 17: Noise induced by a contaminant species [21].
Resonator #1

Figure 19: Dedicated set-up for low level measurement.

10 µm

RF

R

A

Splitter
Atténuators
Input
resistance
bridge

Figure 18: Enlargement of Fig. 14.
It assumed that some contaminant species are randomly
trapped to and released from N possible surface sites at
different rates, each trapped particle causing an average
relative frequency shift ∆f/f (Fig. 17). This assumption
can be considered plausible in looking at Fig. 18, which

Ovenized
quartz

Output resistance bridge

Amplifiers

Figure 20: Picture of the set-up.
The high performance interferometric instrument
currently developed in our lab to measure the intrinsic
noise of resonators [17, 18] is being modified to allow
simultaneous noise and DLS measurements. The
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equipment used so far described in Sec. III, allows
measurements from –50 dBm to +15 dBm. So as to
lower the crystal drive level below the limits of the
analyser, a dedicated arrangement has been designed as
shown in Figs. 19 and 20.
A 40 dB wide band attenuator is inserted in between the
synthesiser RF output and the pi-network input while
the output signal, amplified by a three-stage low noise
amplifier feeds the analyser measurement input. The
analyser reference signal comes directly from the
synthesiser.
The set-up allows measurement with crystal drive level
as low as –100 dBm. It should be noted here that a
careful attention has to be paid to the calibration
procedure. In addition, as outlined in Sec. III, the
measurement relies only on amplitude and phase of the
transfer function and on our own algorithms.
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VIII. CONCLUSION
SEM pictures of the surface of some resonators
exhibiting DLS reveal a large number of particles and
other defects. It is not proved that these defects are
responsible for the DLS but there is a strong suspicion.
The series resistance change in the DLS effect is always
accompanied by an often important relative frequency
change (several ppm). This experimental observation
leads to the hypothesis that in any resonator, smaller
particles loosely trapped near the surface by
electrostatic forces or in structural cavities located under
the electrodes could be, at least partly, responsible for
the frequency noise of the resonator. Because of their
small size, these nanoparticles could be activated and
revealed by a much lower drive level as those used up to
now. The imminent finalizing of a high performance
interferometric
instrument
able
to
measure
simultaneously very low level DLS and intrinsic noise
of resonators should clarify the possible correlation
between the two phenomena.
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Novel scanning probe method for visualization of standing acoustic waves in
piezoresonators
G. Minchev,* T. Sukhikh, D. Dinchev and L. Trendafilov
Molecular Beam Epitaxy & Surface Analysis Laboratory, Institute of Solid State Physics,
Bulgarian Academy of Sciences, 72 Tzarigradsko Chaussee blvd., 1784 Sofia, Bulgaria
*Electronic address: MBE@issp.bas.bg

A scanning probe microscopy (SPM) for visualization of standing acoustic waves in
piezoresonators based on registration at every pixel the wave inherent electric field (normal
to surface) is developed. The physical background of the presented method is electric
charge induction in a probe by wave electric field. As in any scanning probe microscopy,
the probe is the key part and the resolution is the goal. For the case, the long-range nature
of electric field rise the main hindrance. In the paper, a complete analysis of
basic/fundamental requirements and interdependences of the method are presented together
with analysis of probe functioning focused on effective aperture. An SPM system, builded
in accordance with presented analysis, is described and images of standing waves of
different modes are presented.

I. INTRODUCTION
Visualization of the acoustic wave patterns for the entire
set of interacting vibration modes is an efficient
instrument for analyzing, understanding and improving
of piezoresonators.
Two modifications of the X-ray topography are
mainly used for visualization of standing acoustic waves
in single crystal piezoresonators: the large–focus X–ray
topography (see, e.g., [1]), and synchrotron X–ray
topography (see, e.g., [2]). Laser interferometry (see,
e.g., [3]) and coherent radiation reflection [4] can also
visualize acoustic wave patterns.
Both X–ray topography modifications have their
intrinsic limitations:
i) inherently they generate
contrast through acoustic wave induced corrugation of
atomic planes, a corrugation that breaks the Bragg
relation for diffraction. Such a mechanism produces a
highly nonlinear dependence between the deformation
amplitude and the X-ray intensity change (i.e., no
contrast at low amplitudes and fast saturation after
certain amplitude); ii) crystal deformation is dynamic,
therefore both methods average over time the
momentary X-ray intensity, so a contrast is generated
only for standing acoustic waves (although, the
stroboscopic synchrotron topography could resolve
wave fronts [5]);
iii) any particular deformations
and/or crystal imperfections also generate their own
contrast, that adds to the useful picture; iv) large–focus
X–ray topography is considerably time-consuming
technique, synchrotron X–ray topography is expensive
and difficult of access, and all X-ray methods are
dangerous and relatively complicated.

The obvious desirable improvement is: an
inexpensive scanning system that measures point by
point the electric field inherent to the acoustic waves in
piezoresonators, registers its amplitude and phase as
acoustic wave amplitude and phase and then produces
an image.

II. THE S P M SYSTEM
Every scanning probe system has three basic elements.
The most important is the probe - it transforms the
attribute of interest (in this case the acoustic wave
inherent electric field) into some measurable quantity,
and this transformation has to be done as locally as
possible. The probe will be described in section III.
The second basic element, the scanner, moves the
probe over the object (scans it). In our case dimensions
of the objects (resonators) are determinated by acoustic
waves length (some millimeters), so the requirements
for the scanner are not very difficult to be engineered
(figure 3).
The third basic element consists of a datalogger
(collecting the raw data at every pixel), programs
processing raw files and generating images (a falsecolored maps representing the distribution of attribute of
interest over the object) and programs processing
images for obtaining some aggregate parameters. This
third element is more or less the same for any SPM
system, so we shall not enter in its detail description.
Visualization
of
standing
acoustic
waves
(piezoelectric resonances) needs a specific fourth
element. A resonance has existence only if feeded with
energy, so a subsystem for excitation of standing
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acoustic waves is obligatory. Designing our SPM
system we face the fact that the requirements for the
necessary excitation are very serious and complex and
so the excitation subsystem has to be. Its creation
becomes a distinct and sizable design task which results
are presented in a separate paper [6].
On figure 1 the first generation SPM system is
shown. Two second generation systems are already
under development.

FIG. 1: Prototype SPM system for visualization of standing
acoustic waves in piezoresonators. The system consists of
intentionally heavy antidust housing over a massive base plate.
The construction mass-center is engineered to be at a position
(close to sonde tip) where the smallest amplitude of
oscillations (if any) are generated by the mechanical scanner
movements. The whole construction is placed over a damper
cushion for vibration isolation and for suppressing possible
self-generated oscillations.
To the left from the housing are the electronics PCB. At the
left side-wall are bonded the probe electronics box (figure 3)
and the excitation subsystem [6] (the foreseen metal box).
In the housing center is the changeable sample-holder
block. The shown one is for resonators mounted on bases of
industry standard metal cases/holders (all types - from 20x20
mm HC47 to the small TC39 watch crystals type). A manual
translational movement and two-axis adjustment permit
positioning the resonator surface exactly in the plane scanned
by the sonde (section IV).

The SPM system
scheme is presented on figure 2.
20 x 20 mm MECHANICAL SCANNER,
SAMPLE HOLDER, and PROBE ASSEMBLY
sonde preamplifier

FIG. 2: Structural scheme of shown on figure 1 system. The
probe assembly, in the center, is composed of sonde and the
first stage of probe electronics (figure 3) and is affixed to the
fast scanning stage (at horizontal direction of scanning
corresponding to pixel rows in the images), the only
potentional source of construction oscillations.
The sample-holder, shown below the probe assembly,
contains the excitation and measuring buffers [6]. It holds the
measuring resistor (figure 3 and reference [6]) and case/holder
base with a resonator mounted in it. The resonator electrode
facing the sonde tip is grounded and excitation voltage is
applied to the opposite electrode, an electrode beyond the
resonator’s piezomaterial.
Sample-holder is affixed to the slow scan drive and is
moved only upwards (a direction corresponding to pixel
columns in the image) for the purpose of resonator assembly
stability.

This SPM system is designed to be integrated with a
personal computer. Electronics PCB are designed as
PCI/ISA cards connected to the PC system bus and
obtaining their supply from it.
System operation is simple: both scanner stages,
under PC control, perform scanning of resonator surface
by sonde tip and the datalogger accumulates measured
electric field values from the sequential probe positions
(pixels).

III. THE PROBE
The probe is the most important element of every
scanning probe technique. For the case, it is composed
of three components each with its own distinctive
function.
Individual resonance excitation is provided by the
subsystem described in [6], that ensures measurement
conditions invariability and stability of corresponding
standing acoustic wave.
The second element - sonde - is explained in section
IV despite its fundamental self-consistency with probe
electronics (figure 10).
Probe electronics is schematically presented on
figure 3 and is similar to a section of the excitation
subsystem described in [6].

sonde

fast X scan
drive

resonator
open metal can holder
HC 36 to TC 39 type
suitable measuring resistor

slow Y scan
drive

RF
drive

R and Q
buffers

Vibrational
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FIG. 3: Probe electronics. This probe is without selectivity
and could process signals from LF up to 500 MHz. Its
dynamic range is composed from dynamic capacity of all three
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separate stages and is unnecessary large. First stage input
noise does not exceed 1.1 nV Hz1/2, what is close to the
current state of the art for a non-cryo-cooled electronics.
Overall sensitivity reaches 1.6·10-17 coulombs (or 92
elementary charges) for the LSB, what is not sufficient in all
cases, although such a value is rarely obtainable.
The logarithmic amplitude ratio and phase difference
signals provided by gain & phase detector are fed to the
datalogger and are registered with 0.7% resolution in
amplitude ratio and 0.17 degree resolution in phase difference.
Amplitude offset error is less than 1% and phase offset error is
0.1 degree and increases to about 1.0 degree around zero. For
visualization purposes such resolution is quite satisfactory.
Moreover, offset errors generate only image background and
are not significant.

The coaxial sonde tip in its close proximity to the
resonator surface is presented on figure 4.

Excitation of the resonator (marked as Q on figure 3)
is performed by the subsystem described in [6]. This is
done by an alternating displacement current through the
capacitor-like resonators structure. With continuous
excitation frequency tuning the subsystem [6] keeps
zero phase difference over the resistor R (i.e., resonators
susceptance is kept zero, in other words, its impedance
is kept active). The subsystem [6] not only keeps stable
the excitation conditions, but performs precise
measuring of all physically existing resonances (main,
overtones, anharmonic, etc. for all inherent vibrational
modes - thickness-shear, thickness-twist, etc.), and after
selecting the resonance of interest locks on it. Then the
SPM system visualizes the acoustic wave pattern
associated with this selected resonance.
The probe electronics receives the resonator
electrodes voltage on its Q input. The picked by the
sonde signal S, after amplification in the first two
stages, is compared with Q signal, so any changes in
resonance (amplitude, frequency, etc.) or in excitation
and measuring conditions will not disturb the obtained
image.

FIG. 4: Probe (sonde tip) working position over the
resonator surface and expression for total charge Q
induced in the central electrode. Central coaxial electrode
has radius r; coaxial shell radius is R; ε is the relative
permittivity for both the sonde dielectric and the resonator
piezomaterial; d is the tip to surface distance; and Ez is the
normal component of acoustic wave electric field. The dashed
line marks the sonde aperture radius ra.

r

Ez

d

π −2

(R − r )2 
Q = εε 0 Ezπ  Rr +
4



The sonde aperture radius ra is defined as the radius
of the disk (of resonator surface) whose electric field
has induced (is responsible for) half of the total induced
in the central electrode charge.
The formula from figure 4 is deduced in compliance
with significant assumptions:
i) no manufacturing
errors, or eccentricity of sonde construction exist and
perfect accuracy is obtained; ii) electrode material is
perfectly pure copper;
iii) sonde dielectric has no
inhomogeneities and is not with cylindrically layered
structure; iv) resonator material and sonde dielectric
permittivity have equal values;
v) no deviation of
sonde axis from surface plane normal is considered; vi)
electric field is constant over the whole resonator
surface.
In the following seven figures are presented the
basic/fundamental requirements and interdependences
of the method.
2.0

100%
η

collection efficiency η - Q/Q0

The sonde is the key part of the probe. The physical
background of the first step of its operation is electric
charge induction from the electric field immediately
over the resonator surface. Desiring to outline the
normal to surface electric field component we acceded
to design a coaxial in structure sonde which we expect
to be the most insensitive to the tangential field.
Standing wave inherent electric field is alternating by
nature, so it induces alternating electric charge in the
central electrode what, in turn, generates alternating
coaxial field in the sonde. This latter field propagates
along the coaxial waveguide structure of the sonde to
the matched impedance termination and the RF current
produced there is detected in amplitude and phase by
probe electronics. Detected signals are then fed to the
datalogger where they are measured and registered.

ra

quartz

relative aperture - ra/r0

IV. THE SONDE

R

ra
1.0

0.0
0.0

0
0.1

0.2

0.3

0.4

0.5

relative separation - d/R

FIG. 5: Change in sonde aperture and collected charge due
to sonde tip to surface distance. This figure shows the
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relative charge collection efficiency

1.0
Relative aperture ra / R

advantageous difference between the presented method and
others SPM techniques (scanning tunneling microscopy,
atomic force microscopy, etc.) - it is not necessary to keep an
extremely short distance between probe tip and the object.
Charge collection efficiency - η is the ratio of collected by
central electrode charge to the charge that could be induced in
an infinite electrode by electric field originated only from a
disk of radius R of resonator surface.

100 %

0.8
0.6
0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

1.0

Geometrical factor r/R
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25

18

Impedance Z [Ω]

0%
3.00

3.75

4.00

5.00

FIG. 8: Aperture dependence on sonde geometrical factor.
Higher impedance values are preferable for higher resolution,
but this is not very effective designer’s approach.

FIG. 6: Influence of difference in relative permittivity
between sonde dielectric and resonator material. Sonde
dielectric relative permittivity ε = 3.75. This small influence
permits the designer to choose freely the sonde dielectric.
Moreover, the SPM system will give similar (easy
comparable) results for any piezomaterial and for any crystal
orientation (if its permittivity changes with orientation).

Charge collection efficiency η [%]
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36 Ω
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QNF
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75

50
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Impedance
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1.0

r/R

18

Z [Ω]

FIG. 7: Dependence of sonde charge collection efficiency η
on geometrical factor r/R, which also determines sonde
impedance Z. The marked impedance values are for sonde
dielectric relative permittivity ε = 3.75. It is clearly seen that
for a better resolution the designer must pay 2/3 of sonde
charge collection capability.
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Number of elementary charges [nq]

relative permittivity - ε

FIG. 9: Dependence of minimal charge to be collected (in
elementary charges - 1.60·10-19 coulombs) on the sonde
outer diameter. Sonde impedance is the parameter. QNF is
the apparent charge resulted from 1.1 nV Hz1/2 input noise. It
is assumed, that acoustic wave electric field under the sonde
tip corresponds to 2.0 Vp-p voltage on resonator electrodes (if
they were at the same place).
This figure presents the requirements to probe electronics
sensitivity and the limiting role of input noise. It is not
sufficient only to increase sensitivity (what is not very
difficult) - it is necessary to decrease correspondingly the
input noise (what is more difficult).
For the described first generation SPM system we have
chosen 350 µm of sonde outer diameter and 36 Ω impedance.
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FIG. 10: Dependence of achievable minimal aperture rmin
on the equipment noise for 36 Ω impedance. This figure
makes clear that equipment noise, sonde impedance and
achievable minimal aperture are not independent, but tightly
related. This is the main fundamental limitation of the method
and the designer main trade-off. For the described first
generation SPM system we achieved 90 µm aperture.

Obviously, there are several approaches for
resolution increasing, although acoustic waves of
interest are waves without sharp slopes. Higher
resolution may be important in the case of superposition
of significantly different waves (as may be the case on
figure 4).
One („system type“) approach is to use image
processing programs for selfdeconvolution utilizing the
aperture function of the sonde (what function is easily
measurable and computable).
„Strengthening type“ approaches could be applied to
the sonde (microstrip lines, „resonanced“ structures,
microwave cavity sonde, etc.) or to the probe
electronics. One obvious approach is to decrease input
noise. Noise decreasing is the never-ending task for all
electronic engineers - there are hundreds of approaches
and a thousand of solutions. The prospect of an
approach aimed at decreasing noise through narrowing
the bandwidth is presented on figure 11.

The left ordinate is for minimal aperture and it could be
easily seen that skin effect fundamentally limits the coaxial
construction sonde potential to about 20 µm (the curve is
drawn for 20 MHz center frequency).
The right ordinate presents the standard image (512x512
pixels) acquisition time. Our human manner puts a 1 hour
limit per image. The scanner has to mechanically move the
probe over the whole object surface which can be done for at
least a couple of minutes and this puts the bottom limit.
Selective electronics need time to set to the corresponding
voltage for every next pixel and this time adds to the time
spent by the scanner to reach this next pixel. This leads to the
observable increase of acquisition time, that effectively limits
the system selectivity to a 0.5% pass bandwidth.
The general conclusion that can be drawn is that 25 µm is a
practical limit for a selective system with about 1.0 nV Hz1/2
input noise.

V. EXEMPLIFIED RESULTS
Experimentally obtained data yield maximum dividend
when they can be directly compared to results from
resonator computer modelling. „Line-scan“ mode
generates single curves that facilitates obtaining
quantitative valuation for the difference from the model
predictions. The next three figures present the type of
line-scan data results.

electrode

Relative amplitude

Minimal aperture rmin [µm]
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resonator
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Distance on resonator surface
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sonde

set time

90

skin effect

10
0
0
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3

4

System selectivity log(f/δf)

FIG. 11: Minimal achievable aperture for selective probe
electronics. On the abscissa is plotted the logarithm ratio of
pass bandwidth to the frequency of operation.

scan direction

electrodes

QUARTZ

FIG. 12: Scanning a radius of a disk resonator. The
resonator is AT-cut quartz oscillating on its main mode
(12.875 MHz). The end of the quartz round slab and the
beginning of the grounded resonator electrode are clearly
manifested. Below the figure a schematic, but in real
dimensions and strictly adjusted to the curve, for the resonator
and sonde cross-section is depicted.
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relative amplitude

Relative amplitude

electrode

An „artistic“ image type, intended to be perceived on
the basis of scientist’s intuitive feeling of nature, is
presented on figure 16.

resonator
disk edge

0

Distance on resonator surface

FIG. 13: Alternate representation of figure 12 data.
pix
els
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lum
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x
pi
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Relative amplitude

Phase -45

0

Phase +45

FIG. 16: Three-dimensional, false-colored sculpture of a
standing acoustic wave. AT-cut 5000 kHz quartz resonator,
14 mm in diameter and 300 µm thick slab. Spurious resonance
within 182 kHz from the main/fundamental resonance, having
unusually high admittance (~70% of the main resonance
admittance) what forces the crystal to run on this spurious
response in a simple Colpitts oscillator scheme.

VI. CONCLUSION
Distance on resonator disk

FIG. 14: Scanning along upper side of a square slab
resonator and outside (but close) to its square electrode.
Unknown crystal-cut, 2000 kHz quartz resonator. A fine
structure is seen that resembles an overlapped second standing
acoustic wave.

For easy transferring of our already customized on
X-ray images visual perception for mode patterns a
„conventional“ image type is presented on figure 15.

FIG. 15: Image presented in a way as X-ray topogram
looks like.
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It was developed a new technique [7] for visualization
of standing acoustic waves both in single-crystal and in
poly-crystal material piezoresonators. For the present,
no obstacles are seen for visualizing propagating waves
using synchronous amplitude measuring.
One advantage is that the acoustic wave amplitude is
registered linearly, which will allow its easy comparing
with computer models. Moreover, phase difference
between the standing acoustic wave and resonator
electrodes RF voltage is simultaneously registered. This
phase information allows coexisting modes to be
distinguished and complex structured standing waves to
be better analyzed.
The presented technique visualizes acoustic waves
only over the bare surface of the resonator, in contrast to
X-ray topography for which the presence of electrodes
is not an obstacle. However, for resonators with small
area of electrodes or perforated electrodes, the images
could be completed through amplitude interpolation
below the electrodes.
The described technique and X-ray topography turn
out to be complementary in a sense, since the X-ray
methods visualize the sum of the acoustic wave
amplitudes from the whole resonator volume, but the
newly developed technique visualizes only near surface
amplitude of the acoustic wave.
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Piezoelectric resonances measuring system operating in a novel lock-on-resonance mode
G. Minchev and T. Sukhikh
Molecular Beam Epitaxy & Surface Analysis Laboratory, Institute of Solid State Physics,
Bulgarian Academy of Sciences, 72 Tzarigradsko Chaussee blvd., 1784 Sofia, Bulgaria
Electronic address: MBE@issp.bas.bg

A complete system, USB 2.0 powered „virtual instrument“, that excites and measures all
physically existing resonances for all inherent vibrational modes in any type piezoelement
is described. Measurements are performed after locking on the chosen resonance by a novel
frequency neutral loop. Intrinsically detailed scanning by phase (in a deviation manner
from resonance center) results in huge amount of precise data whose extensive processing
determines the exact values of all resonance parameters.

I. INTRODUCTION
Measuring of resonance parameters is a common basic
task in investigation, development and production of
acoustoelectronic devices, and many different methods
were developed for it. PI-network analyzers/measuring
systems have become a standard tool and the measuring
procedures were internationally standardized. Because
of the predominant product types in acoustoelectronic
industry, the established measuring methods are best for
frequency stable resonances (i.e., for devices with stable
frequency parameters).
This orthodox measuring approach faces difficulties
in two fields. First in measuring piezoelements/sensors
intrinsically unstable by frequency - i.e., temperature
sensors (with sensitivity of ~1 kHz/K), piezoelements
from unorthodox crystal cuts, elements made from
piezomaterials in which thermocompensation is
principally not achievable, etc. The second type of
difficulties appear when precise and detail
measurements of sharp, high quality resonances are
necessary. Even very small mutual instability between
measured resonance and measuring equipment leads to
significant change in obtained raw numbers.
Stimulus for designing the described here system
were the requirements for resonance excitation and
evaluation for the novel scanning probe method [1] for
visualization of standing acoustic waves in
piezoresonators.

etc.);
ii) choose/select any one of the located
resonances regardless of their frequency instability,
their admittance values (inherent loses), their close
proximity to other (more easily excitable) resonances or
for resonances with significant energy transfer to other
resonances, etc.; iii) perform precise measurements
with smaller than 1 ppm deviation steps from resonance
center - both in frequency and amplitude/energy
domains.
A system has to be: i) universal - could be usable
with any type piezoelement, any piezomaterial, any
electrodes structure, piezoelement shape, case, etc.; ii)
easily integratable in larger systems - research,
technological, production, etc.;
iii) flexible - must
perform all standardized (IEC 444-6) measurements and
be easily user programmable for specific or novel
measuring procedures.
An inexpensive system that fulfils all mentioned
requirements to a satisfactory extent is shown at fig. 1.

II. REQUIREMENTS
In order to overcome the mentioned in section I two
types of difficulties and serve as excitation subsystem
for standing wave visualization, a system has to be able
to: i) scan the entire frequency range of interest and
find all physically existing mechanical resonances
(main, overtones, anharmonic, etc.) for all inherent
vibrational modes (thickness-shear, thickness-twist,
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FIG. 1: The measuring system prototype SB-RMS61.
Preliminary parameters: 50 Ohm impedance for all inputs/
outputs; operating frequency range - 10 kHz to 180 MHz;
specified performance frequency range - 100 kHz to 130 MHz
with > 80 dBc SFDB @ 10 dBm; excitation frequency
resolution - 0.1 Hz with 1 ppm stability; measured frequency
resolution - 4 ppb; external frequency calibration to 0.1 ppm yes; GPS descended 10 ppb stability - a future option;
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amplitude resolution - 0.01 dB within 80 dB dynamic range;
amplitude offset error - 0.1 dB; phase resolution - 0.01
degree; phase offset error - 0.1 degree, increases to 1 degree
around zero; output phase noise - < -120 dB/Hz @ 1 kHz;
amplitude measurement noise - 5 LSB @ 16 bit ADC;
amplitude measurement time constant - 2 µs.;
phase
measurement noise - 3 LSB @ 16 bit ADC; phase
measurement time constant - 10 µs.;
instrument
reconfiguration time constant - 6 ms.; dimensions - 120 x 60 x
18 mm; weight - 0.2 kg.
The system will include: full speed USB 2.0 connection to
any PC; „virtual instrument“ interface for Windows 98 or
later;
PC-installed Integrated program Development
Environment (IDE) for transparent direct systemmicrocontroller programming.

III. SYSTEM OPERATION
A resonance has existence only if feeded with energy
and this underlies the RMS61 design. The physical
background of its operation is the balance between
excitation energy-source and dissipation of energy in
resonator loses (energy-sink).
The dominant portion of energy stored in a
resonance is, generally speaking, mechanical energy,
but the feeding energy-source is electrical energy
(alternating electric field over piezoelectric material or
alternating displacement current through capacitor
structure of the resonator). Direct measurement of
dissipated in the resonator energy is quite difficult. On
the contrary, the displacement current is easily
measurable (figure 2) and its contribution (adding or
subtracting energy) clearly depends on its phase
difference to the inherent electric field of the
mechanical deformation (the acoustic wave).

FIG.2: Measuring setup. Excitation RF voltage is precisely
set to an appropriate amplitude (10 mVp-p to 2.0 Vp-p,
typically 400 mVp-p). The changeable measuring resistor
(noninductive) should have suitable value related to the
admittance of the measured resonance.

The frequency of mechanical vibration (if existing)
in the resonator is always equal to the excitation
frequency. Vibration amplitude conforms to the stored
in the resonance energy and is quite big for high Qfactor resonances.
At zero phase difference over the measuring resistor
the current through it is the excitation displacement

current and feeding energy is this current multiplied by
the resonator electrodes voltage. The latter voltage is
directly obtainable from the known excitation voltage
and the measured amplitude ratio, that also determines
the ratio of resonance admittance to the measuring
resistor.
At frequencies slightly deviated from resonance
frequency the energy accumulated in the resonance is
much smaller, loses are also smaller and for restoring
the source-sink energy balance a phase shift appears
(over the measuring resistor) that effectively diminishes
the energy feed from displacement current. In addition,
a decrease of voltage over the measuring resistor (due to
increase or resonator electrodes voltage with fixed
excitation voltage) takes place, what decreases the
displacement current itself.

IV. OPERATIONAL MODES
The RMS61 operates in three basic modes, each for a
corresponding required task (Section II). Other modes
could be easily developed by specific programming of
the system-microcontroller through the USB port and
PC-installed
Integrated
program
Developing
Environment (IDE). Figure 3 presents the system
organization for scanning the range of interest by
frequency and locating all existing in that range
resonances.

FIG. 3: Setup for measuring the resonator response to the
excitation frequency. The setup could be functionally divided
into three subsystems: i) precise gain & phase measuring; ii)
phase lock loop, reference clock and clock calibration; iii)
phase accumulator, read-only-memory containing look-intable of cos(x) function and output DAC generating the
excitation sinusoid (a kind of direct digital synthesizer [3]).
Scanning is performed by the 32 bit „frequency tuning word“
with minimal step of 0.1 Hz. Excitation voltage is set by 14 bit
DAC with 0.1 mV resolution. The 20 MHz reference clock
could be adjusted with 10 bit DAC, whose LSB increases the
clock frequency by 5 ppb (0.1 Hz). This adjusting is based on
an external frequency standard and is carried out by 28 bit
independent subblock providing 4 ppb resolution. Amplitude
ratio and phase difference are measured by 1µs., 16 bit ADCsystem with resolution (figure 1 caption) limited by R and Q
inputs noise summed with measuring resistor Johnson noise.
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FIG. 4: Example of „frequency scan“ mode of RMS61
system. Quartz blank cut at xyl/-31°.30', 5 mm resonator
diameter, 82 µm quartz blank thickness, 2.9 mm electrodes
diameter, 1 mm electrodes bars, electrode thickness 180 nm.
Two spurious (anharmonic) modes could be distinguished
along with the main mode (2140 Ohm comparing resistor,
1.0Vp-p excitation voltage).

As an example, on figure 4, the small region around
main mode resonance for specific crystal-cut quartz
temperature sensor is scanned. Observed resonances
(the main one and two anharmonic) have fast changing
center frequencies, that makes impossible their precise
measuring or evaluation. It is the second basic
operational mode that permits selecting and locking on
each of them [2]. The system organization for that
mode is presented on figure 5. It takes 6 ms. for system
reconfiguration - figure 1 caption.

FIG. 5: RMS61 configuration for the three steps procedure
of resonance selection. In this configuration there are two
gain & phase detectors and two direct digital synthesizers
(DDS). The three steps are marked I, II and III. The measuring
resistor from figure 1 is marked as r0 here.

The first step is for choice of resonance. The systemmicrocontroller scans the frequency range where the
resonance of interest has been located during the
previous observable mode. It carries out all this using
the first DDS (depicted at the bottom of the figure 5
diagram) through its 32 bit frequency tuning word. The
output signal of that first DDS is fed through a X20PLL
to the upper (on figure 5) DDS-structure as clock signal.

122

From this clock signal the DDS-structure produces a
frequency twenty-fold lower (equal to the first DDS
output frequency - i.e., a frequency equal to the systemmicrocontroller dictated frequency) and excites the
resonator with it. A zero phase offset is added in the
intermedial block (between phase accumulator and
ROM lock-in table). Thus, the range is scanned
transparently through the uninterfering second DDSstructure. Selecting the resonance occurs when the
phase difference over the measuring resistor becomes
zero (or close to zero) and amplitude ratio is at its
minimal value (as seen from the upper gain & phase
detector).
Then, as a second step, the system-microcontroller
starts to adjust an additional phase offset injected into
the DDS-structure (thus changing the excitation voltage
phase) together with adjusting the amplitude of the first
DDS output signal, until the outputs of the lower gain &
phase detector become zeros - i.e., a condition when no
phase difference exists between RF voltage on the
resonator electrodes and first DDS output RF sinusoid
together with equality of their amplitudes (zero in
logarithmic output scale of gain & phase detector). This
adjustment has to be performed, yet preserving the zero
phase difference over the measuring resistor r0. The
latter needs a second adjusting loop and continuous
frequency tuning for first DDS, but is not necessary for
frequency stable resonances.
The third step is easy - the system-microcontroller
simply switches the X20PLL input signal from DDS
output to the completely equal signal from the resonator
electrodes. This creates a frequency neutral loop - the
signal from the resonator electrodes is fed to the
X20PLL where it is multiplied 20 times, then divided 20
times in the phase accumulator and fed back to the
resonator as excitation through the measuring resistor r0.
Any shift in center frequency of the resonance is
forwarded through this loop and nothing changes. Thus,
the system has „locked“ on the selected resonance and
begins to be continuously driven by that resonance.
Once the RMS61 is locked-on, a detailed and precise
measuring becomes possible. Figure 6 presents the
system configuration for making such measurements i.e., the third basic operational mode. In fact, it is the
configuration that appears after fulfilling all three steps
from the previous mode.

FIG. 6: Configuration for measuring a resonance. The
dictated from system-microcontroller 14 bit phase offset word
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is summed with the fourteen most significant bits of the 32 bit
word from phase accumulator and produces, after truncation, a
19 bit index for the look-in-table in ROM. The table contains
14 bit values of cos(x) function that are sent to the output
DAC. Amplitude ratio and phase difference are measured by
16 bit ADC-system and the current frequency is measured by
a hardware block with 28 bit resolution and 0.1 ppm absolute
accuracy.

Orthodox resonance measuring with scanning by
frequency is always possible in mode 1. For frequency
unstable resonances, measuring is carried in a slightly
unusual way. The narrow range, just around resonance,
is scanned by phase and not by frequency. A graphic
explanation of this „phase scan“ is presented on fig. 7.

V. EXEMPLIFIED RESULTS
No matter how sharp is a resonance, a huge amount of
precise data could be collected by phase scan. Extensive
computer processing (fitting to measuring points some
specific models of that resonance, or some „equivalent“
electrical circuits, or admittance locus curve, etc.)
determines the exact values of all resonance parameters.
Small physical effects/processes (small by energy
engaged; small as „second order“ types; overlapped by
stronger processes; etc.) could be distinguished thanks
to the plentiness of precise data points. The lock-on
mode provides examinational basis for designing novel
resonance-based sensors with complex responses:

SCANNED BY FREQUENCY

a

SCANNED BY PHASE

FIG. 7: Phase scan of resonance vicinity. The orthodox
scanning by excitation frequency (7a) is the measuring method
of the first operational mode. It maps the phase difference
(over the measuring resistor) arousing to balance the energy
source-sink (section III). A negative phase slope (dφ/df < 0) is
always associated with a resonance and in this zone a „phase
scan“ could be accomplished. First, a frequency neutral loop
(feedbacking resonator frequency as digital synthesizer clock)
should be established (figure 6). Adding a phase shift (by
changing the „phase offset word“ from its nominal value) in
this feedback loop forces a frequency change that creates a
reciprocal phase shift at the measuring resistor, and thus
restores the source-sink energy balance. By changing the
phase within dφ/df < 0 zone (7b) a detail scan of resonance
vicinity could be carried out („phase scan“). A change or a
drift in center frequency of the resonance does not affect the
current frequency deviation from center frequency, the current
amplitude ratio or the measurement conditions.
The „negative phase slope“ zone is small by nature in the
frequency domain, but is always associated with significant
change in phase. Moreover, the sharper the resonance is, the
shorter the zone and the smaller the scan step. This makes the
„phase scan“ intrinsically detailed exactly in the resonance
vicinity - a region where all resonance features and parameters
strongly manifest themselves.
A measurement carried by phase scan (7c) returns two
unchangeable relative results (a ratio and a deviation) and one
absolute, but variable - the current frequency (the latter varies
in conjunction with resonance center frequency, of course, if
this center frequency varies at all).

b

c

sensors from unorthodox piezomaterials or with
unorthodox piezocrystal cuts; multifunctional sensors
that measure several physical quantities simultaneously;
sensors sequentially operating at a number of
resonances from different vibrational modes, etc.
The next figures (# 8, 9, 10 and 11) illustrate the data
collected by RMS61.
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FIG. 8: Frequency dependence of resonator electrodes RF
voltage amplitude. AT-cut quartz resonator; main resonance
mode; resonance center frequency 1999707.3 Hz; comparing
resistor 234.30 Ohm; exciting RF amplitude 400 mVp-p.
FWHM=15 ppm (29 Hz at -6 dB).
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FIG. 9: Magnified resonance center zone (marked on figure
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resonator electrodes RF voltage. The same resonator and
measuring conditions as for figure 8. Equipment created
nominal phase offset (15.73 degree) already substracted.
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FIG. 11: Magnified fast phase change zone (marked on
figure 10). The same resonator and measuring conditions as
for figure 8.
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Fundamental Phase Jumps in Oscillators?
M. J. Underhill,*
Underhill Research and Toric Limited, Tandridge Lane, Lingfield. Surrey, RH7 6LL, UK
*Email: mike@underhill.co.uk
Is there a fundamental and inevitable process that causes occasional phase jumps in any oscillator? Can such
jumps be explained, for example as small randomly occurring frequency excursions? What is the occurrence
rate of such jumps, and what is the maximum rate of phase change and frequency? Is there a dependency on, for
example the energy density in the resonator? Is there any way in such a process could be controlled and
minimised?
1. INTRODUCTION
In ensembles of clocks occasional phase jumps and
frequency changes are observed. These may be caused
by the means used for comparing the clocks. But if this
is not the case then what is a possible cause? Is there a
fundamental reason for frequency and phase jumps
imposed by the laws of physics that can only be
ameliorated but cannot be cured?

Examples of frequency and phase jumps are shown in
Fig. 1 [1]. These jumps are from all sources, for
example including measuring apparatus and time
transfer between the clocks which are not all in the same
place. The question remains as to whether at least some
of these jumps can be attributed to fundamental
processes in the clocks themselves.
The Leeson oscillator model [2] shown in Fig. 1
predicts the fundamental and unavoidable phase noise
spectrum of any otherwise ‘perfect’ oscillator. Can the
model be expanded to predict a random occurrence of
phase or frequency jumps?
Feedback of Carrier Power, P
+
+

Amplifier
(Noise Factor = F)

Limiter
(removes AM)

Resonant Network
f0, Q0
O/P

−

Phase Noise = 1 /2 FkT and kT = 4 × 10 21 watts/Hz

Fig. 1. Leeson Fundamental Model of Any Oscillator
Note that the limiter is an essential block in the Leeson
oscillator model. It removes the amplitude part (half) of
the input (equivalent) thermal noise FkT, and by
limiting the output amplitude stops self-destruction of
the oscillator. Below we consider whether the nature of
the limiter (whether it has a ‘hard’ or soft’
characteristic) affects the magnitude and occurrence of
phase and frequency jumps?
II. OSCILLATOR SPECTRA
The Leeson Oscillator Spectrum

Fig. 1 Phase and Frequency Jumps in Clocks (from
Forestieri and Prati [1])

The Leeson oscillator model converts thermal noise to
band-limited and amplitude limited phase noise. It
predicts a phase noise spectrum that is ‘flat’ around the
oscillator carrier frequency. The 3dB width of the
spectrum is typically a few micro-Herz to a few milliHerz. The Leeson model in effect states that an
oscillator can always be considered as band-limited and
amplitude-limited ‘white’ phase noise.
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The ‘flat’ Leeson phase noise spectrum Sφ(f) is shown
in Fig 2. Its ‘bandwidth’ is directly proportional to the
magnitude of the phase noise spectrum. For example if
Sφ(f) is -120dBc/√Hz at 1kHz sideband frequency the
oscillator spectrum bandwidth is two milli-Herz
(2mHz).
P3,α3,k3

2α at 3dB
from peak

Power P
increasing

P2,α2,k2

Power Spectral
Density PSD in
Watts/Hz

P1,α1,k1
2 β = f0 /Q 0 where Q 0 is loaded Q of
resonator
2 α = 0f /Q c where Qc is the closed
loop Q with feedback
k = Qc / Q0 = Q multiplication =
closed loop gain
f is the spectrum central frequency =
0
carrier frequency
2β
3dB

Input Phase noise = ½ FkT
= Thermal PM noise at Amp input

Frequency

Fig. 2 Phase Noise Spectrum of Leeson Oscillator
The Leeson oscillator spectrum assumes that the
resonator frequency is fixed and shows absolutely no
variation in time. This is taken to be axiomatic in the
analysis that follows.
The phase noise spectrum is as seen in a spectrum
analyser with a bandwidth of a few microHerz. It
obviously is not possible to observe this part of the
spectrum directly except in the case of very low Q
oscillators, which have a ‘wide line-width’. However
the shape of a high Q Leeson oscillator may be deduced
after a noise demodulation process but only up to a
point [3].
The flat portion of the spectrum implies an inescapable
uncertainty in the oscillator frequency. The frequency
could wander about anywhere in the closed loop
bandwidth of the oscillator. But what are the expected
time excursions of the frequency? Could the oscillator
be ‘trapped’ at one frequency for a long time and then
behave chaotically before being transferred to a ‘trap’ at
a different frequency within the oscillator phase noise
pass-band? Could there be a rapid frequency excursion
that looked like a ‘phase jump’.
Components of Gaussian Noise
Gaussian white noise can be analysed as a large number
of independent discrete frequency components of equal
power equally spaced in frequency over the bandwidth
of interest. Such white noise has a random phase and a
Rayleigh amplitude distribution as shown in Fig. 3.
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Fig. 3. Rayleigh Distribution (from Haykin [4])
But in a Leeson oscillator can the noise components
truly independent? The output of an oscillator settles to
be a constant amplitude signal, but it still has phase
noise. This inevitably means that coupling is present
between the noise components within the bandwidth of
the oscillator. The coupling is caused by the amplitude
limiting process in the oscillator whatever it is. What
are the possible consequences of such coupling?
Can we consider that any one time one of these noise
components can ‘capture’ the frequency of the
oscillator?
Injection locking
Injection locking is control of the frequency and
spectrum of an oscillator by a more stable external
source having less phase noise [5]., [6]. See Fig. 4.
During the time that an oscillator frequency is stable we
can regard the oscillator as being injection locked by its
own fed back signal. This signal ‘captures’ the
frequency of the oscillator.
Feedback of Carrier Power, P
Injection
lock signal
+

+
+

Amplifier
(Noise Factor = F)

Limiter
(removes AM)

Resonant Network
f0 , Q0
O/P

−

Phase Noise = 1 /2 FkT and kT = 4 × 10 21 watts/Hz

Fig. 4 Injection Locking of a Leeson Oscillator
An amplitude limiting process has to be present to avoid
self-destruction of an oscillator. Limiting suppresses
the sideband noise by 3dB relative to the carrier. In
effect it removes the amplitude part of the noise
sidebands. Fig. 5 illustrates this.
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The ratio of the locking range to the capture range
depends on the excess loop gain available when the
oscillator is starting up and the degree of non-linearity
in the limiter.

USB=B/2

USB=B

LSB=B/2
Carrier
=A
(a)

A

(b)

A

(c)

Fig. 5. Phasor Diagram of Limiter Action on 2
Signals A>B: (a) before limiting, (b) phasor trajectory after
limiting,(c) sidebands formed by limiter USB=LSB=B/2.

Partial injection locking can be said to be chaotic. Then
locking can occur at sub-harmonic of the difference
between the injection and resonator frequencies. The
resulting spectrum is shown in Fig. 6 for a 10MHz
oscillator [6].

An oscillator with a ‘Hard Limiter’ has a larger locking
to capture ratio [6] and Figs, 7 and 8 contrast a ‘hard’
limiter with a ‘soft’ limiter. An injection locked
oscillator with a ‘hard’ limiter tends to be more
‘chaotic’.
Injection level Locking range Capture range
(dB)
(kHz)
(kHz)
-20
71.79
71.79
-25
41.19
41.19
-30
21.37
21.37
-35
8.78
8.78
-45
5.07
5.07
-50
2.79
2.79
-55
1.64
1.64
Fig. 8. Injection Locking of 10MHz Oscillator
III. FREQUENCY JUMPS
A frequency jump can be regarded as a cessation of
oscillation at one frequency accompanied by an
initiation of oscillation at a new frequency, presumed to
be within the pass-band of the resonator.
But what is the trajectory of change from one frequency
to another if we apply the constant waveform amplitude
constraint that exists in the Leeson oscillator model?

Fig. 6. Characteristic Spectrum of Partially Locked
10MHz Oscillator
The width of the straight line sloping segment of the
envelope of the components is found to correspond to
the open-loop bandwidth of the resonator.
Injection power

locking range

capture range

(dBm)

(kHz)

(kHz)

-10

282.25

153.08

-15

119.98

58.04

-20

75.908

46.538

-25

56.91

34.44

Fig. 7. Injection Locking of 2GHz Oscillator

We can however guess that the rate of change of
frequency will be determined by the closed loop
bandwidth 2α of the resonator. The time constant of
this is 1/α and this will typically amount to 100 to
100,000 seconds.
If the transfer from one possible oscillation frequency
occurs at all it is extremely likely to be ‘chaotic’ but
obviously with a very long time constant for the ‘chaos’.
Chaotic Frequency Jumps
Chaos can occur if there are more than one resonant
frequency modes and these are coupled together by a
‘sufficient’ non-linearity. The further requirement is
that the total energy is kept constant (as it always is in
an oscillator). Thus the conditions for chaos do appear
to exist in any oscillator albeit constrained within a very
small bandwidth.
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With multi-resonator chaos the output frequency can be
very stable for a long time and then suddenly change.
When stable the system is said to be in a ‘trap’. Fig. 7
shows chaotic ‘traps’at the attractors in the phase plane
of a chaotic system [7].

Metastability.
Chaos is often characterised as an extreme sensitivity to
initial conditions. In this respect ‘metastability’ is the
same.
Metastability is normally regarded to be a property of
digital flip-flop. There are two stable states in such a
system. The ‘metastable’ point is where there is an
equal probability that the system will move towards
either of the two stable states (‘flipped’ or ‘flopped’).
The closer the initial conditions are to the metastable
point the longer the metastable ‘balance point’ can last.
The initial error from the metastable point has a random
value resulting from the sampling of random noise in
the system, in this example at the input of the at the
input of the flip-flop.
There is a direct relationship between the initial error e,
the ‘distance’ y from the metastability point to the final
state position and the time t taken to get there. In terms
of σ =1/α the time constant of the dominant ‘pole’ of
the system the relationship is.
y =ε eσt
or

Fig. 9 Chaotic Traps at Attractor Points in Phase
Plane ( from Gassmann [7])
One can make a statistical assessment of how long any
system will stay in one or more traps. But the moment
of exit from a trap is only predictable for a short time
before the system actually exits from the trap.
A large enough ensemble of clocks can detect the onset
of chaos between a pair of modes or a frequency jump
in any one oscillator. The probability of two clocks
going chaotic at the same time must of course be taken
into account.
But is there a way of enhancing the stability of a trap so
that once in it the system stays in it? For example the
time in the trap is in general a function of the naturally
occurring noise level in the chaotic system. Can this be
reduced sufficiently? Also could ‘quantum’ effects be
used to avoid the chaos altogether?
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t = (1/σ) ln(y/ε)

The initial error ε in a flip-flop comes from the
(Gaussian) thermal noise (FkTB) referred to the inputs
of the flip-flop transistors, just as it is for the Leeson
oscillator model.
An oscillator normally also starts up with an exponential
increase in amplitude. Again this is similar to a flipflop. So the starting up of an oscillation at a new
frequency could be regarded as a recovery from a
metastable state.
Experimental Confirmation of Metastability
Figure 10 shows the metastable state recovery time
trajectories for two different types of flip-flops. At the
top the flip-flop is the ‘traditional’ two transistor
oscillator. At the bottom the flip-flop is made from
standard off-the-shelf CMOS ‘double-buffered’ two
input NAND gates. In both cases the flip-flops were
triggered at a 5 kHz rate.
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Fig. 10 Metastability Recovery Times Shown in Two Different Types of Flip-flop (from [8])
Not shown is a circuit that automatically adjusts the DC
bias on the input signal so that the occurrence rate of the
logic ‘0’ and logic ‘1’ states are approximately equal.
This is achieved by taking negative feedback from the
appropriate flip-flop output and filtering it with a long
time constant to bias the input to the metastability point.

either the ‘0’ or’1’ states. The Leeson feedback model
can be seen to apply also in this case.

The existence, in the CMOS gate flip-flop, of several
cycle of oscillation before recovery from the metastable
state was a surprise. It is caused by the existence of 3
real poles for each of the two CMOS gates in the flipflop. With positive feedback around the six equal openloop poles we get a root locus as shown in Fig.11.
The consequence is potentially very serious for ‘clock
synchronisers’. For these, the occasional metastable
state can never be avoided. Clock synchronisers should
always be operated slowly enough for high probability
of recovery by the time that the next clock pulse arrives.
The root locus of Fig. 11 was produced by the A2S2
simulator [9]. The oscillatory closed loop poles remain
just on the imaginary axis poles (as in the Leeson
model) until the real pole in the right hand plane has had
time to build up exponentially to drive the output to

Fig. 11 Root Locus of Double Buffered Gate FlipFlop having 6 poles total. The right-hand-plane starts
at the vertical line to the right of the open loop pole
cluster. The gain contours are for a gain just below the
oscillatory gain, but sufficient for flip-flop action.
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It confirms the general validity of the Leeson model and
supports the assertion that it can be applied to any
oscillatory system that has positive feedback.
In 1993 the as yet unpublished results shown in Fig 12
were obtained by M. J. Blewett and M. J. Underhill at
the University of Surrey. Fig. 12 shows transistor flipflop of Fig 10 being operated at 5 kHz rate
corresponding to 432 million pulses a day for 4 days
and 39 days respectively. The results show some
possible signs of ‘striations’ at the longer recovery
times. Striations would be expected if the bias voltage
on the capacitors were quantised.
However the
observed distances between the striations correspond to
a quantised charge on the capacitors that is many
hundreds of time smaller than that caused by single
electron charges. The tentative conclusion is that single
electron charges do not exist in capacitors!

2. The recovery time from a metastable state can be
more that twenty times the dominant system time
constant.
3. This indicates recovery time from chaos in an
oscillator could take up to twenty times the inverse
of the oscillator closed loop half bandwidth.
4. There are no obvious quantum levels in the initial
conditions that control metastability recovery time.
5. Thus quantum effects in an oscillator cannot be used
to improve its stability within its Leeson bandwidth.
or to control and reduce the occurrence of frequency
jumps in an oscillator.
6. It is unlikely that charge in a capacitor is quantised
into a whole number of electron charges.
FM Click Noise
In an FM receiver as In Fig. 13, having a limiting
amplifier and IF filtering, impulse noise can become
apparent when the input signal reduces towards the
noise level [10] and [11].

Fig. 13. FM Receiver (from Yavuz [11])
The FM ‘clicks are caused by 2π radian phase jumps
that can occur when the signal vector amplitude in
Fig.15 is equal and opposite in phase to the
instantaneous value of the noise component.

Fig. 12 Flip-FlopMetastability Resolution Times for
5kHz clock rate
The conclusions from these experiments are:
1. The simple positive feedback model of an oscillator
(Leeson’s model) also can be used for metastability
resolution in a flip-flop.
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Fig. 14. Phasor Diagram for 2π radian Phase Jumps
(from Yavuz [11])
The total phase excursion of a click is always taken to
be 2π radians. One complete cycle of the clock is
slipped in either a positive or a negative direction. The
simple theory predicts equal probability of occurrence
for positive or negative clicks. But a signal placed at
one side of the bandwidth will increase the click rate
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and produce more clicks of one sign than another. At
the high side of the bandwidth more positive phase
excursions are produced and vice versa for the lower
side. This is shown in Fig. 15 [10].

ratio increases. [10], [11]. It also depends on the signal
‘linewidth’ as shown in Fig. 16.
Actual measurements have shown that the phase jumps
are usually ‘bi-modal’ with two peaks and not the
unimodal ‘bell shaped curve usually assumed [11].
IV. PHASE JUMPS
Phase jumps in oscillators may be caused by the same
mechanism that causes ‘clicks’ in FM demodulators. In
a narrow bandwidth phase jumps occur slowly and can
be regarded as a frequency excursion for a finite time.
(By definition frequency is rate of change of phase.)
It is found that the clicks occur when the signal and
noise components cancel to give a near zero resultant.
The ‘Rician’ distributions of a signal in noise in Fig.17
For strong signals, with the higher values of α, the
probability of cancellation to a low resultant amplitude
is reduced. This implies a lowered click rate.

Fig. 15 Click rate versus Offset from Centre of
Bandwidth [10]

Fig. 17 Rician and Rayleigh (α=0) Noise
Distributions (from Haykin [4])

Fig. 16 FM Click Noise Occurrence as a Function of
Signal to Noise Ratio and various Signal
‘Linewidths’ (as from [10])
The occurrence rate of these clicks is proportional to the
(filter) bandwidth and decreases as the signal to noise

Fig.18 shows the cancellation of two equal sinusoidal
signals at different frequencies. The rate of change of
phase of these is shown in Fig 19. The sign of the rate
of change is shown alternating. The high positive and
negative values correspond to large frequency excursion
over a time or duration such that the total phase
‘jumped’ is always 2π radians. If one of the signals has
significant phase noise the occurrence becomes randow
but with equal positive and negative probabilities.
Note that the frequency excursions are well outside the
bandwidth of a filter just containing the two signals.
Thus in a Leeson the frequency excursions are
accompanied by a signal reduction that can stop the
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oscillator at one frequency and let it build up at a new
frequency within the oscillator closed loop bandwidth.
In addition the possibility exists that the transfer from
one frequency to another may be ‘chaotic’ for a
substantial length of time beore full stability at the new
frequency is achieved.
If the signal and noise are clipped and hard limited there
is some expectation that the frequency changes may be
more chaotic and less smooth.

9. Does this confirm the validity of the Leeson phase
noise oscillator model?
10. Does it also provide a way to analyse phase jumps
in oscillators?
11. Is there observable evidence for a phase jump
process in any oscillator?
12. Is the process inevitable or can it be prevented?
13. What is the time profile of a phase excursion?
14. What are the consequences?
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VI. CONCLUSIONS
1. Phase and frequency jumps could be a fundamental
process in the Leeson oscillator model even if the
resonator is perfectly stable.
2. It would appear that such error events cannot be
‘cured’ in the oscillator itself.
3. Reference to other stable sources of better stability
as in a PLL with a stable reference could however
detect and allow removal of such errors.
4. The question remains whether an ensemble of
similar clocks all ultimately based on Leeson
.oscillators can ever remove all such errors over an
infinite time?
5. The click or phase jump occurrence, by analogy
with the FM ‘discriminator’, is random but with a
much longer average occurrence interval than the
oscillator decay or build-up time.
6. “Metastability” occurs in partially triggered logic
flip-flops. It can be “oscillatory” in its eventual
resolution.
7. Metastability depends on a precise initial balance
level that appears in practice to show no sign of
(charge) quantisation.
8. Therefore do individual electrons exist in capacitors,
or not?
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Chip Implementation of AJC Jitter Reduction Technology
Michael J Underhill* and James Brodrick†
*Underhill Research, Tandridge Lane, Lingfield. Surrey, RH7 6LL, UK
† Toric Limited, 63-71 Collier Street, London, N1 9BE
* Email: mike@underhill.co.uk
† Email: j.brodrick@toric .co.uk
The functions required for AJC jitter reduction technology have been assessed separately in a 3.5
micron ‘proof-of-concept’ (POC) CMOS chip. A simple AJC has been connected and shown to
operate correctly and several improvements have been identified. In addition an experimental
AJC has been simulated by a third party in 1.1 micron technology. Operation to over 1GHz was
predicted and has been confirmed by the first results from a test chip.
1. INTRODUCTION
The Anti-Jitter Circuit (AJC), announced at EFTF
1996 has been progressively improved since then [1]
to [12]. It is a feed-forward jitter cancellation device
competing with the Phase-Lock Loop (PLL).
On an integrated circuit chip the performance of AJC
technology can benefit from a number of advantages
that are not available in discrete circuit AJC
implementations. For example, current sources may
be made with very low conductance and low noise.
High conductance current sources may be made with
very high output impedances and low ‘Miller’
capacitance. Low noise ‘active’ capacitors may be
made on the chip. Low noise long time constant very
high impedance low pass filter sections may be
achieved using low capacitor values. Feedback gains
may be tightly controlled if required. Presetting and
‘Digital Feedback’ Digital-to-Analogue Converters
(DACs) are available with a low footprint. High
source impedance charge pumps are available.
The performance benefits are: lower chip area, lower
power consumption, higher maximum speed of
operation, faster settling after a frequency jump (no
loss of input pulses), lower suppression cut-off
frequency, and lower internal AJC noise.
Toric Limited with Saul Research has produced a 0.35
micron CMOS test chip to assess these points. The
chip is arranged so that each AJC block may be
assessed separately.
Also with switching and
hardwiring it can implement a number of different
AJC configurations.
The recent results and
conclusions from this chip are presented below.
In summary chip designs for operation above one GHz
appear to be just feasible in 0.35 micron, promising
pro-rata improvements with finer geometries.

II. SUMMARY OF AJC PRINCIPLES

Fig. 1 The AJC Core
The core of an FFC consists of three blocks: a charge
pump, an integrator, and a comparator.

1. On each leading edge of the input clock
waveform (A in Figure 2), the charge pump
delivers a constant packet of charge q which
causes a positive step in voltage equal to q/C.
2. The integrator consists of a capacitor C,
connected to a constant-current sink.
3. The continuous current i drawn from the
integrator capacitor balances the current from the
charge pump over one cycle, ensuring that the
net voltage drift is zero. The comparator
switches when the integrator voltage crosses a
reference DC level VR (B in Figure 2). This
generates a rising edge, which becomes the new
timing output of the AJC.
4. This edge can be used to trigger a monostable to
produce a constant pulse width output.
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5. When the input edge has jitter (C), the charge
packet is delivered later in time. The time error
is translated linearly into a DC offset of the ramp
waveform.
6. A small delay in an input edge lowers the
instantaneous value of the ramp waveform.
7. On the next cycle, the ramp waveform intersects
VR sooner, and cancels the original time delay.
8. The output rising edge (D) occurs at the same
instant, regardless of the amount of input jitter.
9. The jitter is largely cancelled.
III. POC CHIP DESIGN
Toric Limited with Saul Research has produced a 0.35
micron CMOS test chip to assess the AJC concept.
Each (AJC) block in this ‘Proof-of-Concept’ (PoC)
chip may be assessed separately. With switching and
hardwiring a number of different AJC configurations
can be implemented.
The Blocks in the chip are:
1. Two ring oscillator VCOs - to act as simple noise
sources or in a PLL AJC combination
2. An input monostable based on gate delays.

3. An output (gate delay) pulse stretcher and with
‘complementary’ buffered outputs.
4. A fast main AJC comparator.
5. A pair of current (integrator discharge) sources
6. AJC (low-pass) filter components.
7. An optional ‘Speed-up’ time constant switching
arrangement.
8. A 10 bit DAC current source to implement
Digital Feedback (DF).
9. Two ‘window’ comparators to implement Digital
Feedback (DF).
10. Two output buffers, direct and inverted, on the
fast comparator output.
Fig. 3 shows a block diagram of the PoC chip with the
pin accessible points identified.
The actual layout is shown in Fig. 4. Here it is
obvious that it is the number of pads that is defining
the chip size and not the are required for the AJC
itself. The pads are 50 microns so the chip area is 650
by 650 microns or 0.4225 sq.mm.
The capacitors as expected take up the major part of
the required area. The consequence is that the AJC
has a very characteristic visual ’signature’ on a chip.

Fig3. The Toric AJC Proof of Concept (PoC) Chip By Saul Research (30 08 2005)
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Fig. 4 Toric PoC Chip Layout

Fig 5. The Voltage Controlled Oscillators (above –
5 gates and below – 7 gates)
Fig6. The Comparator Group Including DF
(Digital Feedback) Window Comparators
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Fig 10. The Input Monostable Layout

Fig 7. The Speed-up Circuit Layout

Fig. 11. The AJC Feedback Filter Layout

Fig 8. The Operational Amplifier Layout

Fig 9. The Pulse Stretcher Layout
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Fig 12. The Output Buffer and its Layout
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generator output of a Spectrum Analyser is added with
the AJC output, with the tracking generator signal
about 20dB down. The added signals are clipped and
amplitude limited at the AJC input. The spectrum
analyser plot of the AJC output is typically as shown
by the lower trace in Fig. 14. In this example the
stable reference source was at 10MHz. The lower plot
shows AJC suppression against sideband frequency.
In the past the reference 0dB level had to be obtained
by a separate calibration process.
The upper curve is obtained by switching the output
monostable to be triggered from ‘noisy’ edge of AJC
comparator. (The comparator output signal can be
‘inverted’ in phase to achieve this.) The noise is
increased by 6dB when the suppression is zero
(approaching carrier).
The lower trace shows up to 18dB suppression on the
normal AJC output, being the difference between the
two curves.
V. RESULTS FROM POC AND CONCLUSIONS
Fig 13. The DAC and Top Current Source
Figs 5 to 13 shown the various AJC blocks and these
can easily be identified with the overall chip layout
shown in Fig. 4. Fig.15 (Appendix) shows the type of
lead frame used for the Toric PoC chip.
IV. MEASUREMENT OF AJC SUPPRESSION

Fig 14. Measurement of AJC Suppression on an
HP8552/3B Spectrum Analyser with Tracking
Generator.
AJC suppression can be plotted against sideband
frequency using the “Huddart method” [7]. The AJC
is fed with a stable reference source. The tracking

1.

The target of 1GHz AJC operation in 0.35µm
CMOS has been achieved.
2. The ring oscillator VCOs operate up to 1.2GHz
for 5 stages and 850MHz for 7 stages, both with
3:1 control ranges.
3. Operation at 3.3 to 4.7 volt rail voltage is
possible.
4. The intrinsic phase noise is measured to be better
than target of -120dBc/Hz.
5. In band noise is <105dBc/Hz.
6. The jitter suppression bandwidth at 1MHz did not
meet the target of 20kHz, but reasons for this are
have been established and can be addressed.
7. The footprint is less than 0.5 sq.mm which is well
below the target of 0.72sq.mm.
8. Up to 24dB suppression can be achieved at lower
frequencies decreasing to 6dB at the highest
frequencies.
9. A conclusion is that the AJC is best suited to
reduce cycle to cycle jitter for on chip reclocking.
10. A follow on ‘Demonstrator Chip’ incorporating
DDS features is being planned.
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New frequency counting principle improves resolution
Staffan Johansson, staffan.johansson@pendulum.se
Pendululum Instruments AB, Box 20020, 16102 Bromma, Sweden
Abstract: Frequency counters have gone through several evolution stages in their design since
their first appearance on the market:
Stage 1 until 70-ies
Conventional counting
Stage 2 1980-ies
Reciprocal counting (period measurement + inversion)
Stage 3 1990-ies
Interpolating Reciprocal Counting
Stage 4 2000-ies
Multiple Time Stamp Average Continuous Counting
This paper describes the theory and design of frequency counters, and analyses the improvements
in the latest generation of frequency counters.
The newly introduced high-resolution CNT-90 Timer/Counter/Analyzer from Pendulum Instruments AB in Sweden is used as commercially available example of the latest design technology in
this presentation.
The advantages of continuous time-stamping technique are discussed, for example regression
analysis to reduce effects of measurement noise and to improve resolution to 12 digits for 1s of
measuring time. Another example is the ability for seamless back-to-back measurements without
missing any period, which is essential for theoretically correct calculation of Allan Deviation.
Keywords: Time-stamping, linear regression

1. Introduction
An

ideal

sine

wave

signal

(carrier

wave)

U (t ) = A ⋅ sin( 2πft ) has a constant frequency vs time

behaviour, f = f0 = constant. This means that the signal
phase grows linearly with time:

Φ (t ) = 2πf 0 t + Φ 0

[1.1]

The mean frequency of a continuous periodic signal
over a certain measurement time, is illustrated in figure
1.
frequency ( Hz ) =

number of complete cycles
measurement time

Real world signals do not have constant stable frequencies, not even clock oscillators as will be discussed in
section 7. There could be modulated signals, frequency
hopping signals, swept frequency signals, burst signals
and much more. Then f is a function of time f(t) and the
phase function in [1.1] is expressed differently.

Φ (t ) = 2πf (t )t + Φ 0

[1.3]

[1.2]

N periods; time = TN

f = N/TN

bers of counted signal cycles, at least one cycle. You
cannot define a signals frequency by measuring a fraction of a cycle.

N is an integer number of periods

Figure 1. Definition of mean frequency
Even if the signal were assumed to be ideal, in the real
world, it would be subject to noise processes and interference, which means that individual periods could vary.
The concept of mean frequency involves integral num-

Please note that the concept of mean frequency may be
useless for these types of signals. The average frequency
over 80-channels WLAN using FHSS or the average of
several burst cycles containing chirp radar frequency is
not meaningful. Instead the challenge is to closely follow and represent the actual frequency over time f(t)
inside the burst or alternatively the statistical distribution of WLAN channels. This requires very fast and
high-resolution measurements, found in very few frequency measurement devices today, one being the new
CNT-90 Timer/Counter/Analyzer (Pendulum Instruments AB).
The rest of this paper will focus on frequency measurements on stable signals, where the concept of mean frequency is meaningful.
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2. Conventional counters

Display

Input and

Conventional counting was the first frequency counting
method and these counters did not measure according to
the definition of frequency above [1.2]. The conventional principle is to open an exact 1-second-gate and
count the number of input cycle trigger events that occur
during that second. The counting register contains the
number of cycles counted during exactly one second,
which is a sort of frequency (cycles/s). The precisely
defined 1s gate-time is derived from a X-tal oscillator
reference (usually a 10 MHz signal) with a good accuracy.
Gate time is not synchronized with the input signal. The
uncertainty of the measurement is ±1 input cycle count,
which means that the resolution is 1 Hz during a 1s gate
time for all input signal frequencies. To allow measurements with a resolution other than 1 Hz, gate-times of a
multiple (or a sub-multiple) of 1s are used. E.g. a gate
time of 10 s will increase resolution tenfold and add one
more digit to the read-out.
Relative resolution
(number of digits)
9
8
7
6
5
4
3
2
1

Meas. time=10s
Meas. time=1s
Meas. time=0,1s

trigger
circuitry

Input cycle
Synchronizing

Micro-

counter

computer

and
main-gate
circuitry
10MHz

Time counter

clock

Measuring
time
timer

Figure 3. Block diagram for a reciprocal frequency
counter
Unlike conventional frequency counters, the set measuring time is not an exactly defined gate time. The desired
measuring time is set via the micro-computer, but the
actual measuring time MT is synchronized to the input
signal triggering. The measurement contains an exact
number of input cycles. Thus the ±1 input cycle error is
avoided. Truncation errors are now in the time count;
i.e. ±1 clock pulse.
To obtain the mean frequency value, the following division is made:
Counted input cycles
N
=
frequency =
(Counted clock pulses) × t c MT

Where tc is the time of one clock cycle
The relative resolution of the calculated result is:
resolution = ± t c MT normally ± 100 ns MT .

10 100 1k 10k 100k 1M 10M 100M

Frequency
(Hz)

Figure 2. Resolution of a conventional counter is bad
for low-medium frequencies and adequate for high frequencies only

3. Reciprocal counting
In the early 1980-ies, microcomputer based instruments
started to use reciprocal counting. The input signal trigger, and not the internal oscillator, controls the gating of
a multi-period average measurement. N input signal
periods are counted during measurement time MT. They
calculate mean cycle time T = MT N and the reciprocal value; mean frequency f = 1 T .
Figure 3 shows the block diagram of a first generation
reciprocal frequency counter. It contains two counting
registers. One counts the number of input cycles and the
other counts the clock pulses, to measure the time duration. Two synchronized main gates simultaneously control both counting registers.
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Input A

Relative resolution
(number of digits)
9
8
7
6
5
4
3
2
1

(10 MHz clock frequency)

Meas. time = 10 s
Meas. time = 1 s
Meas. time = 0,1 s

10 100 1k 10k 100k 1M 10M 100M

Frequency
(Hz)

Figure 4. The relative resolution is independent of input
frequency for a reciprocal frequency counter
To obtain a higher resolution, one could increase the
clock frequency. E.g. a 100 MHz reference clock would
give a relative resolution of ± 10 ns MT , and thus one
digit more in the displayed result, compared to a standard 10 MHz reference clock.
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4. Interpolating reciprocal counting
The resolution of the 2:nd generation reciprocal counters
is always

± 1 clock period
.
Measurement time

In the third generation of counters, resolution is improved by means of analog interpolation of the fractional clock pulse. Instead of just counting the clock
pulse edges to determine the time between start and stop
trigger, also the fractional clock pulse in the beginning
and end of the measurement is captured.
Figure 5 shows the block diagram of an interpolating
frequency counter, like the Pendulum CNT-85. Compared to the basic reciprocal counter (fig. 3) such a
counter contain also two interpolators, one for the start
trigger event and one for the stop event.
Interpolators

Input stage

ANDgate

Counter 1
input cycles

ANDgate

Counter 2
clock pulses

10 MHz

Time base
oscillator

Microprocessor

Synchronization and
control logic

Figure 5. Block diagram for an interpolating reciprocal
frequency counter
Figure 6 illustrates the interpolator’s principle to capture
the short fractional time between the start trigger and the
following clock pulses, respectively the stop trigger and
the following clock pulses.

Charge pulse
Input signal
trigger

Clock
pulses

I

Constant
current generator
Analog voltage

2
Discharge
switch

Figure 6. The basic principle of an analog interpolator
is a time-to-voltage-conversion
The number of cycles counted N is as before an exact
integer number, but the accuracy of the corresponding
time (MT) is significantly improved. Instead of a resolution of ±1 clock cycle, as in classical reciprocal counting, the interpolated resolution is improved to less than a
percent of a clock cycle. MT is calculated as TN + T1 T2, where TN is the digitally counted time (number of
clock cycles), T1 is the interpolated fractional clock
pulse between start trigger and following clock pulse
and T2 is the fractional clock pulse between stop trigger
and following clock pulse.
The advent of interpolating reciprocal counters typically
improved the time interval, or single period, resolution
with 100 to 400 times, from 100 ns (single-shot) to 1 ns
and below for a timer/counter with a 10 MHz time base
oscillator. The Pendulum timer/counter model CNT-81
combines interpolation techniques with 10 times increased clock frequency (100 MHz vs. 10 MHz), and
reaches 50 ps resolution as single period or time-interval
resolution. This corresponds to a relative resolution in
frequency measurements of 50 ps MT (rms value),
approx 1000 times improvement compared to typical
2:nd generation reciprocal counters ±100 ns/MT (limit
value).

The analog interpolator in figure 6 starts to charge the
capacitor, with a constant current I, at the arrival of the
trigger event and stops on the 2:nd following clock
pulse. The capacitor is charged as Q(t) = I·t. The voltage
(U) over the capacitor is:
U(t) = Q(t)/C = (I/C)·t
[4.1]
The charge time (t) varies between 1 and 2 clock cycles,
normally 100 to 200 ns. U(t) also varies between U0
(charge time is 1 clock cycle) and 2U0 (2 clock cycles).
By selecting I and C (U0 = (I/C)·tc), you can reach a
convenient range (some Volts). The interpolator circuitry is duplicated for the stop trigger.
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5. Continuous time stamping and statistical improvements

straight line y = a + b ⋅ ( x − x0 ) using linear regression, where:

In reciprocal counters, with or without interpolation
techniques, a frequency measurement has a defined start
(= start trigger event), and a stop (= stop trigger event)
plus a dead-time between measurements to read out and
clear registers, do interpolation measurements and prepare for next measurement. Continuous time stamping
changed that scenario.
In a time-stamping counter, the input trigger events, and
the clock cycles, are continuously counted, without being reset. At regular intervals, pacing intervals, the momentary contents of the event count register and time
count register is transferred to the memory. The read-out
of register contents is always synchronized to the input
trigger, so it is the trigger event that is time stamped.
Each stored time stamp is also interpolated “on the fly”
for improved resolution. The contents in the memory is
thereafter post-processed.

x = number of cycles counted (independent variable)
y = elapsed accumulated time (dependent variable)
a = time value for x = x0 (first sample)

b = f *−1 = T * , the slope of the regression line is the
estimated mean period T* or the inverse value of the
estimated mean frequency f*-1. From now on we will
substitute the slope b with T*.
From basic statistics we know that the regression line
slope b (T*) is calculated as:

T* =

n

∑x y −∑x ∑y
n∑ x − (∑ x )
k

k

k

[5.1]

2

2
k

k

and that the variance of the slope b (or T*) is

A one-second frequency measurement in a fast processing counter could contain hundreds or thousands of
paced time-stamped events, not just a start event plus a
stop event. This makes it possible to use linear regression using the least-squares line fitting to further improve accuracy. See figure 7.

s 2 ( y)

s 2 (T * ) =

∑ (x

i

− x)

2

s 2 ( y)
s 2 ( x) ⋅ (n − 2)

=

[5.2]

s(y) is the normal rms-resolution tRES for a single time
stamp, but what is s(x)? The independent variable X is
assumed to have a linearly increasing distribution over
the range x0 to x0 + N, with samples that are evenly
spread over the full interval, that is

Regression line fitting
1,000
0,900

x k = x0 +

0,800
0,700

timestamp value (s)

k

kN
n

[5.3]

For large values of n (number of samples), we can approximate the distribution with the continuous rectangular distribution with a density (probability) function of:

0,600
0,500
0,400

x < x0 , x > x0 + N
⎧0
p ( x) = ⎨
⎩1 N x0 ≤ x ≤ x0 + N

0,300
0,200
0,100

[5.4]

0,000
0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

-0,100

event counts

Figure 7. Time-stamping counters have a lot of intermediate time stamps of trigger events between the start and
the stop of measurement
We have a series of data {xk, yk}, where xk is the accumulated contents of the Event count register and yk is the
accumulated time at each sample point. The estimated
frequency f* is the inverse slope of the line that best fits
this data set. Each xk is an exact number, whereas each
yk has a basic uncertainty tRES.

For such a distribution we find
+∞

1
µ = xp ( x) dx =
N
−∞

∫

+∞

σ2 =

∫

( x − µ ) 2 p ( x ) dx =

−∞
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∫ xdx = x

0

+

x0

1
N

x0+ N

∫

x0

( x − x0 −

N
2

[5.5]

N 2
N 2 [5.6]
) dx =
2
12

Thus the standard deviation s(x) for the discrete variable

X = {x k }0 can be approximated to s ( x) ≈ σ =
n

Our problem is to find the best estimate of the mean
frequency over measurement time ΜΤ, by finding the

x 0+ N

for large values of n

N
2 3
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This approximation, plus the knowledge that T* = MT /
N and s(y) = tRES, gives us the variance of the slope of
the regression line from [5.2]:
s 2 (T * ) =

2

2

*2

2
12t RES

s ( y)
1 12s ( y ) T
= 2⋅
=
⋅
n−2
s ( x) ⋅ (n − 2) N
MT 2 n − 2
2

[5.7]

which finally leads us to the relative period or frequency
uncertainty:
[5.8]

Using linear regression analysis (least square line fitting), gives a better estimate than just using the two end
points for calculation and improves the relative resolution of the estimated frequency (∆f/f*) from
to

MT ⋅ n − 2

2 ⋅ t RES

MT

, where:

The improvement in resolution between the two methods is thus:

2⋅ n−2

=

6
n−2

≈

2.45

, for n>>2.

≈ 8.6 ⋅ 10 −12

The CNT-90 can also use traditional frequency calculation (using start/stop only), with the random uncertainty
of:
2
2(t RES
+ (trigger error ) 2 )

× Frequency or Period

[5.11]

which would give for MT = 1s, a relative uncertainty of

2 ⋅ 70ps/1s ≈ 1 ⋅ 10 −10
The random uncertainty in this example is affected as
predicted
in
[5.9]
with
the
factor
of

2.45 / n − 2 ≈ 0.086 . Resolution is thus improved
from 1E-10 (start-stop) to 8.6E-12 (regression).

tRES = individual timestamp uncertainty
MT = Measuring Time
n = Number of event/timestamp value pairs used in the
calculation.

2⋅ 3

1 ⋅ 798

MT

2 3 ⋅ t RES
s (T * ) s ( f * )
=
=
*
*
T
f
MT ⋅ n − 2

2 ⋅ 3 ⋅ t RES

2 3 ⋅ 7 ⋅ 10 −11

[5.9]

n

The CNT-90 counter has an automatic mode, where the
regression line fitting is executed at measuring times
≥200 ms and the number of samples used in the calculation are gradually reduced as measuring time increases

800 ⎞
⎛
⎜n =
⎟ . This gives the following resolution curve
MT ⎠
⎝
for CNT-90, see figure 8, where the dashed line is the
traditional start-stop method. The resolution is improved
for measurement times MT up to approx 100s and at 1s
measuring time the improved resolution is typically
6E-12.
Typical resolution CNT-90
1,0E-01
1,0E-02
1,0E-03
1,0E-04

Relative resolution

What if n is small, lets say n = 6? Then the approximation of a continuous rectangular distribution is no longer
correct, and the standard deviation needs to be calculated based on discrete samples, which can be shown to
give better resolution improvement than the approximation [5.9], for small values of n.

1,0E+00

1,0E-05
1,0E-06
1,0E-07
1,0E-08
1,0E-09
1,0E-10

Example:
In the Pendulum model CNT-90, that uses the linear
regression resolution improvement method, the random
uncertainty is:
2
2 3(t RES
+ (trigger error ) 2 )

MT ⋅ n − 2

tRES = 70 ps and n =

× Frequency or Period [5.10]

800
.
MT

1,0E-11
1,0E-12
1,0E-13
1,0E-14
1,00E-08 1,00E-07 1,00E-06 1,00E-05 1,00E-04 1,00E-03 1,00E-02 1,00E-01 1,00E+00 1,00E+01 1,00E+02 1,00E+03

Measuring time

Figure 8. Resolution of the continuously time stamping
counter CNT-90. Resolution improvement via linear
regression occurs from measuring times from 200 ms up
to 100s (auto mode)

Trigger error is the effect of superimposed noise on the
input signal, which can be neglected for ideal square
wave signals. If we assume no contribution from trigger
errors and a MT of 1s (n=800), we get a relative resolution of:
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6. Comparison of linear regression
and traditional start-stop methods

Frequency drift
1,200

One obvious draw-back is that this post-processing of
hundreds of sample data is time consuming, even if the
raw data collection is fast. That means that the measuring
speed of the frequency counter is reduced.

timestamps (s)

1,000

One might believe that linear regression always is superior to traditional start-stop type of frequency measurements. But there are some limitations.

0,800

0,600

0,400

0,200

0,000
0

100000

200000

300000

400000

500000

600000

700000

800000

900000

event counts

Linear regression is very useful, to reduce random noise
in the measurement process, whether this noise is internally generated in the measuring device or externally
added to the measurement signal. This method also assumes that the best fit is a linear approximation, that is a
constant frequency during the measurement time MT,
only subject to random noise, but without drift or intentional modulation.
A frequency source with a frequency drift, can be described as:

f (t ) = f 0 + f d (t )

[6.1]

f0 is the start frequency value
fd(t) is the frequency drift over time, with mean value ≠
0 Hz
If fd(t) has a linear drift with time, then f d (t )

d t,

where d is the frequency drift rate (Hz/s). A linear drift
during the measurement would result in an accumulated
phase φ(t) vs time relation that is expressed as:

Φ (t ) = 2πf 0 t + π dt 2 + Φ 0

[6.2]

Figure 9 shows an example with an exaggerated frequency drift, according to [6.2]. This is obviously a 2:nd
order function and should ideally be approximated with
a 2:nd order polynomial and not a 1:st order straight
line.
The main advantage of the linear regression method is to
reduce the influence of noise from the measurement
process and superimposed random noise on the test signal, and thus increase resolution.
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Figure 9. A regression line does not improve resolution
if there is a frequency drift
Please note that the linear regression method only can
improve the frequency resolution which contains several
trigger events during the measurement. For single-shot
time interval measurement it is the basic resolution of
the traditional start-stop measurement tRES that sets the
limit.
Finally we can conclude that the continuous timestamping is the key to, and a prerequisite for, the regression analysis. This method is not possible in the 2:nd or
3:rd generation counters.
Continuous timestamping has another advantage, when
it comes to characterizing the short-term stability of
stable oscillator clocks. The dominating tool for this
characterization is the calculation of Allan Variance
(AVAR) and the Allan Deviation (ADEV), where

ADEV = AVAR .
The calculation is performed via a number of back-toback (zero-dead-time) frequency measurements over a
defined measurement time τ. For theoretically correct
calculation of AVAR, to avoid dead-time between
measurements, the continuous timestamping is also a
prerequisite. Allan Deviation will be discussed in next
section.

1000000
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7. Allan Deviation and continuous
time stamping
A stable clock oscillator has a frequency vs time characteristic that can be described as:

f (t ) = f N + f offs + f d (t ) + f r (t )

[7.1]

fN is the nominal frequency
foffs is the initial frequency offset from nominal (calibration uncertainty)
fd(t) is the frequency drift over time (long term), with
mean value ≠ 0 Hz
fr(t) is the random variation (short term stability), with
mean value = 0 Hz
Typical clock oscillators, fd(t) have a non-linear drift
over very long time periods (years), but for shorter periods (days, weeks) we can assume a linear drift with
time, that is

f d (t ) ≅ Df N t

[7.2]

The fractional random frequency deviation is:

All continuous periodic signals can be regarded as a sum
of sine wave signals, so let us have a look at the relation
between frequency, phase and time in a sine wave signal.

Measurement of short-term stability is more challenging, because you need to combine high-resolution measurements with short measurement times. The Allan Deviation or Root Allan Variance is the commonly accepted method for calculation of the short-term clock
stability in the time domain. The common measure is
Allan Deviation, which is expressed in Hz and not Hz2
as is the case for AVAR.

1 dΦ (t )
⋅
2π
dt

[7.3]

Assuming that the frequency drift is linear with a constant drift rate, we can now combine [7.1], [7.2] and
[7.3] to express the total phase of a sine wave signal in
terms of the various frequency components. The term
ϕ(t) is the random phase variation causing short-term
frequency instability f r (t ) .

Φ (t ) = 2π ( f N + f offs )t + π Df N t 2 + ϕ (t ) + Φ 0

ϕ (t ) TN ⋅ ϕ (t )
=
2πf N
2π

measure of the deviation between actual (noisy) signal
relative to the ideal signal ( x (t ) = TN ⋅ Φ (t ) 2π ) at
the zero-crossings of the signal.
A true instantaneous frequency f(t0) or instantaneous
fractional frequency y(t0) at time t0 is not an observable
quantity in practice, unlike e.g. the instantaneous phase
φ(t0). The measurement of frequency at start time tk is
always performed as an average value over a certain
measurement time (τ) in all measurement equipment.

y k (τ ) =

f (t )
y(t) = r
fN

[7.5]

[7.7]

The random time variation x(t) at times t = k ⋅ TN is a

[7.4]

The fractional random frequency deviation from the
nominal value is commonly denoted y(t), where:

AVAR = σ y (τ )

We have seen in [7.6] that the random phase variation
ϕ (t ) causes the random frequency variation y(t). The
random phase variation can in a similar way also be
expressed as a random time deviation, which is useful
for the analysis of Allan Deviation:

x(t ) =
A continuous sine wave with constant amplitude A, can
be expressed as U (t ) = A sin Φ (t ) , and its momentary or instantaneous frequency f(t) is expressed as:

[7.6]

And it is this random variable that is used to characterize the short-term stability of oscillators. Characterizing
a stable oscillator includes measurement of all frequency
components, nominal, offset, drift and short-term stability. However, measurement of frequency offset and drift
can be made in a reasonably straightforward way, by
applying a normal frequency measurement over sufficiently long measurement time. The random uncertainty
of any frequency counter always improves with measurement time.

ADEV =

where D is the fractional frequency drift rate and is assumed to be a constant.

f (t ) =

f r (t )
1 dϕ (t )
=
2πf N dt
fN

y (t ) =

y k (τ ) =

1

τ

t k +τ

∫ y(t )dt or

tk

ϕ (t k + τ ) − ϕ (t k ) x(t k + τ ) − x(t k )
=
τ
2πf N τ

[7.8]
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The Allan Variance is defined as:

AVAR = σ y2 (τ ) =

1
( y k +1 (τ ) − y k (τ )) 2
2

[7.9]

The Allan Variance AVAR is an estimate of the variations of a clock frequency over a given measurement
time (τ) from one averaging period to the next. An Allan
Deviation calculation should in theory be made over an
infinite number of samples, each frequency sample being measured back-to-back to the previous, without any
dead-time between samples. In practice there are no
indefinite measurement periods, and the AVAR for a
finite number of samples N can be expressed as:

AVAR = σ y2 (τ ) ≈

1 k = n −1
( y k +1 (τ ) − y k (τ )) 2 [7.10]
2(n − 1) k = 0

∑

Since short-term instability can be expressed arbitrarily
as frequency, phase or time deviation [7.8], let us look at
the AVAR expressed as random time deviation instead
of random frequency deviation.
σ y2 (τ ) ≈

Figure 10. The CNT-90 Timer/Counter/Analyzer from
Pendulum Instruments AB

k =n−2
1
( x(t k + 2τ ) − 2 x(t k + τ ) + x(t k )) 2 [7.11]
2τ 2 (n − 1) k = 0

∑

This way of calculating Allan Variance is suitable for
time stamping counters, with pacing period τ, because
x(t k ) = x(t 0 + k ⋅ τ ) is simply the timestamp of the
signal’s zero-crossings, sampled every τ seconds, during
the total measurement duration nτ. A counting technique
based on continuous time-stamping will also automatically lead to zero-dead-time frequency measurements,
which is according to the underlying theory and definition. The CNT-90 Timer/Counter/Analyzer from Pendulum Instruments operates in this mode, enabling correct
ADEV measurements and calculation.
Traditional counters, using start-stop frequency measurements over measurement time τ, will always cause a
dead-time between measurements. No matter how short
this dead-time is, it will be present with at least one cycle, due to the inherent counter design.
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ABSTRACT

Some phase noise benches used and developed by different research and commercial
laboratories have to be tested. The problem is not to compare the performances of several
oscillators, but to compare and to make an evaluation of the uncertainties, and of course, to
compare the resolution and the reproducibility of the measurements, which are of interest
for manufacturers. This comparison allows us to determine the ability to get various
systems traceable together in order to increase the trust that one can have in phase noise
measurements. Standards to be characterized during this comparison are 5 MHz, 100 MHz
and microwave commercial oscillators. Obtained spectra can be affected by the
Environmental conditions: temperature, hygrometry, electromagnetic radiations, voltage
supplies of oscillators under test and measurement instrumentation, but they also depend on
starting conditions of the oscillators and due to their intrinsic nature, and to the time they
have been stocked after being switched-off and to the benches themselves. The problem
consists in evaluating the possible different contributions. These goals are ambitious, so it
is preferable to investigate in priority the inter-laboratory reproducibility in using
comparable benches or benches that use equivalent methods, but also measurements
resulting from various methods, while we stay in the context of measurements performed in
a laboratory. It began in October 2005 and will be finished in april 2006. Preliminary
results are now available.

1. INTRODUCTION
An international comparison of phase noise was
organized in 1993 and its results published in Germany
during EFTF in 1994 [1]. More than ten years later, the
new benches developed by different laboratories and
commercial benches have to be tested. LNE
(Laboratoire National de Métrologie et d’Essai, that
now plays the role that BNM owns in the past) asked
FEMTO-ST institute, as it is an LNE associate
laboratory, (COFRAC accredited under number 2.13),
to organize a comparison of phase noise with 5 MHz,
100 MHz and microwave oscillators. The problem is not
to compare the performances of several oscillators, but
to compare and to make an evaluation of the

uncertainties, and the resolution and the reproducibility
of the measurements. The aim of this comparison is not
to lead a competition between different means of
measurements but have the ability to get several systems
traceable together in order to increase the trust that one
can have for phase noise measurements. Oscillators to
be characterized during this comparison are commercial
oscillators. At 5 MHz, BVA oscillators are provided by
Oscilloquartz company and FEMTO-ST. For 100 MHz
oscillators, FEMTO-ST institute provides AR
Electronique commercial oscillators. A commercial
MITEQ Dielectric Resonator Oscillator (DRO)
provided by LAAS-CNRS is to be used for 3.5 GHz
microwave characterization. Ten laboratories from four
different countries participate in this comparison.

147

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

Proceedings of the 20th EFTF, 2006

II. GENERALITIES CONCERNING SPECTRAL
MEASUREMENTS
Frequency stability can be characterized in the
frequency domain by studying spectrum (FFT), or in
time domain by means of a statistical processing of the
frequency data (for example Allan variance). It allows
characterization of the frequency stability versus
integration time. Near the carrier, an oscillator presents
flicker frequency noise, i.e. 1/f in the frequency
fluctuation domain, which means 1/f3 for the phase
noise density in the spectral domain. It corresponds to
the so called “flicker floor” for Allan variance.
Nevertheless this correspondence is not bijective : a 1/f3
phase noise gives an Allan variance floor, but the
reverse proposal is not always true.
The main principle of the phase noise measurements
consists in phase demodulating a signal by locking an
oscillator, that is the Unit Under Test (UUT), on a
reference signal, using a Phase Lock Loop (PLL).

operation since switching the oscillators on, and to the
time they have been stocked after being switched off
and to the benches performances.
The problem consists in evaluating the possible impact
of these different contributions on the measured phase
noise. It is better to investigate in priority the interlaboratory reproducibility using comparable benches or
benches that use equivalent methods, but also
measurements resulting from various methods, while we
stay in the context of measurements performed in a
metrological laboratory. As it is written in the
introduction, the aim of this comparison is not to
compare performances of oscillators, but to compare
and evaluate uncertainties, resolution of the benches and
reproducibility of the measurements. It is not a
competition between measurement means but a way to
have several systems traceable together in order to
increase the trust that one can have for phase noise
measurements done in laboratories.
IV. PROTOCOL OF MEASUREMENTS
Preliminary measurements:
Oscillators were to be measured at first by the reference
laboratory at the beginning, then by each participant and
at the end of this comparison one more time at the
reference laboratory.

Figure 1: Usual principle for phase noise measurement
of a couple of oscillators using a PLL
Especially in microwaves, the UUT is to be locked and
not the reference that is already locked on a low
frequency oscillator. The error signal of this locking is
then proportional to the phase difference between the
free running UUT and the reference. Outside the PLL
bandwidth, it is proportional to the phase difference
between the free running UUT and the reference. If the
reference shows a very low noise, it is then proportional
to the UUT phase noise. In the PLL bandwidth, it is
proportional to frequency fluctuations. Results in the
band pass of the locking cannot be used near the
frequency cut-off of the PLL. The error bias is amplified
and a FFT analyzer calculates the spectral density of
phase noise fluctuations.
III. REPRODUCIBILITY OF THE
MEASUREMENTS
Obtained spectra can be affected by the environmental
conditions : temperature, hygrometry, electromagnetic
radiations, …, but they also may depend on the time
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Reception of the standards:
When receiving the oscillators, each lab precised how
the packing is and what information was important.
Oscillators have been immediately switched on, and the
measurement was made 48 hours later in the appropriate
room. Frequency and power were preliminary verified.
It must not be forgotten that the performances, specified
by the manufacturers, are guaranteed at the end of one
90 days period without any interruption. However, it is
not possible, within the framework of the circulation of
the standards, to respect this time. Consequently we
have decided to keep the oscillators “on” as long as
possible before the measurements. In an empirical way,
it must be envisaged latency doubles time of switch-off
period. Moreover oscillators are sensitive to the shocks.
Measures:
Oscillators have been measured in terms of power
spectral density of phase noise versus Fourier
frequencies in the range 1 Hz - 100 kHz. However in the
microwave domain, a DRO cannot be measured too
close to the carrier due to free-running fluctuations that
can be in the range of 1 rad2/Hz. So the indicated range
was only suitable for 5 MHz and 100 MHz. The DRO
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has to be characterized from about 100 Hz.
Measurements were given at 1 Hz, 10 Hz, 100 Hz, 1
kHz, 10 kHz, and 100 kHz within the 2 σ uncertainty.
When it is possible, results given as a calibration
certificate are appreciated, as several laboratories may
be calibration centers, accredited or not.

different participating laboratories are codified by
letters.
V. FIRST RESULTS

The various laboratories have different kinds of phase
noise measurement benches. They may have used these
benches in order to compare them in the same
laboratory.

The obtained results concern at first phase noise
measured values for each oscillator at 5 MHz, 100 MHz
and 3.5 GHz. Comparison also gives interesting results
concerning the benches.

Here are different commercial benches used in this
comparison :

Labs
LR1

-

Hewlett Packard bench

-

Europtest bench

-

Femtosecond bench

-

Timing Solutions bench

-

AR Electronique bench

Some laboratories which have a frequency stability
bench have used it. It may be possible to deduce
interesting information concerning phase noise.

100 Hz
-125.5
±2
-125±2

102 Hz 103 Hz 104 Hz 105 Hz
-151.5
-145 ±2
-156 ±2 -154 ±2 -156 ±2
±2
-136 ±2 -140 ±2 -154 ±2 -154 ±2 -155 ±2
-151.5
-155.5
-126±2 -145 ±2
-155 ±2 -155 ±2
±2
±2
-157.5
-113 ±5 -135 ±5 -143 ±5 -149 ±5 -155 ±5
±5
-126
-145.5
-151.5
-155
-155.5
-156.5

LR2
A
B
C*
D*
E
F*
G

101 Hz

-125.5

-145.5

-152

-156

-155.5

-156.5

-144 ±2 -154 ±2 -158 ±2 -158 ±2 -159 ±2
-126

-155
-155
-155
-144.5
-151.5
-155.5
-155.5
-126 ±2
-156 ±2
±2
±2
±2
±2
-126.08 -145.30 -152.08 -155.57 -155.50 -157.59
±3
±3
±3
±3
±3
±3
-122.5
-142 ±3 -149 ±3 -154 ±3
±3

In order to limit environmental effects in the different
laboratories, it is interesting to know ambient
conditions.

H

Such parameters are: room temperature, hygrometry
rate, but also it is interesting to specify if oscillators or
benches are in a special Faraday cage or something
equivalent, and what voltage supplies are used, for
example, batteries for the oscillators or sector for the
instruments composing the bench.

LR
Table 1: SSB phase noise (dBc/Hz) versus Fourier
Frequency at 5 MHz for each laboratory codified by a
letter. Uncertainties given at 2σ

It has been also precised if uncertainties are calculated
from such parameters or given by an accreditation.

I

Table 1 presents results without any correction at 5
MHz for the two oscillators of the comparison. Notice
that in the tables, sign * mentioned here indicates that
uncertainties have not yet been established.

Sending the standards to the next laboratory:

LR1

Transmission of the results:
The complete results were transmitted to the person in
charge of the comparison, before the standards finished
circulating between the participating laboratories.
The environmental conditions of the measurements
were specified as explained above as well as the type of
bench, the method used, the uncertainties…
The comparison is planned to be completed in April
2006. When it is finished, a report will be written with
mention of the authors and their laboratories. However,
in the graphs and in the presentation of the results, the

A

B

C

D

E

F

G

H

I

-110

-115

£(f) in dBc/Hz

Any information considered to be useful was
transmitted to the person in charge of the comparison.

LR2

-105

The oscillators were packed and sent to the following
laboratory, except if it was specified that there must be
an inversion by the person in charge of the comparison.

-120

-125

-130

-135

-140

Figure 2: SSB phase noise at 1Hz from the 5MHz
carrier. Uncertainties given at 2σ
The results are presented also in figures 2 and 3. The
first one focuses on SSB phase noise at 1Hz from the
5MHz carrier. One participant had a problem, which is
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LR1

LR2

A

B

C

D

E

F

G

-120

LR1

LR2

A

B

C

D

E

F

G

H

I

-122

-124

-126

£(f) in dBc/Hz

to be investigated. Three other laboratories did not send
yet their uncertainties, which are indicated without error
bars in the figure. The noise floor seems to be similar
for most of the participants in spite of an offset not
already explained for one participant. Laboratories are
codified by a letter, which is used to indicate the
corresponding data point in the figures.

-128

-130

-132

H

-150

-134

-136

-152

-138
-154

£(f) in dBc/Hz

-140

Figure 4: SSB phase noise (dBc/Hz) at 100Hz from the
100MHz carrier. Uncertainties given at 2σ

-156

-158

-160

-162

-164

Figure 3: SSB phase noise at 100 kHz from the 5MHz
carrier. Uncertainties given at 2σ

For one participant, the noise floor was not measured far
from the carrier.
The uncertainty could not be evaluated yet by four
participants, which are indicated without error bars in
the figure. The noise floor far from the carrier is
presented in figure 5.
-150

Labs
LR1
LR2
A
B
C*
D*
E
F*
G
H

100 Hz

101 Hz

102 Hz

-64 ±2

-96 ±2

-131 ±2 -153 ±2 -161 ±2 -162 ±2

-58 ±2

-98 ±2
-95.5
±2

-64 ±2
-65 ±3
-70
-73

103 Hz

104 Hz

105 Hz

-129 ±2 -155 ±2 -162 ±2 -162 ±2
-129.5 -153.5
-160 ±2 -160 ±2
±2
±2
-133.5
-100 ±3
-152 ±3 -160 ±3 -161 ±3
±3
-102
-134
-155
-163
-163
-100

-131

-156.5

-162

-162.5

-135 ±2 -151 ±2 -158 ±2 -159 ±2
-68
-67 ±2
-76.3
±3
-86

-97 ±2
-96 ±3

-128
-129.5
±2
-130.5
±3
-129

-153.5
±2
-154.8
±3
-150

-163
-160.5
±2
-161.6
±3
-158

-163
-160.5
±2
-161.7
±3

-100
I*
LR
Table 2: SSB phase noise versus Fourier Frequency at
100 MHz for each laboratory codified by a letter.
Uncertainties given at 2σ

150

LR2

A

B

C

D

E

F

G

H

-152

-154

-156

L(f) in dBc/Hz

At 100 MHz, the results expressed in dBc/Hz are
presented abroad also without any correction and
comments.
The measurements seem to be consistent. But close to
the 100 MHz carrier, a problem of stability in the phase
lock loop probably made the measurement inaccurate,
especially at 1 Hz. Discrepancies appears for some
participants and would be investigated in order to be
understood. For a 100 MHz quartz oscillator, it is more
common to present the specification at 100 Hz from the
carrier: results are presented in figure 4 expressed in
SSB phase noise (dBc/Hz).

LR1

-158

-160

-162

-164

-166

-168

-170

Figure 5: SSB phase noise at 100 kHz from the 100
MHz carrier. Uncertainties given at 2σ
Though the measurements are much closer, the
differences should be explained by a very precise
analysis of different parameters and in considering the
way each participant led its measurement campaign.
We consider that, when the difference exceeds 2 dB,
one must investigate the possible origins of the
discrepancy.
VI. DISCUSSION
Environmental conditions are precised in table 3. In this
table are reported several parameters like temperature or
hygrometry rate, and it is indicated whether the
oscillators under test were powered by batteries or from
the mains. It is written also if the measurements were
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realized in a Faraday cage to protect them from
electromagnetic radiations.
Temperature Hygrometry
Faraday
Batteries
(°C)
(%)
cage
LR 1
LR 2
A
B
C
D
E
F
G
H
I
LR

21.5 ±2.5

?

NO

25 ±2

36 ±5

NO

NO
NO

23

44

YES

YES

22.5 ±1.5

?

NO

NO

23.5 ±2.5

42.5 ±12.5

YES

NO

20.5 ±2

?

YES

NO

23 ±3
room
temperature
21 ±1

?

YES

YES

?

NO

NO

23 ±1

16 ±5

YES

YES

22±1

?

NO

NO

?

Table 3: Measurement environmental conditions

Measurement conditions are not precised yet concerning
the starting conditions. As oscillators are switched off
during transport, it can have an impact on stability and
on the phase noise at 1 Hz. Some data have not yet been
collected at that step of the comparison. The oscillators
are still under measurement in the last laboratory,
waiting for their final measurements in the reference
laboratory of this comparison campaign, in order to
“close the loop” and begin the next step that is the very
precise analysis of the results.
One can notice that reproducibility of phase noise
measurements seems not to be affected by similar
conditions concerning laboratory temperature.
Hygrometry has to be better known before any
conclusion.
Contribution of batteries is a fact that does not clearly
appears when we examine tables and figures. Anyway,
on the curves issued from each laboratory, we observed
that 100 Hz and its harmonics are reduced by the use of
batteries. The 50 Hz spurious lines generally originate
from ambient radiation of the mains or from
inappropriate cables in the measurement system.
Faraday cage helps to define a better resolution for
phase noise measurements, by significantly reducing the
level of spurious signals.
The combination of optimum environmental conditions
is helpful for such high performance phase noise
measurements, and also for reproducibility.

VII. CONCLUSION
The aim of this phase noise comparison was to evaluate
reproducibility of the measurements given by different
kinds of benches used in metrological laboratories.
Most of the results confirm that the phase noise
measurement uncertainties generally are about ±2 dB. A
few discrepancies have been observed : it will be useful
to understand their origin in order to avoid this kind of
problem in future measurements.
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Thermal effects on frequency fluctuations in quartz crystal oscillators
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This paper deals with the correlation between the thermal behavior of the oven and phase
fluctuations of the oven-controlled oscillator. Experiments to measure the thermal stability
of the oven control are presented. A conventional oscillator equipped with a LD-cut quartz
resonator is first used in the B-mode in order to measure the temperature fluctuations of its
oven. The same resonator is then used in its C-mode to record the phase fluctuations of the
oscillator. Obviously, the quartz resonator is previously characterized in terms of
temperature dependence. Frequency-temperature curves are given for B and C modes in
order to obtain the thermal sensitivity of the resonator. In a first step, thermal fluctuations
of the oven are obtained through the measurement of the B-mode oscillator frequency in the
time domain, by means of Allan standard deviation. Then, it can be translated into C-mode
frequency fluctuations using the thermal sensitivity of the resonator C-mode.
At least, power spectral density of phase fluctuations of such an oven-controlled oscillator
is related to temperature sensitivity and discussed.

1. INTRODUCTION
High performance crystal oscillators like oven
controlled crystal oscillators (OCXO) employ
temperature control circuitry to hold the crystal and
critical circuitry at a precise, constant temperature used
in ovenized oscillator [1-2]. Ultra-stable oscillators
(USO) that we are working on have been designed with
LD-cut quartz crystal resonators [3]. The latter are third
overtone 10 MHz BVA resonators [4].
The aim of the paper is to report their analyses in terms
of room temperature sensitivity. Temperature effects on
oscillator frequency stability are measured by means of
the power spectral density (PSD) or the Allan standard
deviation.
Oscillator design and oven control are quite simple.
Nevertheless, double ovens are used. The inner oven
finely controls the resonator temperature whereas the
outer one is working for just roughly limiting room
disturbances onto electronics. Effects of each
temperature regulator are examined.
It is well known that the resonator is the most
temperature sensitive element transducing temperature
fluctuations into frequency fluctuations. In a second
level, the sensitivity of other electronic components
such as capacitors or varactor diode associated to the
resonator cannot be neglected. Otherwise, considering
the medium-term measurement time (from 1 s up to 10
000 s), frequency drift can also mask thermal effects
and must be taken into account.
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II. BASIC REVIEW
II.1. SC-cut and LD-cut quartz resonators
The amplitude-frequency effect of the LD-cut resonator
is about 10-11 µW-1 [4] which is hundred times lower
than the SC-cut. The main drawback of the LD-cut
compared with the SC-cut is its thermal sensitivity.
Their classical third order polynomial approximations
are shown in Fig. 1.

Fig. 1: Thermal behaviors of 3rd overtone 10 MHz Cmode LD and SC-cuts.
Note that for USO applications, the temperature
turnover point of the C-mode is usually close to 80 °C.
LD and SC-cut are doubly rotated cut. As a
consequence, they exhibit a resonant thermometric
mode (B-mode) in addition to the metrological mode
(C-mode). In our case of a 10 MHz, the LD-cut has a Bmode frequency close to fB = 10.7 MHz. Its frequencytemperature behavior has been measured (Fig. 2).
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thermal regulator should be added in order to suppress
low frequency components.
For low Fourier frequencies, oscillators PSDs of phase
fluctuations often give a f -4 slope. Generally, experience
shows that this result is attributed to a thermal regulator
behavior.
III. MEASUREMENT METHOD

Fig.3 shows the oscillator packaging. It is a very simple
prototype version of a double ovenized oscillator.
Fig. 2: Thermal behavior of LD-cut
3rd overtone 10.7 MHz B-mode.
Results give a linear relationship with a slope equal to
aB ≈ -280 Hz⋅K-1.
II.2 Quartz crystal oscillator characterization
Oscillator stability is usually given in the frequency
domain by means of PSD of relative frequency (Sy( f ))
or phase fluctuations (Sφ( f )). In the time domain, the
Allan standard deviation σy(τ) can be obtained by
experiments or computed from the PSD as follow [5]:

σ y2 (τ ) =

2

∞

(πν 0τ )2 ∫0

Sφ ( f )[sin(πfτ )]4 df

(1)

2

⎛ν ⎞
With Sφ = ⎜⎜ 0 ⎟⎟ ⋅ S y ( f )
⎝ f ⎠
ν0 = carrier frequency
f = fourier frequency
Conventional slopes of Sφ( f ) and their corresponding
slopes for σy(τ) are given in Table 1. In some cases,
integration boundaries for calculation of (1) have to be
limited to lower value fL and upper value fH.
Table 1: Corresponding slopes of Sφ( f ) and σy(τ).
Boundaries
Sφ(f)
σy(τ)
-6
+1
fL ≠ 0, fH ≠ ∝
-5
+1
fL ≠ 0, fH ≠ ∝
-4
+1/2
-3
0
-2
-1/2
-1
≈ -1
fH ≠ ∝
0
-1
II.3 Temperature effect on oscillators

Room temperature changes can be attenuated by two
ways. High frequency fluctuations are easily reduced by
the filtering effect of the enclosure. Nevertheless, a

Fig. 3: Oscillator packaging.
Experiments presented below are limited to room
temperature fluctuations, that is to say in laboratory
environment. Temperature influence is studied on
10 MHz LD-cut ovenized oscillators. These USO are
double ovenized and provide a short term stability of a
few 10-13 [3]. Their electronic circuitry can be easily
switched from C-mode to B-mode. The B-mode of
quartz crystal resonators is then used as a temperature
sensor. The measurement process of each oscillator is as
follow:
- First Step: reference measurements
Records of Allan standard deviation and PSD of
phase fluctuations of ovenized oscillators working in
C-mode.
- Second Step: thermal measurements
Oscillator under test is switched in B-mode and
measured against a reference. Records of Allan
standard deviation in B-mode with:
- both ovens switched on
- inner oven switched on, outer oven switched off
- both ovens switched off
- Third Step: thermal qualification of resonators
- records of frequency-temperature in B-mode
- records of frequency-temperature in C-mode
Reverse operations allow to come back in C-mode and
check the initial performances.
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IV. RESULTS AND COMMENTS

Fig. 4 shows a typical phase fluctuations PSD of one
LD-cut ovenized oscillator vibrating in C-mode. f -3 and
f -1 classical slopes can be easily identified. Close to the
carrier, the phase noise is going up according to f -6
slope. This behavior could be due to thermal effects, but
also to frequency drift.

σyB 2ov(τ) = K2ov⋅τ +1

(τ > 0.1 s)
When the outer oven is switched off, performances are
divided by about 3:
σyB 1ov(τ) = K1ov⋅τ +1
(τ > 0.1 s)
With K1ov ≈ K2ov /3 (τ > 0.1 s)
In the case of two ovens switched off, the standard
deviation coefficient (upper curve) is hundred times
greater than K2ov. Then, the thermal gain of the device
can be evaluated to about 100. Residual thermal
fluctuations of the resonator can be expressed as:
ΔT =

Δf B
aB

⇒

As seen in Fig.5: K 2ov =

Fig. 4: PSD of phase fluctuations of a 10 MHz LD-cut
doubly ovenized oscillator.
Corresponding measurements in the time domain are
given in Fig. 5. Metrological C-mode standard deviation
(lower curves) can be understood as the noise floor of
oscillator electronics used in B-mode as well as in Cmode. For τ < 1 s, the main slope is about τ -1 and for
τ > 1 s, it goes up in τ +α with ½ ≤ α ≤ 1. The latter
behavior could be associated to PSD slopes from f -4 to
f -6.

ΔT =

Δf B
fB

Δf B
f
× B
fB
aB
≈ 2.1 ⋅ 10 −11

τ =1 s

Thus, the thermal stability of the resonator oven ΔT is
given at 1 s by:
⎛ 10,7 ⋅ 10 6 ⎞
⎟ = 8 ⋅ 10 −7 K
ΔT (1 s ) = 2.1 ⋅ 10 −11 × ⎜⎜
⎟
280
⎠
⎝
Fig. 6 reminds the behavior of the quartz crystal
resonator inserted in the inner oven. The ideal working
point is the temperature of the turnover point Tto.
Unfortunately, this point can never be exactly reached.
Actually, an offset δT is observed between Tto and the
operating point of the oven Top:
δT = |Top – Tto|
Then, the stability of the oscillator frequency depends
on both quantities δT and ΔT when the resonator is
working in C-mode according to its frequencytemperature behavior.

Fig. 5: Standard deviation in various thermal situations.
According to the described process, the tested oscillator
is then switched in B-mode. When both ovens are still
working on, the recorded standard deviation can be
divided in two parts. In short term (τ < 0.1 s), the Bmode standard deviation is equal to the C-mode one.
Assuming that the B-mode is a good mean to separate
thermal effects from other noise origins, this behavior
can be due just to the noise of the electronics circuitry.
In medium and long term (τ > 0.1 s), τ +1 slope could be
mainly due to thermal effects, thus:
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Fig. 6: Temperature effects on resonator frequency.
The classical 3rd order frequency-temperature equation
of a resonator is usually referred to T0 = 25°C, as:
f (T ) = f 0 (1 + α (T − T0 ) + β (T − T0 ) 2 + γ (T − T0 ) 3 )

To quantify the thermal effects of the oven control, the
coefficients α, β and γ of the LD-cut resonator (see
Table 2) are used to obtain the slope aC at Top.
a C = [2 β + 6γ (Tto − T0 )] ⋅ δT + 3γ ⋅ δT 2

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

Table 2: Frequency Temperature Coefficient of 10 MHz
third overtone LD-cut, quartz crystal resonator.
α
β
γ

1.23⋅10-6
-14,6⋅10-9
36.1⋅10-12

It is a fact that the typical tuning of the operating point
is around δT = 0.1°C. In that case, according to Fig. 6,
the frequency – temperature slope is about:
aC ≈ −1.8 ⋅ 10 −9 K −1
with Tto = 77.25°C
As a consequence, the resulting frequency change of the
C-mode frequency can be expressed as:
Δf
= a c × ΔT
f
Δf
= 1.8 ⋅ 10 −9 × 8 ⋅ 10 −7 = 1.44 ⋅ 10 −15
f
This result obtained with τ = 1 s can be easily extended
to other values of τ and different temperature offsets δT
as shown in Fig. 7.

Indeed, measurements of the Picinbono standard
deviation keep away from the Allan standard deviation
showing that a frequency drift exists. In fact, the
frequency drift of these analyzed resonators does not
exceed 1⋅10-10/day. Such a drift would lead to a very
lower PSD than the measured one, not sufficient to
explain the resulting PSD for low Fourier frequencies.
V. CONCLUSION

We were expecting to detect the origin of f -4 to f -6
slopes of the PSD, unfortunately the examined causes
(thermal influence on the resonator + frequency drift)
are not credible. The only relevant cause that we can
assume remains the thermal influence of the electronics.
Additional experiments have to be performed in that
way.
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[5] J. Rutman, Proc. of IEEE. vol. 66, no. 9, Nov.,
pp. 1048-1074, (1978).

It is visible in Fig. 7 that the equivalent frequency
stability of oscillator ovens is widely below the
measured stability for τ < 1000 s. Thus, such ovens are
not a limitation in terms of noise induced in the
resonator in short terms. Then, in the PSD spectrum, the
observed behaviors whose slopes are steeper than f -3
cannot be due to thermal effects on the resonator alone.
Nevertheless, other electronics components are also
temperature sensitive. Especially capacitors and the
varactor diode associated to the resonator are not really
taken into account in this measurement method.
Moreover, concerning frequency fluctuations, statistical
fluctuations like external thermal ones, can be
superimposed on deterministic changes.
So, a frequency drift can also be an extra-origin of
the f -6 slope in the resulting ovenized-oscillator PSD, in
addition to something like room temperature changes.
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Influence of Resonator Factors on Phase-Noise of OCXOs
I. Abramzon, A. Gubarev, O. Rotova, V. Tapkov
“Magic Crystal Ltd.” K.Marx Av. 18, bld. 29, 644046 PO box 2313, Omsk, Russia
e-mail: mxl@omsknet.ru, website: www.magicxtal.com
The paper is devoted to study of physical causes of phase-noise of crystal oscillators
associated with the crystal technology. It was found that this source contributes into the
phase-noise though instability of the quartz - electrodes transition (QET) modulating the
crystal parameters. A model linking the oscillator frequency fluctuations with instability of
QET, equivalent parameters of the crystal, and some regimes of the sustaining circuitry was
proposed and confirmed experimentally. Basing on this approach some ways of phase-noise
reduction were proposed and discussed in the paper.

Reduction of phase-noise of OCXOs has become
nowadays one of the most important problem and
subject of permanent efforts of researchers in the field.
For a long time main noise sources of the phase-noise
were associated with the sustaining circuitry while the
crystal was considered as a noiseless filter element
included in the oscillator feedback [1]. Although based
on such approach Leeson’s model proved its
correctness for many practical cases a lot of
experimental data don’t obey predicted 30 dBc/decade
slope in the crystal bandwidth exhibiting in reality up
to 40 dBc/decade rate. Such discrepancy stimulated a
search for alternative noise sources associated with
physical properties of the crystal.
As possible mechanism causing degradation of phasenoise of an OCXO influence of temperature
fluctuations of the oven construction on the crystal
frequency via the thermodynamic effects was studied
in many works. There was concluded that effect of
thermodynamic factors on the phase-noise becomes
substantial only at rather slow - below 0.1 Hz –
fluctuations of the oven temperature and can be
neglected at above 1 Hz frequency [2].
Another approach considering fluctuations of the
crystal’s equivalent parameters as main noise source
was described in [3]. Proposed by the authors model
provided adequate description of an oscillator phasenoise pattern basing on noise factor of motional
resistance and capacity of the crystal. However
physical causes of the fluctuations of the crystal
parameters were not taken into account that didn’t
allow elaboration of any methods of phase-noise
reduction.
Meantime many researchers noticed distinct
correlation of the oscillator phase-noise properties with
state of the transition between crystal surface and the
film electrodes depending on quality of the surface and
the film deposition process [4]. The idea of quartzelectrode transition (QET) as substantial factor of the
oscillator phase-noise was confirmed by testing
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“electrodes-less” designs exhibiting utmost figures of
the phase-noise and short-term stability [5].
A goal of the present work was experimental study and
modeling of OCXO phase-noise factor associated with
QET instability and basing on this ground elaboration
of practical methods of phase-noise reduction.
II. EXPERIMENTAL STUDY
OF RESONATORS PHASE-NOISE
To prove the crystal is a substantial source of an
oscillator phase-noise providing additional rate to
predicted 30 dBc/decade slope of the phase-noise
pattern, we tested a number of 10 MHz SC-cut
OCXOs comparing slope of their phase-noise patterns
with the phase-noise level at 1 Hz offset. The results
are depicted in fig.1.

SC-cut 10MHz
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db/decade

I. INTRODUCTION
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Fig. 1. The slope of OCXOs phase-noise patterns versus
the phase-noise level measured at 1 Hz offset
As it follows from the data the rate of the slope falls
with decrease of the phase-noise level approaching the
“theoretical” 30 dBc/decade at about –105 dBc.
Obviously higher than –105 dBc level of the OCXO
noise should be related to the crystals intrinsic noise
factors.
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Indirect evidence of predominating role in the noise of
factors associated with the crystals surface was derived
by study of two batches of OCXOs using AT-cut 3d
overtone crystals operating at 5 MHz and packaged in
TO-8 holders. The OCXOs were divided into two
groups differing in mounting structure of the crystals.
While one group consisted of the crystals with twopoint fixture of the blank another group contained
crystals with four-point fixture. The difference in the
blanks fixtures resulted in difference of the crystals Qfactor value measured about 1.5 million for two-point
fixture and about 1.2 million for four-point fixture.
Phase noise test results of the OCXOs are depicted in
fig.2.
As it follows from the statistical data best figures for
both groups reach about - 108 dBc at 1 Hz offset that
roughly corresponds to best results achieved in similar
oscillator design with 10 MHz 3d overtone SC-cut
crystals in spite of essentially worse thermodynamic
properties and drive level dependence (DLD) of the
AT-cut resonators.
%
18
16
14
12

than –105 dBc phase-noise, the seconds have only
27% of the “low-noise” units. Such results can not be
understood by Lesson’s theory, but will be explained
latter by the crystals intrinsic noise.
As was stated in many works the most substantial
noise source associated with the crystal technology
originates from instability of the quartz-electrodes
transition (QET). Assuming that roughness of the
crystal surface should be influential factor of QET
instability we studied phase-noise of two groups of 10
MHz SC-cut crystals with different finish of their
surfaces. While one group contained the units with
perfectly polished surfaces another group consisted of
crystals with 1µ finish surfaces. All the units passed
through same fabrication process including
microscope inspection of electrode deposition quality.
Phase-noise of crystals was measured in special lownoise test design containing the oven to sustaining the
crystals temperature within 0.2˚C about the turn-over
point. Typical phase-noise patterns obtained with best
units of each group are depicted in fig. 3.
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Fig. 2. Phase-noise test data of 5 MHz 3d OT AT-cut
crystals
Another deduction drawn from the experimental data
is some advantage of OCXOs using “low” Q-factor
crystals over ones with “high” Q-factor units. While
the first batch includes about 40% of units with better

b)
Fig. 3. Comparative phase-noise tests of SC-cut
crystals with different surface quality: a) typical phasenoise pattern for best units with polished surfaces;
b) typical phase-noise pattern for best units with 1µ
finish surfaces.
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As it follows from the data phase-noise figures for the
best units with polished and 1 um finished surfaces
differ for about 15 dBc at 1 Hz and 10 dBc at 10 Hz
offset. Moreover the polished crystals provide within
0.1-10 Hz offset about 30 dBc/decade slope while the
1µ finished ones exhibited about 35 dBc/decade that
implies existence of additional noise source inherent
with the crystal surface.
III. MODELING THE INFLUENCE OF
QUARTZ-ELECTRODES TRANSITION ON
AN OSCILLATOR PHASE-NOISE
Carried
out
experimental
study
revealed
predominating role of QET on the resonator noise
properties. Obviously defects of the crystal surface,
contaminations, and micro-particles under the
electrode film and failures of the deposition process
should lead to deterioration of adhesion properties of
the electrode film.
That results into additional
dissipation of the oscillation energy and incomplete
compensation of the surface charges impacting on the
crystal’s motional resistance and capacitance.
Obviously under variation of temperature, mechanical
stresses or vibrations of the crystal surface the state of
QET may change that, in turn, should lead to
fluctuations of the crystal parameters and the oscillator
frequency.
Described physical model can be represented by
equivalent network of the crystal depicted in fig. 4,
where δRq determines fluctuating part of losses in
QET, Cqe is capacitance of QET, δCqe is fluctuating
part of Cqe.

δCqe

C0

δRq
Lq

Cq

Rq

Cqe

Fig. 4. Equivalent network of a crystal with QET
fluctuations.
To define fluctuation of the crystal equivalent
parameters caused by instability of QET state Q-factor
of the crystal can be expressed as ratio of its kinetic
energy W and sum of energies dissipating in quartz
structure (Eq), in the quartz-electrodes transition (Eqe)
and in the crystals periphery (Ep):
(1)
Q = W ( Eq + Eqe + E p ) ,
Differentiating (1) by Eqe and performing simple
transformation a variation of Q-factor versus variation
of Eqe can be expressed as:

δQ
Q

= −δE qe ⋅

Q
,
W

(2)

The energy lost in the film electrodes can be written as
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portion η of kinetic energy stored in the vibrating film
(We):

δQ
Q

= δ (η ⋅ We ) ⋅

M
M
Q
γ
= δη ⋅ Q ⋅ e = k ⋅ Q ⋅ e , (3)
Mq
Mq Ω
W

where δ η = γ/Ωk – fluctuation of energy lost in the
film electrodes depending on value and density of
defects in QET and obeying the flicker law; Me and Mq
– masses of the film electrodes and the quartz plate in
the active area of the crystal.
As δQ/Q = δRq/Rq expression for (3) is also valid for
simulation of the motional resistance variations.
For estimation of fluctuations of QET capacity we
assumed that relative value of the fluctuation δCqe/Cqe
should be in direct proportion with relative
fluctuations of energy dissipating in the electrodes and
then can be expressed as:

δC qe
C qe

=

γ

⋅ψ ,

Ωk

(4)

where Ψ is some function linking relative variation of
dissipating in the film energy with fluctuation of QET
capacitance.
Substituting (4) into well-known expression for
deviation of a crystal frequency caused by series
connected capacitance (Cqe in our case) and taking into
account that value of Cqe much exceeds the crystal
shunt capacitance we comes to expression for crystal
frequency fluctuation versus QET capacitance
variations:

δF
F

=

δCqe

.

Cq

Cqe 2C qe

=

γ
Ω

k

⋅ψ

.

Cq
2C qe

,

(5)

While variation of QET capacitance Сqe impacts on the
oscillator frequency directly, variations of motional
resistance and Q-factor produce frequency fluctuations
via FM and AM of the drive current. The latter induces
the frequency fluctuations through non-linearity of the
varactor (in case of its usage) and DLD of the crystal.
Expressing the oscillator frequency fluctuations caused
by modulation of the oscillation phase, varactor
capacitance and DLD of the crystal via functions Φφ,
Φv and ΦDLD complete expression for the frequency
fluctuations caused by QET instability can be written
as:

δF
F

+

= Φφ (

γ
Ω

k

⋅ψ

δQ
Q
.

) + Φv (

Cq
2C qe

,

δQ
Q

) + ΦDLD (

δQ
Q

)+
(6)

Equations (3) and (6) in fact represent considered
above physical model in terms of functional
relationships. Although accurate definition of
functions Φφ, Φv, ΦDLD and Ψ is a difficult task and a
subject of future researches the model links
fluctuations of the oscillator frequency with equivalent
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parameters of the crystal as well as with some regimes
of the sustaining circuitry. Analysis of the model
performed below allows better understanding observed
phase-noise behavior of oscillators as well as leads to
some methods of phase-noise reduction.
IV. ANALYSIS OF THE MODEL AND
METHODS OF PHASE-NOISE REDUCTION
As it follows from considered model instability of
QET defined by factor γ is main efficient of all
expression for the crystal parameters variations. Then
all improvements of polishing, cleaning, and film
deposition processes providing reduction of this noise
factor should result in decrease of the crystal noise.
Uncommon conclusion coming from the model is
direct dependence of fluctuations of the crystal
parameters on Q-factor at constant value of noise
factor γ. This theoretical deduction was confirmed by
experiments including one described above where
better phase noise of OCXOs was reached with
“lower” Q-factor AT-cut crystals. The phenomena can
be understood from the fact that improvement of Qfactor of two-point fixture units was reached without
reduction of energy losses in QET that even increased
fluctuating portion of dissipated energy in the crystals.
Important conclusion drawn from the model is
dependence of QET contribution into the crystal noise
on the electrodes mass/crystal mass ratio. Hence
minimization of the electrode mass and use of high
overtone crystals should bring advantageous in phasenoise properties. Another argument in favor of the
high-overtone crystals following from the model is
essentially lower value of their capacitance resulting in
reduction of the frequency fluctuations due to QET
variations. To prove this conclusion we tested a group
of 10 MHz 5th overtone SC-cut crystals fabricated with
careful control of the polishing and deposition process.
Typical phase-noise pattern for best measured units are
depicted in fig. 5.

As it follows from obtained results the 5th overtone
crystals exhibit about –110 dBc at 1Hz and - 140 dBc
at 10 Hz offset. These figures are about 6 dBc better
than those obtained with best 3d overtone SC-cut
crystals (fig. 3) that proves advantageous of the highovertone crystals for low-noise applications.
CONCLUSION
1. Influence of quarts-electrode transition of the
crystals was experimentally proved to be
predominating factor of the oscillator near-the carrier
phase-noise causing essentials (to 20 dBc) spread of
the phase-noise figures due to imperfections of the
crystal technology.
2. The model linking the oscillator frequency
fluctuations with QET instability, the crystal
parameters as well as with some sustaining circuitry
regimes has been proposed and discussed in the paper.
3. Some ways of the phase-noise reduction following
from the proposed model such as usage of high
overtone crystals, low-mass electrodes, and others
been suggested and confirmed experimentally.
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Fig. 5. Best phase-noise figures obtained with 5th
overtone 10 MHz SC-cut crystals
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Investigation of the distributed cavity phase shift in an atomic fountain
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We report on measurements to characterize phase gradients inside the Cs microwave cavity
in the SYRTE double fountain FO2. The clock frequency is measured as a function of the
tilt of launch velocity with respect to gravity, as a function of the microwave power and
when feeding the Ramsey cavity from either sides or symmetrically using the two
microwave feedthroughs. These measurements are made with typical uncertainty below
3×10-16 per point. They show clear non-vanishing results which can be compared to recent
theoretical models of the phase distribution.

I. INTRODUCTION
LNE-SYRTE is developing three atomic fountains
(FO1, FO2 and FOM) [1,2]. One of these fountains
(FO2) routinely achieves fractional frequency instability
of 1.6×10−14 τ−1/2 (where τ is the measurement time in
seconds), thanks to the use of a cryogenic sapphire
oscillator as an ultra-stable local frequency reference
[3,4]. Presently this clock realizes the SI second and
contributes to the elaboration of TAI with an accuracy
of 6.5×10−16. These fountain clocks are also used to test
fundamental physical laws such as the stability of
natural constants [5]. Recently we also performed a
stringent test of Lorentz Invariance with the FO2
fountain [6,7].
Among several systematic effects, the distributed cavity
phase shift is one of the significant limitations of atomic
fountains. This effect arises when the moving cold atom
cloud interacts with the imperfectly stationary
microwave field inside the Ramsey cavity. It has been
considered in several publications [8-12]. Usually
under optimized clock operation the distributed cavity
phase shift is expected to be quite small (less than few
parts in 1016) and there is no simple way to change or
magnify it alone to obtain unambiguous measurements.
Consequently most of the current evaluations of the
distributed cavity phase shift are based on theoretical
models of the phase distribution suffering from a lack of
comparison with experiments.
In the present work, by appropriately exploring nonoptimized clock conditions (fountain tilt, asymmetric
feed of the cavity, elevated microwave power), we are
inducing and measuring clear non-vanishing effects that
we can relate to the phase distribution alone. As we will
see, these measurements can be compared to theoretical
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predictions in order to assess the underlying model of
the phase distribution.
In a first part we present the experimental setup of our
fountain. Then we describe the experiment that we have
performed to investigate the distributed cavity phase
shift. In a third part we present the theoretical model
that has been compared via a numerical simulation to
our measurements. Finally we discuss the comparison
between the experiment and the model.

Fig. 1 – Sketch of the FO2 fountain. The fountain can run with
either cesium or rubidium atoms. For the study of the
distributed cavity phase shift the FO2 fountain was operated
with cesium.
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II. FO2 EXPERIMENTAL SETUP
The FO2 fountain [1-3] operates with an optical
molasses. Six laser beams are aligned along the axes of
a three-dimensional coordinate system, where the (111)
direction is vertical. The optical molasses is loaded from
a decelerated atomic beam. An additional transverse
cooling reduces the beam divergence and increases the
loading rate to 109 atoms in 100 ms. In the present
experiment a loading time of 220 ms was used.
Atoms are launched upward with a velocity of
4.334 m.s-1 (apogee 0.957 m), cooled to ~1 µK and pass
through a state selection microwave cavity. The F=3
mF=0 state is selected by adiabatic population transfer.
52 cm above the capture zone, a cylindrical copper
resonator is used to probe the hyperfine transition using
the Ramsey interrogation scheme. This cavity has a
quality factor Q=6600. Thanks to two opposite
microwave feedthroughs, the cavity can be fed either
symmetrically or asymmetrically. Resonant light is used
to detect the populations of the F=3 and the F=4 states
from which the transition probability is calculated.
The microwave signal probing the atomic transition is
synthesized from a cryogenic sapphire oscillator (CSO)
weakly phase-locked to a hydrogen maser [4]. The CSO
has an excellent frequency stability (~10-15) up to 800s,
whereas the long-term stability is given by the maser.
The 11.932 GHz output signal from the CSO is
converted in order to synthesize 11.98 GHz and
100 MHz signals, both phase coherent with the maser.
FO2 uses the 11.98 GHz signal to generate 9.192 GHz
by a frequency chain which achieves a frequency
stability of 3×10-15 at 1 second [4]. In order to tune the
interrogation signal to the atomic transition, a ~7.3 MHz
signal from a computer-controlled high-resolution
digital synthesizer is added within the frequency chain.
The detected atomic transition probability determines
the frequency corrections applied via the synthesizer.
These corrections are the basis for evaluating frequency
stability and measuring frequency shifts.
III. EXPERIMENT
The Ramsey cavity of the FO2 fountain can be fed from
two opposite feedthroughs located on the cavity
midsection. An “asymmetric” feed configuration
consists in feeding the cavity from only one side, the
other feedthrough being loaded on 50 Ω by a
microwave
isolator.
The
“symmetric”
feed
configuration consists in feeding the cavity from both
sides. This implies to equalize the microwave power of
each feedthrough and the phase between them at the
center of the cavity using the atoms as a probe. This is
typically done to better than 1% in amplitude and
80 mrad in phase.

In asymmetric feed configuration it is expected that an
energy flow is created from one coupling to the other.
This energy flow and the related phase distribution can
be modulated by switching between asymmetric and
symmetric feed configurations.
The experiment is tailored to measure the distributed
cavity phase shift difference between symmetric and
asymmetric feed configurations as a function of the
fountain tilt. The optical table on which the fountain lies
is set on three feet the height of which can be adjusted
manually. With this setup we are able to tilt the entire
fountain and hence the launch direction (z-axis) with
respect to gravity. As a result, we shift the center of the
atomic cloud between the first and the second Ramsey
interactions in order to explore the phase distribution in
the cavity.
In this experiment we tilt the fountain around the two
axes in the horizontal plane (Oxy): one parallel (x-axis)
to the feeding direction and the other one perpendicular
(y-axis). We measure the tilt using spirit levels with a
resolution of ~0.025 mrad. In order to eliminate long
term fluctuations, we perform differential measurements
by cycling between three feed configurations each
lasting 50 fountain cycles: symmetric feed, asymmetric
feed from one side and asymmetric feed from the other
side. For each tilt the sequence is repeated for 1 to 2
days to reach a statistical resolution below 3×10-16.

Fig. 2 – Fractional frequency difference between asymmetric
(1 and 2) and symmetric (0) feed configurations for π/2
Ramsey pulses as a function of the fountain tilt parallel to the
feed direction (tilt around the y-axis).  = asymmetric feed
from side 1 ; z = asymmetric feed from the opposite side.

In Fig. 2 measurements for π/2 Ramsey pulses are
shown. It is the average fractional frequency difference
between an asymmetric and the symmetric feed
configurations as a function of the fountain tilt around
the y-axis. With our typical resolution we see a clear
linear dependence of the shift with the tilt parallel to the
coupling irises. The sensitivity is about 4×10-15/mrad.
The sign is consistent with the simplest energy flow
picture.
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The maximal tilt (2 mrad) that we explored is
determined by the truncation of the atomic cloud. For a
tilt of 2 mrad almost half the atoms are lost.
We observe a good symmetry between the two
asymmetric feed configurations. The shift cancellation
appears for a tilt of 300 µrad which indicates a good ab
initio alignment of the numerous mechanical and optical
parts in the fountain.

Fig. 3 – Fractional frequency difference between asymmetric
(1 and 2) and symmetric (0) feed configurations for π/2
Ramsey pulses as a function of the fountain tilt perpendicular
to the feeding direction (tilt around the x-axis).  =
asymmetric feed from side 1 ; z = asymmetric feed from the
opposite side.

In Fig. 3 measurements for a tilt around the other axis
are presented. As expected in the simplest energy flow
picture the measured shifts are much smaller.

Fig. 4 – Fractional frequency difference between the
asymmetric feed (from side 1) and the symmetric feed
configurations for π/2, 3π/2 and 5π/2 Ramsey pulses as a
function of the fountain tilt parallel to the feeding direction.

In Fig. 4 similar measurements for several microwave
powers (π/2, 3π/2 and 5π/2 Ramsey pulses) are shown.
Since the results have opposite sign for the two feed
directions, only the measurements for one of the two
asymmetric configurations are shown. Measurements in
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the other tilt direction are much smaller as for the π/2
case (see Fig. 3). Fig. 4 shows a dramatic change of the
sensitivity to the fountain tilt which cannot be explained
by the simple energy flow picture. Most notably the
measurements at 3π/2 have a smaller slope than π/2
measurements with opposite sign. Note that a similar
behavior was observed in early measurements with the
FOM fountain [10] despite a substantially different
aspect ratio of the Ramsey cavity.

Fig. 5 – Fractional frequency difference between asymmetric
(1) and symmetric (0) feed configurations for π/2 Ramsey
pulses.  = asymmetric feed from side 1 ;  = asymmetric
feed from side 1, the power of the laser-cooling beams for the
optical molasses being unbalanced at the 10-20% level.

Additionally, as shown in Fig. 5, we have measured a
strong dependence of the shift with the laser power
coupled into the laser-cooling beams. A power
imbalance of the laser-cooling beams causes a shift of
the atomic cloud center and/or a change of the launch
direction. As illustrated in Fig. 5, a power imbalance at
the 10-20% level induces an effective change in the
launch direction of ~500 µrad.
Under optimized clock operation, the tilt is set to
300 µrad in order to cancel the feed dependent term
based on measurements of Fig. 2 and the cavity is fed
symmetrically. Estimating that the launch direction is
kept stable within ± 100 µrad, the feed dependent shift
remains smaller than 4×10-16. Consequently we expect
that the symmetric feed configuration cancels this term
to 10-17 even for relatively large imperfections of the
amplitude and phase adjustment.
IV. SIMULATION
Li and Gibble [11] have proposed an analytic
calculation of phase variations in a TE011 cylindrical
cavity with lossy copper walls and infinitely small
feedthroughs. In this approach the phase distribution is
decomposed in the following form:
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∞
r
Φ(r ) = ∑

∞

∑δ H (r , z, φ )

m = 0 p =1+

m, p

m,0

 2 k12 R  1 − (− 1) p
H m , p (r , z , φ ) = δ γ p × 1 + 2  ×
γ 1 D  2 (1 + δ m ,0 )

J (γ R ) J m (γ p r ) cos(k p z )
× 0 1
cos(mφ )
J 'm (γ p R ) J 0 (γ 1 r ) cos(k1 z )
(1)
where δ is the skin depth, k p = pπ / D ,
γ p = ω 2 / c 2 − k p 2 , R and D are respectively the radius

and the length of the cavity, J m ( x ) are Bessel

functions and J 'm ( x ) their derivatives. The Ramsey

Fig. 6 – Fractional frequency shift induced by the Hm=1,p=1
term as a function of the tilt in the feed direction for several
Ramsey pulse amplitudes and for a centered atomic cloud.

cavity of the FO2 fountain has a radius of 2.50 cm and a
length of 2.68 cm. Its center is placed 51.85 cm above
the center of the optical molasses.
In an attempt to compare our measurements to this
model, we have performed a numerical simulation to
compute the behavior of the main terms in Eq. (1). The
numerical Monte Carlo (MC) computation is based on
randomly drawing atomic trajectories in accordance
with the experimentally measured space and velocity
distributions. For each trajectory the evolution of the
internal atomic state is calculated in a two-level atom
model using the Runge-Kutta method with adaptative
time step. The truncation of the atomic cloud by the
cavity is taken into account both on the way up and on
the way down. For each trajectory the transition
probability is computed on both sides of the atomic
resonance. The difference between the two transition
probabilities is used as an error signal to run a numerical
servo-loop identical to the one used in the fountain
routine. In this simulation the microwave field
amplitude is modeled as a perfect cylindrical TE011
mode. The phase is successively made equal to each of
the Hm,p terms in Eq. (1). The frequency shift is
computed for several tilts with respect to gravity and for
π/2, 3π/2, 5π/2 and 7π/2 Ramsey pulses. Also the
calculation has been made for an atomic cloud offcentered by 2 mm in the horizontal plane in the feeding
direction. Since our experimental procedure based on
measuring the frequency difference between symmetric
and asymmetric feed configurations isolates odd terms
(m=1, 3, 5…), only these terms are discussed here.

Fig. 7 – Fractional frequency shift induced by the Hm=1,p=1
term for an atomic cloud off-centered by ∆x = -2mm.

Fig. 8 – Fractional frequency shift induced by the Hm=1,p=3
term as a function of the tilt in the feed direction for several
Ramsey pulse amplitudes and for a centered atomic cloud.
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V. SIMULATION VS MEASUREMENTS
COMPARISON
The above analysis suggests the possibility that our
measurements could be described using only the two or
three lowest order terms. To test this, we have
performed a fit of our measurements assuming that the
odd component of the phase distribution is simply a
linear superposition of Hm=1,p=1 and Hm=1,p=3 . We find
Φ(r,z,φ) = 4.7 × Hm=1,p=1 + 120 × Hm=1,p=3 . The
comparison between the measured slopes and the best
fit results is given in Table 1. We can see that the
agreement between the fit and the measurements is quite
good, given the simplicity of the model.
Fig. 9 – Fractional frequency shift induced by the Hm=1,p=3
term for an atomic cloud off-centered by ∆x = -2mm.

Fig. 6-9 show the result of the numerical computation
for Hm=1,p=1 and Hm=1,p=3 for a centered atomic cloud and
a cloud off-centered by ∆x = -2mm. As we can see, the
lowest order term Hm=1,p=1 is mostly insensitive to
change in microwave amplitude. Conversely the Hm=1,p=3
term exhibits magnitude and sign variations very similar
to those observed in our measurements.

Ramsey
pulses

Measured
sensitivity
(Hz/rad)

π/2
3π/2
5π/2

0.029
-0.013
0.12

Simulated
sensitivity
(Hz/rad)
0.022
-0.012
0.14

Ratio
0.74
0.95
1.2

Table 1 – Comparison between the measured sensitivities to
fountain tilt for different Ramsey pulse amplitudes and the
sensitivities deduced from the best fit based on [11] and on the
MC simulation (Φ(r,z,φ) = 4.7 × Hm=1,p=1 + 120 × Hm=1,p=3).

We have also tested the fit using Hm=1,p=1, Hm=1,p=3 and
Hm=1,p=5 and we find similar weights within 20% for the
two leading terms.
From these results we can deduce a value for the phase
gradient along the coupling axis at the center of the
cavity. We find a gradient of ~93 µrad/mm with a
contribution of ~79 µrad/mm for Hm=1,p=1 and
~14 µrad/mm for Hm=1,p=3. For comparison the order of
magnitude for this gradient is given by
2π/R×π/(2Q)= ~60 µrad/mm.

Fig. 10 – Fractional frequency shift induced by the Hm=1,p=5
term as a function of the tilt in the feed direction for several
Ramsey pulse amplitudes and for a centered atomic cloud.

Fig. 10 shows the Hm=1,p=5 term. There is a sign change
between π/2 and 3π/2, while 3π/2 and 5π/2 data have
the same sign. The calculation for m>1 terms shows no
clear variation with tilt. Additionally, as pointed out in
[11], the influence of these terms is expected to be
exponentially small.
Note also that we have verified that the numerical
simulation produces no significant shift for a tilt in the
other direction as observed in our measurements.
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The weights that we found for the two first odd terms
differ very significantly from those predicted by the
model of [11] reproduced in Eq. (1). Indeed our
notations are such that agreement with [11] corresponds
to weights equal to unity. In our view this illustrates the
fact that the model of [11] is not fully adapted to
describe our cavity. We believe that the main
explanation for the mismatch is coming from the fact
that the model assumes infinitely small feedthroughs
and therefore a quality factor equal to the theoretical
limit (Q=27500 in our geometry). Contrary to these
assumptions our cavity has 5 mm diameter coupling
irises leading to an overcoupled cavity with a quality
factor of 6600. Interestingly the weight of the Hm=1,p=1
term is quite close to the ratio between the two quality
factors (27500/6600 ≈ 4.2). Compared to Eq. (1) the
measured weight of the Hm=1,p=3 term is 120/4.7 ≈ 25
times larger. We think that one possible explanation for
this mismatch is the fact that our 5 mm diameter iris
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diffracts much less in high order Hm,p terms than the
infinitely small coupling, which therefore increases the
weights of low order terms.
VI. DISCUSSION
As a follow-up to this work, it is necessary to confirm
the above assumptions concerning the mismatch
between our analysis and [11]. In particular a new
derivation accounting for the finite size of the coupling
irises should explain the weight of the Hm=1,p=3 term. As
a second step we hope that the same derivation will
allow us to estimate the weights of the lowest order
even terms which are predominant under optimized
clock operation (symmetric feed). Also the effect of the
perturbation introduced by the cut-off waveguides [11]
has to be considered even though we expect it to be
small. Completing this program should eventually lead
to estimating the uncertainty of the distributed cavity
phase shift based on an experimentally proven model.
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This paper focuses on two effects due to the microwave interrogation signal imperfection. The first one deal with cycle
synchronous phase transients due to the sequential operation of the atomic fountain. For the search of such a phase
variations deeply buried in the synthesizer phase noise we have developed a triggered transient phase analyzer able to
process the microwave signal in order to extract the phase in a synchronous fashion. With this device we check “in
vivo” the FO2 interrogation signal with a resolution approaching 1microradian. Using this device we investigate a new
generation of microwave switches able to reduce drastically the microwave leakage without inducing any phase
transient on the microwave signal and we measure the microwave leakages on the FO2 atomic fountain at the 10-16.

I. INTRODUCTION

Phase [mrad]

Atomic fountain frequency standards are becoming the
most widely used high accuracy atomic clock [1]. About
six fountains currently participate at the definition of the
SI second at a level of 10-15 or better [2-7] and at least
fifteen more standards are under development [8].
Beside classical metrological and timekeeping tasks,
accurate and stable atomic fountains clocks can perform
fundamental physics tests like special relativity tests [9,
10] and of fundamental constant variations tests [11-15].

8
6

0
-2
-4
100

300

500

time[ms]

700

Figure 1. Temporal behavior of the phase of the interrogation
oscillator during the fountain cycle

More than ten years after the first operation of an atomic
fountain as a frequency standard [16] the projected goal
of 10-16 accuracy has no yet been achieved. When
approaching this level of accuracy all the systematic
effects need to be evaluated at a level better than 10-16.
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Figure 2. Phase transient during the Ramsey interrogation
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The frequency synthesizer problematic has been already
addressed for atomic fountains and different designs
have been implemented [17-19]. In this paper we focus
on two effects due to the microwave interrogation signal
imperfections.

The first effect is due to the sequential operation of an
atomic fountain. Lets us suppose a phase perturbation
hidden in the interrogation signal (see figure 1),
synchronous with the interrogation cycle with an
average value of Δφ [rad] between the two Ramsey
interactions, the resonance central frequency will then
be shifted by Δν=Δφ/(2 π T) [Hz], where T is the
Ramsey time (0.5 s typically) (see figure 2). For
example a tiny 10 μrad average phase difference leads
to an unacceptable fractional frequency offset of 3x1016
.
The phase transient could be due to digital signal
switching and RF power commutation on the acousto
optic modulators (a few watts), affecting for example
one of the phase locked loops inside the synthesizer via
electromagnetic compatibility (EMC). The digital
control command of the offset synthesizer [1] which
provides frequency tunability and modulation to the
output of the fountain microwave synthesizer can also
lead to phase perturbations completely synchronous
with the fountain interrogation cycle
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The search for such a phase variations which are deeply
buried in the noise is a quite difficult task. For such a
purpose we have developed a triggered transient phase
analyzer which is able to process the microwave signal
in order to extract the phase with one to five
milliseconds time resolution in a synchronous fashion.
In the next chapter we will describe the measurement
set-up and the related algorithms.
II. TRIGGERED PHASE TRANSIENT
ANALYZER.
II.1 Hardware set-up.
In order to process the interrogation oscillator signal we
first down convert from the microwave domain to
acoustic frequency where it is possible to use an
inexpensive and computer interfaced Analog–to-Digital
sampling board. The schematic of the microwave
demodulator is depicted in figure 3. This device has two
inputs, one for the reference synthesizer one for the
device under test (DUT). The reference input signal
saturates the LO port of an I/Q microwave mixer and
the DUT feeds the RF port, both signals are band pass
filtered and the microwave isolators provides a good
impedance matching at the measurement frequency
(9.2 GHz). The mixer outputs are low pass filtered with
microwave filters and amplified with AC coupled low
noise audio amplifiers with a bandwidth of 10 kHz. The
two input synthesizer have a frequency offset of
4.3 kHz. This beatnote signal is amplified to match the
A/D converter input range (±5 V). The demodulator setup provides the sampling clock at 250 kHz phase
coherent with the microwave signals.
μW isolators

+6dBm

LPF

RF

I

LO I/Q

Q

mixer

BPF

μW amp.

LF amplifiers

-15to-40dBm

beat note 4300 Hz

Figure 3. Microwave demodulator set-up

Both beat-notes contains the same amount of
information, thus we use only one output of the
demodulator (the two signals I&Q are used in the case
of phase noise measurement on DC signals). The
beatnote signal is acquired at 250 kS/s rate with 16 bit
resolution (National Instrument NI-6143 PCI). The data
acquisition board is embedded in a high performance
computer. An asynchronous digital trigger signal is
provided to the board by a Direct Digital Synthesizer
(DDS).

II.2 DSP Algorithm description.
The data flow from the A/D board is handled by DSP
software developed in a CVI environment. On the
trigger edge the card start to digitize and the input
sequence is stored in a vector. The data acquisition
length can vary from 0.4 s to 2 s according to the
fountain cycle. After the end of the data acquisition
period, the sampled sequence is decimated and filtered
down to a rate of 25 kS/s. This task is accomplished by
a computing efficient two stages multirate polyphase
Finite Impulse Response filters (FIR). This operation
increases the effective dynamic range to 18 bits. The
decimated sequence is then processed, with two
different algorithms.
sin(ωnts)
cos(ωnts + φ(nts))
LPF

- sin(φ(nts))

cos(ωnts)
arctg
LPF

LPF 1

M=5

cos(φ(nts))

LPF 2

phase
unwrap

φ(nts)

1kS/s
polyphase filtering
and decimation (factor 25)

M=5

Figure 4. Block diagram of the I&Q digital demodulation algorithm

The first approach is the digital implementation of the
well know analog I/Q demodulator. The data vector is
multiplied with two sequences of sampled sine and
cosine functions. The two outputs are then low pass
filtered and decimated down to 1 kS/s (see figure 4).
The phase is obtained by calculating arctangent function
of the ratio followed by a phase unwrap operation. The
equivalent bandwidth is 400 Hz. To check the
consistence and the accuracy of the results, we
implement a second approach to the phase calculation.
The algorithm is based on a robust linear fit (Single
Value Decomposition SVD) where the signal model is
the sum of a sinus and a cosine function with know
frequency and unknown amplitude. It is worth recalling
that this is a linear fit. The 25 kS/s stored sequence is
divided in 5 ms data packets. For each group the fit
routine returns a value of the phase.
The DSP software includes a data rejection feature
applied to both algorithms. At each cycle we compute
the standard deviation of the phase samples and this
value is compare to an operator settled limit. In case of
overflow the complete data vector is discarded.
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25kS/s

III. PHASE TRANSIENT EVALUATION ON THE
FO2 FOUNTAIN.
t

0 ms

10

5 ms

15
A sin(ωt)+B cos(ωt)

first
packet

second
packet

third
packet

With the TPTA we implement an “In vivo” phase
transient evaluation of the FO2 fountain interrogation
oscillator. Figure 5 shows the measurement set-up. The
TPTA is connected to the fountain synthesizer and to an
unperturbed reference synthesizer. The fountain clock
operates in normal conditions and the control computer
drives frequency and amplitude of the fountain
synthesizer.

200 points par second
time resolution 5ms
fit

fit

-5

2x10

fit

φ[0]

φ[1]

φ[2]

Figure 5. Fit algorithm description.
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To reach the required phase resolution the DSP software
averages the phase vectors and stores periodically the
result. The resulting phase noise on the sampled phase
decreases as the square root on the integration time. The
consistence of the algorithms and the accuracy of the
phase determination have been checked in many
different ways. For example we slightly detune the DUT
synthesizer output by a tiny 10μHz and we observe after
few hours averages a linear phase ramp of 20π μradians
over one second.

2x10
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1x10
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-1x10

-5

-2x10
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Data acquisition

GPIB Bus

&DSP soft

DDS 1

fountain
synthesis
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9.19..GHz
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synthesis
DDS 2

NI-6143
analog

I ac
Q ac

demodulation

input

bench

16bit A/D

PCI Bus

250kS/s
clock trigger

10 MHz
250kHz sampling clock

Figure 6. Phase transient measurement set-up on the FO2
fountain

The Triggered Phase Transient Analyzer (TPTA)
resolution has been tested over a wide range of
conditions (signal level, different microwave
synthesizer) and the average phase routinely reach sub
μrad resolution. The averaging time depends on the
phase noise of the synthesizer (typically between a few
hours to a few days integration time) for a sample length
of about on second.
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Cycle Time [ms]

Figure 7. “In vivo” phase transient measurement on FO2
(upper plot is obtained with the digital I/Q algorithm and the
lower graph with the SVD fit method).

The acquisition is triggered by the fountain cycle. Both
synthesizers are driven by a 100 MHz derived from the
cryogenic sapphire oscillator [19] with isolated paths.
Figure 6 shows the measured phase transient on the
fountain experiment. We can observe a well resolved
phase jump of about 15 micro radians with both
algorithms.
The phase jump occurs before the beginning of the
Ramsey interaction.
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microwave powers (3π/2, 5π/2, 7π/2….) to evaluate the
effect.
-6

1.5x10

IV.1 Transient less microwave switch.

-6

Phase [rad]

1.0x10

The sequential operation of the fountain allows switchoff the microwave field outside the interrogation cavity.
This solution although appealing has a major drawback:
a microwave switch shows strong phase transient with
time constant of the order of a few hundreds
milliseconds.
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Figure 8. Residual phase transient in the FO2 fountain

After few measurements we discover that the phase
jump is due to the power commutation on the acusto
optic modulators (AOM). A better electrical
configuration cancels out this effect. We also investigate
phase gradient due to the modulation of the offset DDS
synthesizer used in the local oscillator. We did not
observe any effect at the micro radiant level which is
compatible with an accuracy target of 10-16. Figure 8
shows a typical phase plot with a resolution close to one
μrad.
IV. THE MICROWAVE LEAKAGE SHIFT
SUPPRESSION IN A FOUNTAIN CLOCK.
The microwave leakage is one of the most difficult
technical effects to evaluate in a fountain accuracy
budget. This effect has been studied for the first time in
the case of thermal beams [20].
power comb.
μw iso
IN

dir.coupler

μw iso
OUT

μw iso

Δφ,ΔA
0-30°

0-3dB

TTL
contr.

Figure 8. Schematic of the microwave Mach-Zehnder switch

More recently this effect has been addressed in the case
of atomic fountain [21, 22] and despite the effort to
model this shift it is difficult to use the power
dependence when the fountain is operated to higher
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-2x10
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Figure 9. Phase transient analysis of the Mach-Zehnder switch
(black line low time resolution n with SVD fit method, grey
line high resolution digital I/Q algorithm).

A few years ago we develop a new kind of transient
less microwave switch. The concept is rather simple; we
realize a microwave Mach-Zehnder interferometer
which contains in one of the arm a PIN diode
microwave switch. If the interferometer is tuned to a
dark fringe configuration, when the switch is on the
interferometer output goes to low by a destructive
interference.
In this way the microwave signal which interacts with
the atoms is always unperturbed. Figure 7 shows the
practical realization of this “smart switch”, the isolation
and the impedance matching is improved using
microwave isolators. The interferometer is coarse tuned
in phase and amplitude by cable length adjustment and
fixed attenuators; a combined voltage controlled phase
shifter-attenuator (30° and 3dB range) is used to fine
tune the destructive interference. A microwave high
attenuation (80 dB) PIN diode switch is used in one
arm. An extinction ratio of 60-75 dB can be easily
obtained over short period of time.
A stable long term operation of 45-50 dB is ensured by
careful mechanical layout and tight temperature control
(<0.1°C). The switching time is dominated by the PIN
diode switch and is well below 100 ns. The insertion
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IV.3 Transient less RF switch.
With the previous experience on the microwave MachZehnder switch, we develop an RF dark fringe
interferometer with the same approach.

-4

1x10

Phase [rad]

losses are quite high (~17 dB). Despite the relatively
low attenuation, this switch is suitable to investigate the
microwave leakage especially the one inside the
fountain physical package. Using the TPTA we
investigate the output phase of the Mach-Zehnder
switch after switching. Figure 8 shows the result of two
measurements with different time resolution and
separated by more than six months.
At the
measurement resolution (2-3μrad) there is no clear
signature of phase transient. The measurements have
been repeated with different power levels and timings to
validate the previous measurements. This experimental
verification confirms the expected transient less
properties of the switch.

0

-4

-1x10

IV.2 A leakage free interrogation oscillator.
In the previous measurements the RF input signal of the
TPTA is switched and the result seems not to be
affected by parasitic phase transients. This suggests that
under some conditions is possible to switch the RF input
of a microwave mixer without generating phase
transients. To verify this conjecture we vary the driving
level and the brand of the mixer, all the measurements
are free of transient within the measurement resolution
of a few micro radians

IN

dir.coupler

dir.coupler

400MHz

-10dB

-10dB

IF

9.192GHz
RF
LO

25dB gain
8.792GHz

Δφ,ΔA

0-15°

0-5dB

TTL
contr.

Figure 10. Schematic of the RF Mach-Zehnder switch with the
related synthesizer.

. Let us consider the following synthesis scheme where
the IF port of a mixer is driven by a signal at 400 MHz
and the LO port with 8.792… GHz, at the RF output the
Cs hyperfine frequency is obtained. In this way we can
realize a leakage free synthesizer by switching the RF
signal driving the IF port. Unfortunately after extensive
tests with a few different technologies of RF switches
(Bipolar, AsGa, PIN diodes, relay, MEMS….) we still
observe large phase transient ranging from 20 μrad to
200 μrad with time constants in the hundreds of ms.
Figure 11 Show the typical behavior of a switch.
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Figure 11. Typical phase transient behavior of an RF switch.

Figure 10 shows the scheme of the RF Mach-Zehnder
switch and the related frequency synthesis
configuration. This device has a few major advantages
over his microwave counterpart: the phase and
amplitude adjustments are much easier at RF
frequencies; it is possible to obtain a stable 60 dB
extinction ratio without temperature control. Using an
inexpensive RF amplifier it is possible to have an
insertion loss below 2 dB. Also, with the low cost of the
device it is possible to cascade two of units to obtain a
merely 120 dB extinction depth. Figure 11 shows the
output phase after switching of the combination of the
RF interferometer and the mixer model used in the
atomic fountain FO2 in two different configurations.
As expected it is impossible to detect phase transients
within the measurement noise. We extensively
investigate different mixer models and driving levels for
IF and LO ports. The transient free behavior holds over
a very large range of driving levels (LO -10 dBm to +6
dBm, RF -40 dBm to -10 dBm) provided that the LO
level is 10-15 dB larger than IF.
V. INVESTIGATION OF THE MICROWAVE
LEAKAGE ON THE FO2 FOUNTAIN.
Using the previously described combination of switched
interrogation oscillator, we investigate the microwave
leakage in the atomic fountain FO2.
In a differential configuration we alternatively drive
every 50 cycles the atomic transition with the
continuous and the switched interrogation oscillator
microwave signal. The microwave signal extinction is
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10-6 radians. This test also reveals that a microwave
mixer can operate as a non dephasing switch under
certain conditions. This concept has triggered the
development of a leakage free microwave synthesizer
where the interrogating signal is generated only during
atom interrogation. This device has been extensively
measured to verify the absence of phase transient after
the microwave switching at the micro radian level.
-15

Fract. freq. diff (switched - continous)

done when the atom cloud is in the cavity cut-off
waveguides.
Figure 13 shows the relative frequency difference
between the two configurations as a function of the
microwave interrogation power level. Thanks to the
non-dephasing switch and to the differential method, the
effect of microwave leakage is well-isolated from other
microwave amplitude dependent effects (distributed
cavity phase shift, effect of spurious microwave lines,
cold collision shift). Figure 13 shows a frequency shift
due to leakage of 2x10-16 in normal clock operation (π/2
Ramsey pulses). For increase microwave amplitude,
measurements of figure 13 are consistent with a shift
proportional to the field amplitude with an oscillating
sign which indeed is one possible signature of a leakage
field in atomic fountains. Given this well understood
behavior, it is probably feasible to use these
measurements to correct this shift with an uncertainty
slightly below 10-16. Discussing this possibility goes
beyond the scope of this paper. Alternately, the
thoroughly tested non-dephasing switch can be used on
a permanent basis under clock operation in order to
fully eliminate the microwave leakage issue.
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Figure 13. Relative frequency difference between the two
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Figure 12. Measured phase transient of the combination of the
RF Mach-Zehnder switch and a microwave mixer for the

applied to the cavity or switched on only during the atoms are
in the cavity in function of the interrogation power level.

Using this new synthesizer we investigate the
microwave leakage on the atomic fountain FO2. The
measurement shows a frequency shift due to leakage of
2x10-16 in normal clock operation (π/2 Ramsey pulses),
well below the stated accuracy for the clock.
In the next future we plan to realize and test two more
systems to be implemented on all LNE-SYRTE
fountains and further investigate these devices with a
resolution below 1 micro radian.

fountain operation conditions.
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VI. CONCLUSIONS AND FUTURE
DEVELOPMENTS.
We have developed a Triggered Phase Transient
Analyzer with micro radian resolution to investigate the
phase of the atomic fountain microwave interrogation
oscillator. With this instrument we check “In vivo” the
FO2 interrogation signal phase. The measurements are
compatible with an accuracy target of 1x10-16.
Successively we address the microwave leakage issue.
To study this effect we first develop a transient less
microwave switch based in an original Mach-Zehnder
interferometer design. Using the TPTA we verify the
absence of phase transient with a resolution approaching
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Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
We investigated the eﬀects of microwave leakage ﬁelds in an atomic fountain clock. In a series of
experiments a test microwave signal was beamed into the vacuum system with controlled amplitude,
phase, and timing. The observed frequency shifts can be explained by a theoretical model based on
an iterative solution of the Bloch equations up to second order. This model applies to both caesium
fountain clocks and conventional thermal beam clocks and provides new and essential insights into
the problem of microwave leakage ﬁelds.

I.

INTRODUCTION

In primary caesium atomic clocks caesium atoms
are exposed to phase coherent microwave ﬁelds in two
well-deﬁned cavity regions (Ramsey conﬁguration) in
order to eﬀect transitions between the two hyperﬁne
ground state levels. Unless proper design measures
were taken, additional microwave ﬁelds can escape
from the microwave components of a clock (microwave
synthesis setup, cables and the cavity regions) and
leak into the vacuum regions outside the cavity. There
the presence of such additional microwave ﬁelds results in extra rotations of the atoms’ magnetic moment and thus can lead to a frequency shift that depends on amplitude and phase of those leakage ﬁelds.
Such frequency shifts were already observed in the
thermal beam clock CSX at PTB and corrective steps
were taken [1]. Later on, several experiments were
performed in thermal-beam clocks, by increasing the
microwave power inside the Ramsey cavities and looking for corresponding frequency shifts [2–4]. Using a
microwave signal that was intentionally beamed into
the vacuum system, several groups found an increase
of the frequency shift in thermal beam clocks with the
amplitude of the microwave test signal [5–7].
For special, idealized cases theoretical considerations were made. For instance, Boussert et al. [8]
found a rather complicated power dependence for a
running-wave leakage ﬁeld between the two Ramsey zones in a thermal-beam clock, with the ﬁrstorder term proportional to microwave amplitude and
a second-order term proportional to microwave power.
Other work [9] found a linear dependence on the amplitude of an additional standing-wave microwave ﬁeld
between the two Ramsey zones in a thermal-beam
clock and a more complicated, phase-dependent shift
when the Ramsey pulse area (Rabi frequency integrated over time) is changed synchronously with the
leakage amplitude.
In atomic fountain clocks it has become a standard
approach to check for the presence of microwave leakage ﬁelds by running the fountain clock with pulse

∗ Electronic

address: stefan.weyers@ptb.de

areas of odd multiples of π/2. Such modes of operation cannot be realized in thermal beam clocks due to
the broad range of velocities present in these clocks,
which results in a destructive interference of the resonance features for diﬀerent velocities. Jeﬀerts et al.
have treated the leakage problem in fountain clocks
theoretically by solving the Schrödinger equation in
a ﬁrst-order approximation [10, 11]. They point out
that frequency shifts are generally proportional to the
microwave leakage amplitude.
Recently, frequency shifts observed in a primary
caesium fountain standard were ascribed to additional
microwave ﬁelds outside the Ramsey cavity [12, 13].
However, the quadratic dependence of the frequency
shift on the microwave leakage ﬁeld amplitude assumed in [12, 13] is in contradiction to the results
of the earlier works.
We have chosen to study experimentally the shift of
the output frequency of PTB’s fountain clock CSF1
[14, 15] as a function of amplitude and phase of a test
“leakage” ﬁeld that we beam into the apparatus. This
test ﬁeld was time controlled by a PIN modulator, so
that we were able to study the eﬀect of leakage ﬁelds
either after the Ramsey interactions or between the
Ramsey interactions, and here for the two cases of a
strongly asymmetric or a rather symmetric time structure of the leakage ﬁeld with respect to the apogee of
the ballistic ﬂight of the atoms.
The experimental ﬁndings can be explained by our
theoretical approach, which consists in the iterative
solution of the Bloch equations up to the second order, distinguishing between the cases of leakage ﬁelds
present between the Ramsey interactions and after the
Ramsey interactions. Naturally, our ﬁrst-order solutions come out identical to that given in Ref. [11]. For
leakage ﬁelds present between the two Ramsey interactions, the ﬁrst-order term vanishes in the cases of
the optimum power condition, i.e., in the cases of pulse
areas which are precisely odd multiples of π/2. In
these cases the leading frequency shift contribution is
by the second-order term, which exhibits a quadratic
frequency shift dependence on the leakage ﬁeld amplitude. A corresponding term for beam clocks was
already calculated by Boussert et al. [8].
We could demonstrate in our fountain clock that
in practice this quadratic frequency shift dependence
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will be undiscernible. It requires an unrealistically
For EFTF,
the following
Proceedings of the 20th
2006 discussions, without leakage ﬁelds
 eﬀ can be considered as time independent during
precise and stable adjustment of the optimum power
Ω
condition and a strongly asymmetric leakage ﬁeld for
the interactions with the Ramsey cavity ﬁeld (each
the ascending and descending atoms. Nevertheless,
of duration τ ), the free-evolution period between the
we could measure this quadratic frequency shift, but
two Ramsey interactions (duration T ) and the freeonly by running the experiments under very special
evolution period between the second Ramsey interacconditions not found in normal fountain operation.
tion and the detection (duration Td ). In the ﬁrst case
However, we discovered another important eﬀect for
it is given by
the case of leakage ﬁelds acting between the Ramsey
interactions. The usual expectation is that all terms
 eﬀ = (ΩR , 0, −δ) ≈ (ΩR , 0, 0),
(2)
Ω
(ﬁrst and higher order) vanish if the leakage ﬁeld experienced by the atoms is symmetric with respect to the
where ΩR  δ is the Rabi frequency corresponding to
ﬁrst and the second half of the free-evolution period
the interaction in the Ramsey cavity and where at ﬁrst
between the Ramsey interactions. We could demonwe do not distinguish between possible diﬀerent Rabi
strate that this is only true as long as the amplitudes
frequencies for the ascending and for the descending
of the microwave ﬁeld in the Ramsey cavity seen by
 eﬀ is given by
atoms. For the free-evolution periods Ω
the atoms during the ﬁrst and the second cavity passage, respectively, are equal.
As explained below, this is usually not the case in
 eﬀ = (0, 0, −δ).
(3)
Ω
a real-world fountain clock. As a consequence, even
The precession angle α of the Bloch vector is thus
in the “symmetric” leakage case a frequency shift re eﬀ | ti with the respective intersults. Furthermore, this potentially large ﬁrst-order
obtained from α = |Ω
frequency shift can depend quadratically on the leakaction time ti equal either to τ , T , or Td .
age ﬁeld amplitude.
Before the ﬁrst Ramsey interaction the caesium
atoms are prepared by a state selection process [16]
in a hyperﬁne substate |F = 3, mF = 0, here repII. THEORY
resented by the Bloch vector b = (0, 0, −1). Using Eq. (1) and Eq. (2), one ﬁnds that after the
In our fountain clock CSF1 the state selection cavity
ﬁrst Ramsey interaction the atom is in a coheris located immediately below the cut-oﬀ tube of the
ent superposition of the states |F = 3, mF = 0 and
Ramsey cavity. Therefore leakage ﬁelds cannot inter|F = 4, mF = 0, the latter represented by the Bloch
act with the atoms during the time interval between
vector b = (0, 0, +1). This is because in normal opthe state selection and the ﬁrst Ramsey passage. We
eration the power in the Ramsey cavity is adjusted
will therefore concentrate in the following on the cases
such that the precession angle due to a single cavity
of leakage ﬁelds either between or after the Ramsey
passage is given by α = π/2 (π/2-pulse). However,
cavity passages. By the way, leakage ﬁelds before the
for monokinetic atoms experiencing all the same miﬁrst Ramsey passage can be treated in an analog mancrowave amplitude any odd multiple π/2-pulses work,
ner as leakage ﬁelds after the Ramsey cavity passages
as well. The probability of ﬁnding the atom in the
[8, 11].
states |F = 3, mF = 0 or |F = 4, mF = 0 is given by
We have solved the Bloch equations iteratively in
the simple relations P (|F = 3, mF = 0) = 1/2(1−bz)
the presence of time-dependent leakage ﬁelds with
and P (|F = 4, mF = 0) = 1/2(1 + bz ), respectively,
small amplitudes. We consider in the rotating-wave
where bz is the z-component of the Bloch vector b(t).
approximation an oscillating magnetic leakage ﬁeld
During clock operation usually the central Ramsey

 0 cos(ωt−φ), where φ is the phase relative to
B(t)
=B
fringe is alternately probed at its full-width-at-halfthe Ramsey cavity ﬁeld. The generalized Rabi vector
maximum (FWHM) points [16], which corresponds
 eﬀ (t) contains the in-phase (relative to the Ramsey
Ω
to alternately detuning the Ramsey cavity ﬁeld by
cavity ﬁeld) and quadrature components of the Rabi
±δFWHM = ±π/(2T ). That means that during the

frequency of the microwave ﬁeld B(t)
present during
free-evolution period the Bloch vector evolves again
the respective stage of the interaction. They are given
according to Eq. (1), but now in combination with
by the real part Ωr (t) and the imaginary part Ωi (t) of
Eq. (3) and δ = ±δFWHM for the two sides of the
 eﬀ (t). For a two-level system the Bloch vector b(t)
central fringe. After the second Ramsey interaction,
Ω
analogous to the ﬁrst one, and another subsequent
 eﬀ (t) = (Ωr (t), −Ωi (t), −δ), where
precesses around Ω
free evolution, the probabilities of ﬁnding the atoms
δ = ω − ω0 is the detuning of the angular frequency ω
in either state are detected. Therefore the detection
of the electromagnetic ﬁeld from the atomic transition
process corresponds to a measurement of the ﬁnal zfrequency ω0 . The Bloch equations are correspondcomponent of the Bloch vector bz (±δ) for either deingly given by
tuning. The servo loop of the clock ensures that the
ﬁnal Δbz = bz (+δ) − bz (−δ) is kept at zero by ad˙
b(t)
 eﬀ (t) × b(t).
justing the frequency of the probing microwave ﬁeld.
=Ω
(1)
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con-of thefrom
Proceedings
20th above
EFTF, together
2006
 eﬀ (t) = (ΩL
ditions results in a frequency shift proportional to Δbz
tor Ω
(t),
−ΩL
r
i (t), 0), now deﬁned by inL
when the loop is closed. In fact, from the open-loop
phase and quadrature components ΩL
r (t) and Ωi (t)
Δbz the resulting frequency shift in the closed-loop opcorresponding to the leakage ﬁeld, as input for the
eration can be directly calculated by using the slope of
Bloch equations (Eq. (1)). For our calculations we
the central Ramsey fringe. For a typical fringe width
have assumed small leakage ﬁeld amplitudes, i.e.
L
of 1 Hz, one can calculate the relative frequency shift
ΩL
r (t), Ωi (t)  δ. In a second step, the ﬁrst-order
−11
as Δν/ν0 ≈ 2 · 10 Δbz , with the caesium hyperﬁne
solutions obtained in this way can be used as b(t) in
transition frequency ν0 = 9 192 631 770 Hz.
Eq. (1) to obtain second-order solutions.
In order to take into account the eﬀects of leakAs a result we obtain for leakage ﬁelds between the
age ﬁelds present during the free-evolution periods
Ramsey interactions, including ﬁrst and second-order
between or after the Ramsey interactions, we used
terms:
for a ﬁrst-order solution the unperturbed solutions


δT T L
T
Ω (t) sin δ(t − ) dt
2 0 i
2


 T
 t
 t
2
L
L 


L
L 


+ 2 cos (ΩR τ )
Ωi (t) Ωr (t ) sin δ(t − t ) dt − Ωr (t) Ωi (t ) sin δ(t − t ) dt dt

Δbz = sin(2 ΩR τ ) cos


+ 2 sin2 (ΩR τ )

0

T

0

0

ΩL
i (t) sin δ(T − t)


0

0

t




L
ΩL
r (t ) cos δt dt − Ωr (t) cos δ(T − t)

where the ﬁrst term, representing the ﬁrst-order solution, is in agreement with the solution found in
Ref. [11]. This term vanishes due to the sin(2 ΩR τ )
factor at optimum Ramsey pulse area settings ΩR τ =
(2N + 1) π/2 with N = 0, 1, 2, . . ., whereas maximum
frequency shifts are obtained at Ramsey pulse areas
ΩR τ = (2N + 1) π/4 with alternating sign for increasing N . The ﬁrst-order term depends only on
the quadrature component ΩL
i (t) corresponding to the
leakage ﬁeld. This means that any resulting frequency
shift is proportional to the leakage ﬁeld amplitude. It
can also easily be seen that as the sine function within
the integral of the ﬁrst-order term is an odd function
with respect to t = T /2, for an even quadrature component ΩL
i (t) the ﬁrst-order term vanishes.
At optimum Ramsey pulse area settings ΩR τ =
(2N + 1) π/2 with N = 0, 1, 2, . . . the only remaining term is the third term, obtained from the secondorder solution. As it contains only products of the
in-phase component ΩL
r (t) and the quadrature component ΩL
(t),
the
frequency
shift becomes proportional
i
to the square of the amplitude of the leakage ﬁeld.
Furthermore, it does not change sign with increasing
N . But it is important to note that for real clocks
it is impossible to adjust the microwave power in the
Ramsey cavity to much better than about 1%. Due to
this fact, under normal circumstances the ﬁrst-order
term is dominating, unless the leakage ﬁeld amplitude
becomes rather large.
If leakage ﬁelds are present during one of the freeevolution periods, their most realistic and general


0

(4)





dt,
ΩL
(t
)
sin
δt
dt
i

t

characterization is that of a ﬁeld which is variable
in amplitude and phase along the atomic trajectories, depending in detail on the particular properties
of the respective vacuum chamber. We will restrict
the following discussions to the simple case of standing waves, consisting of two counterpropagating plane
waves with equal amplitudes and polarizations. We
have chosen this case because we have evidence of
a strong standing wave character of our experimental test ﬁeld inside CSF1. Our calculated results for
traveling waves are qualitatively similar to those for
standing waves and related details will be presented
elsewhere [17]. For the polarization of the standing
wave ﬁelds we assume in the following without loss of

generality that the magnetic ﬁeld vector B(t)
of the
leakage ﬁelds is always parallel to the constant magnetic ﬁeld direction along the atomic trajectories.
For a standing wave ﬁeld the in-phase and quadra eﬀ (t)
ture components of the generalized Rabi vector Ω
seen by the atoms along their path x(t) are given by
L
L
ΩL
r (t) = Ω (t) cos φ = Ω0 cos(kx(t) + η) cos φ
L
L
ΩL
i (t) = Ω (t) sin φ = Ω0 cos(kx(t) + η) sin φ, (5)

where k = 2π/λ is the wavenumber for wavelength λ,
and η describes the spatial position of the standing
wave ﬁeld envelope with respect to the Ramsey cavity. We note that in the case of a standing wave the
atoms experience a leakage ﬁeld with a time varying
amplitude ΩL (t) = ΩL
0 cos(kx(t) + η) but a constant
phase φ.
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are exposed
By inserting Eqs. (5) into Eq. (4) it canProceedings
be seen im-of theatoms
20th EFTF,
2006 to the same leakage ﬁeld during
their ascent and their descent. This happens in a
mediately that for φ = N π with N = 0, 1, 2, . . . there
symmetric way with respect to the apogee at time
is no frequency shift as in this case ΩL
i (t) = 0. From
T /2. On the other hand, from the graph the resulting
numerical integration of Eq. (4) we obtain the ﬁnal
Δbz (tl ) can be read oﬀ when the leakage stops at any
Δbz for a standing wave leakage ﬁeld present between
the two Ramsey interactions. Let us consider the case
other time 0 ≤ tl ≤ 0.5 s. In this case the leakage ﬁeld
of an exposure of the atoms to the leakage ﬁeld startis of course no longer symmetric and consequently in
ing immediately after the ﬁrst Ramsey cavity interacgeneral Δbz (tl ) = 0 is obtained. But from the zerotion. It is instructive to replace the upper limit T of
crossings of Δbz (tl ) for certain values of tl we recogthe integrals of Eq. (4) by a variable tl , which indinize that the asymmetry of a standing wave leakage
ﬁeld is a necessary but not a suﬃcient condition for
cates the time when the exposure of the atoms to the
frequency shifts to appear.
leakage ﬁeld stops. The resulting Δbz (tl ) is plotted in
Fig. 1 for the case of a standing wave leakage ﬁeld in
This result is diﬀerent from what is obtained if a
an atomic fountain.
leakage ﬁeld with constant amplitude and phase is assumed like in Ref. [11]: in this case we calculate that
|Δbz (tl )| increases monotonically for 0 ≤ tl ≤ 0.25 s
and decreases in a corresponding way for 0.25 s ≤ tl ≤
0.5 s. Moreover, due to the integration of a constant
leakage ﬁeld (Eq. (4)) the maximum value of |Δbz |
reached at the apogee is generally much larger compared to the maximum |Δbz | for any tl in the case of
a standing wave or a traveling wave [17]. If we use in
the calculation a constant ﬁeld with parameters analogous to the situation of Fig. 1 (ΩL
0 = 0.01 rad/s,
φ = π/4), the maximum |Δbz | is about a factor of 40
larger than the maximum |Δbz | obtained from Fig. 1.
This means that in general the frequency shift is overestimated if it is calculated based on an un-physical
“constant” leakage ﬁeld, instead of a realistic standing
or traveling wave leakage ﬁeld.
FIG. 1: Final Δbz as a function of the time tl (see text).
tl = 0 corresponds to the begin of the leakage ﬁeld interaction just at the end of the ﬁrst cavity passage and
tl = 0.5 s to the end of the leakage ﬁeld interaction just at
the begin of the second cavity passage. The initial velocity
of the atoms is v(tl = 0) = 2.5 m/s and the acceleration
of gravity is assumed to be g = 10 m/s2 , so that T = 0.5 s
and δ = π (operation at FWHM points). Other parameters have been arbitrarily chosen and do not have any
particular signiﬁcance: λ = 0.0326 m, η = −π/6, φ = π/4,
and ΩL
0 = 0.01 rad/s. Depicted is the resulting curve for
a realistic situation, where the optimum power is missed
by 1%: ΩR τ = 0.99 π/2.

For tl = 0.5 s we obtain Δbz = 0, which is due
to the fact that for the calculation of the graph in
Fig. 1 we used the properties of the ballistic ﬂight
path of atoms in a fountain: in the ideal case the

Now we would like to point out another important
eﬀect, which at least for fountain clocks may usually
be the dominating source of a frequency shift due
to leakage ﬁelds present between the Ramsey interactions. This eﬀect results from the fact that in general atoms traverse the Ramsey cavity at diﬀerent distances from the vertical cavity symmetry axis during
their ﬁrst and second Ramsey passages, so that the
atoms are exposed to diﬀerent microwave amplitudes
on their way up and on their way down. This is because in typical Ramsey cavities for fountain clocks
the microwave amplitude across the cavity apertures
varies by several percent. Depicting the Rabi frequencies for the ﬁrst and the second cavity passage by
ΩR (↑) and ΩR (↓), respectively, we obtain as a result
that the angles α1 = ΩR (↑) τ and α2 = ΩR (↓) τ for
the ascending and descending atoms can be slightly
diﬀerent. Instead of using Eq. (4) we ﬁnd for the ﬁnal
Δbz :





δT T L,o
T
δT T L,e
T
Δbz = 2 sin(α1 + α2 ) cos
Ωi (t) sin δ(t − ) dt + sin(α1 − α2 ) sin
Ωi (t) cos δ(t − ) dt
2 0
2
2 0
2
+ second-order terms,
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where for the ﬁrst-order term we have
split theof the 20th EFTF, 2006
Proceedings
quadrature component due to the leakage ﬁeld ΩL
i (t)
δT
into an odd function of t (with respect to t = T /2)
Δbz = 2 sin((2N + 1)(α̃1 − α̃2 )) sin
2
L,o
Ωi (t), and into an even function of t (with re T
T
L,e
spect to t = T /2) Ωi (t). The second-order terms
×
) dt
ΩL,e
i (t) cos δ(t −
2
0
are identical to those of Eq. (4), with the excepδT
tion that the factor cos2 (ΩR τ ) has to be replaced by
≈ 2 (2N + 1)(α̃1 − α̃2 ) sin
cos(ΩR (↑) τ ) cos(ΩR (↓) τ ) = cos α1 cos α2 and the fac2
 T
tor sin2 (ΩR τ ) has to be replaced analogously.
T
×
) dt.
ΩL,e
The ﬁrst term of Eq. (6) describes the eﬀect of
i (t) cos δ(t −
2
0
an asymmetric leakage ﬁeld as discussed before, in(7)
cluding now α1 = α2 . It can still be made negligible by adjusting the microwave power such that
with N = 0, 1, 2, . . . and α̃1 ≈ α̃2 ≈ π/2. This equaα1 + α2 = (2N + 1) π with N = 0, 1, 2, . . .. The second
tion gives the remarkable result that by using odd multerm survives even at optimum power. It describes the
tiple π/2-pulse operation modes we obtain a quadratic
frequency shifting eﬀect of the condition α1 = α2 in
dependence on the microwave amplitude setting due
the presence of a symmetric leakage ﬁeld between the
to the product (2N + 1) ΩL,e
i (t), as long as the leakage
Ramsey interactions. In contrast to the behavior of
ﬁeld amplitude is proportional to the microwave ﬁeld
this ﬁrst-order term the second-order terms still vanamplitude in the Ramsey cavity.
ish for perfectly symmetric leakage ﬁelds, even when
Finally, we also give here the calculated ﬁrst-order
α1 = α2 .
solution for arbitrary types of leakage ﬁelds and RamIn Fig. 2 the original result of Fig. 1 obtained from
sey pulse area settings close to the optimum (α1 ≈
Eq. (4) for a standing wave leakage ﬁeld (Eq. (5)) is
α2 ≈ (2N + 1) π/2 with N = 0, 1, 2, . . .), if leakage
compared to the result obtained from Eq. (6), where
ﬁelds are present after the second Ramsey interaction
we have included the eﬀect of α1 = α2 . It becomes
(t = 0) until the atoms reach the detection region
obvious that in the latter case the frequency shift does
(t = td ):
not vanish, even when the leakage ﬁeld is symmetric
(tl = 0.5 s). Furthermore, even a very small diﬀer td
ence between α1 and α2 of 0.5% results in much larger
Δbz = 2 sin α1 sin δT
ΩL
(8)
i (t) cos δt dt,
frequency shifts compared to the case α1 = α2 with
0
asymmetric leakage ﬁeld (tl < 0.5 s).
where we have omitted terms which due to Ramsey pulse area settings close to the optimum only
give small contributions compared to the contributions from Eq. (8). Frequency shifts are proportional
to the amplitude of the leakage ﬁeld and alternate in
sign for increasing N .
From Eq. (8) we obtain the same result as Levi et
al. obtained for the special case of a leakage ﬁeld of
short duration after the second Ramsey interaction
with amplitude and phase constant in time [11].
III.

FIG. 2: Final Δbz as a function of the time tl . Broken line:
Same curve as depicted in Fig. 1 (α1 = α2 = 0.99 π/2).
Full line: Δbz calculated for α1 = 0.99 π/2 and α2 =
0.985 π/2), but otherwise identical parameters.

When the frequency shift is dominated by the effect due to α1 = α2 , the resulting Δbz for odd multiple π/2-pulse operation can be written in the explicit
form:

EXPERIMENTAL SETUP

The PTB caesium fountain CSF1 is described in
detail elsewhere [14, 15]. For the experimental microwave leakage investigations we beam a test microwave ﬁeld either through one of the optical access
ports near the detection region or through the upper window for the vertical laser beams (Fig. 3). The
electrical part of the experimental setup is relatively
simple. The microwave signal produced by the 9-GHz
synthesis chain for the Ramsey cavity is split into two
paths. One of them supplies the interrogation microwave ﬁeld for the Ramsey cavity in the usual way.
The other path, which provides the test microwave
ﬁeld, consists of an X-band waveguide containing an
adjustable attenuator, a variable phase shifter and a
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MHz quartz oscillator. Its relative frequency is compared to the average relative frequency y(H) of two
hydrogen masers using a phase comparator. Depending on the size of the frequency shift an averaging time
of 1-5 minutes is chosen in order to clearly resolve
the shift within the frequency noise of the fountain at
such short integration times. In the plots shown below a diﬀerence frequency of zero corresponds to the
fountain output frequency in the absence of the test
microwave ﬁeld, while the statistical uncertainty is of
the order of the data symbol size.
magnetic
shields
C-field coil

1m

vacuum
container
Ramsey
cavity
state
selection
cavity
detection
zone

window

FIG. 3: Geometry of the vacuum subsystem of PTB’s
CSF1 caesium fountain clock. The horn antenna for the
application of a test microwave ﬁeld was positioned as close
as possible to one of the two windows marked in the sketch.

PIN modulator, used as rf switch (extinction 117 dB).
The X-band waveguide leads to a cable-coupled microwave horn, which is ﬁrmly positioned as close as
possible to an unused window at the vacuum cross
containing the detection zone, or at the top where one
of the vertical laser beams enters the vacuum system
(Fig. 3). This setup allows us to set the amplitude
and phase of the test microwave ﬁeld independently
of the pulse area in the Ramsey cavity and to switch
the test ﬁeld on and oﬀ at well-deﬁned times during
the fountain operating cycle, i.e., when the atom cloud
is at a speciﬁc position along its trajectory.
We note that any values of the phase of our test
microwave ﬁeld given in this publication refer to the
reading of the dial of the phase shifter. There is a
ﬁxed, but unknown propagation delay between this
device and the interior of the fountain. In particular, it would be an improbable coincidence if our
“phase 0◦ ” coincided with the “in-phase” situation described in Section II.
In the standard mode of operation of CSF1 the 9GHz synthesis chain is locked to the center of the
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IV.

EXPERIMENTAL RESULTS

In the fountain CSF1 atoms are launched with an
initial velocity of 4.04 m/s. They pass through the
Ramsey cavity after 130 ms for the ﬁrst time and after 695 ms for the second time. The upper detection region is reached 795 ms after the launch. In
the experiments described in the following, for a ﬁxed
amplitude setting the phase of the simulated leakage
ﬁeld was varied over a full cycle. It was checked in an
auxiliary experiment that changing the setting of the
phase shifter does not cause any noticeable amplitude
change of the microwave signal passing through.
In fountain clocks leakage ﬁelds present between the
ﬁrst and the second Ramsey passage would be expected to exibit a highly symmetric time structure
with respect to t = T /2. In our fountain such a leakage ﬁeld was simulated by beaming a test ﬁeld through
the upper port starting when the atoms pass through
the Ramsey cavity for the ﬁrst time, and stopping
when they pass through the Ramsey cavity for the
second time. In Fig. 4 the resulting frequency shift
is shown for a ﬁxed test ﬁeld power and for diﬀerent
Ramsey pulse areas.
In each case one observes an oscillating phase dependence that can very well be ﬁtted by a sine function. These experimental results are explained by
Eq. (7). From this equation we see that only the
symmetric part of the test leakage ﬁeld, described by
ΩL,e
i (t), contributes, so that the phase dependence is
given by sin φ (see Eq. (5)). Furthermore, in Fig. 4 one
sees that for a ﬁxed phase the frequency shift increases
linearly with the pulse area, as expected from Eq. (7).
Additional measurements of the frequency shift for
a ﬁxed phase and a ﬁxed Ramsey pulse area (not depicted here) revealed that the frequency shifts for leakage ﬁelds between the Ramsey interactions are proportional to the leakage ﬁeld amplitude over several orders of magnitude [17]. The combination of these experimental ﬁndings conﬁrms a quadratic dependence
of the frequency shift as predicted by Eq. (7), in the
case that the leakage ﬁeld amplitude is proportional to
the amplitude in the Ramsey cavity. This is probably
the explanation of the observed quadratic frequency
shift dependence reported in Refs. [12, 13].
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FIG. 4: Phase dependence of the relative frequency shift
y(CSF1 − H) due to a microwave test ﬁeld of ﬁxed amplitude, which is beamed into the apparatus from the upper port during the free-evolution period between the ﬁrst
and the second Ramsey cavity passage of the atoms (full
circles: 1 π/2-pulse, open circles: 3 π/2-pulse, open diamonds: 5 π/2-pulse, open squares: 7 π/2-pulse, open triangles: 9 π/2-pulse). The solid lines connect the data points
to guide the eye.

We should note here that the reason why the approximate solution Eq. (7) is suﬃcient to describe the
measured frequency shifts of Fig. 4 is that other contributions from the more complete solution, Eq. (6),
are negligible: the ﬁrst term of Eq. (6) is small due
to the factor sin(α1 + α2 ) ≈ sin(2N + 1) π (N =
0, 1, 2, . . .) and the second-order terms of Eq. (6) are
small as they depend quadratically on the leakage ﬁeld
amplitude and the test leakage ﬁeld is highly symmetric (second- and higher-order terms vanish for perfectly symmetric leakage ﬁelds).
In order to make visible the contributions by the
second-order terms we induced a test leakage ﬁeld exhibiting a highly asymmetric time structure with respect to t = T /2 by beaming a 5 ms test ﬁeld into
CSF1 through the upper port at a time 220 ms after
the launch of the atoms. In Fig. 5 the resulting frequency shift is shown for a ﬁxed test ﬁeld power but
varying Ramsey pulse area.
Due to the rather asymmetric character of the applied test ﬁeld in this case, we recognize that now the
second-order terms of Eq. (6) contribute to the frequency shift and may even become dominant when
the test ﬁeld amplitude is large enough. This is most
clearly the case in the optimized Ramsey pulse area
situation (full circles), where the contribution of the
ﬁrst term of Eq. (6) even vanishes due to the factor
sin(α1 + α2 ) ≈ sin π. In this situation contributions to
the frequency shift mainly come from the product of
the in-phase and quadrature components, ΩL
r (t) and
ΩL
i (t), so that the resulting frequency shift depends
on sin φ cos φ ∝ sin (2φ). The other curves of Fig. 5
show that away from the optimized Ramsey pulse area

FIG. 5: Phase dependence of the relative frequency shift
y(CSF1 − H) due to pulsed microwave radiation, which
is beamed into the apparatus from the upper port 220 ms
after the launch of the atoms on their way up for a duration
of 5 ms (full circles: optimized Ramsey pulse area (ΩR τ ≈
π/2), open diamonds: optimized Ramsey pulse area + 0.8
dB, open squares: optimized Ramsey pulse area + 3.5 dB).
The solid lines connect the data points to guide the eye.

situation the ﬁrst term of Eq. (6) becomes increasingly important and ﬁnally dominates, so that the resulting frequency shift depends mainly on sin φ (open
squares). Qualitatively similar results were calculated
by Dorenwendt and Bauch [9].
Finally, in Fig. 6 the frequency shifts are plotted for
experiments where a test ﬁeld was applied between the
second Ramsey interaction and the detection, 744 ms
after the launch and for a duration of 5 ms.
The observed frequency shifts exhibit a sinusoidal
dependence on the phase with alternating sign for an
increasing odd number 2N + 1 (N = 0, 1, 2, . . .) of
π/2-pulse areas as predicted by Eq. (8). The reason
for the increased amplitude of the curves for 7π/2and 9π/2-pulses is currently not clear.
Also in this case we performed measurements of the
leakage amplitude dependence for a ﬁxed phase and
a ﬁxed Ramsey pulse area (not depicted here), which
revealed frequency shifts proportional to the test ﬁeld
amplitude as predicted by Eq. (8) [17].

V.

CONCLUSION

By solving iteratively the Bloch equations we obtained general expressions for the frequency shifts in
caesium clocks due to the presence of microwave leakage ﬁelds between or after the Ramsey interactions.
An important ﬁnding, overlooked in the past, is the
strong sensitivity of the clock frequency to leakage
ﬁelds when the eﬀective pulse areas for the ﬁrst and
second Ramsey pulse are not precisely equal. This
may even be the dominating source of leakage-induced
frequency shifts. It was also pointed out that it is nec-
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into account realistic leakage ﬁelds like
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standing wave ﬁelds or traveling wave ﬁelds in order to
describe the eﬀects due to leakage ﬁelds qualitatively
and quantitatively correctly. Finally, conclusions from
these theoretical ﬁndings are in full agreement with
our experimental results.
All this has an important consequence for the operation of a primary frequency standard like CSF1. In
case one ﬁnds signiﬁcant frequency shifts due to microwave leakage upon variation of the Ramsey pulse
area it is unrealistic to expect that a proper correction could be applied because this would require a
model with enough sophistication to take account of
the speciﬁc characteristics of the leakage ﬁelds along
the trajectory of the atom cloud. Based on the results
presented here one therefore has no choice but to work
to remove any pulse-area dependence in the ﬁrst place
FIG. 6: Phase dependence of the relative frequency shift
or to include the observed frequency variation into the
y(CSF1 − H) due to a microwave test ﬁeld of ﬁxed ampliuncertainty budget.
tude, which is beamed into the apparatus from the lower
port during 5 ms after the second Ramsey cavity passage
and before the detection of the atoms (full circles: 1 π/2pulse, open circles: 3 π/2-pulse, open diamonds: 5 π/2pulse, open squares: 7 π/2-pulse, open triangles: 9 π/2pulse). The solid lines connect the data points to guide
the eye.

[1] T. Heindorﬀ, A. Bauch, and R. Schröder, PTBMitteilungen 94, 318–326 (1984)
[2] S.-I. Ohshima, Y. Nakadan, T. Ikegami, and Y. Koga,
IEEE Trans. Instrum. Meas. 38, 1100–1103 (1989)
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[17] S. Weyers, R. Schröder, and R. Wynands, in preparation

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

Power Dependence of the Shift Caused by Spurious Spectral Components in Atomic
Fountain.
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In this paper we analyze the behavior of the frequency shift caused by a spurious spectral
component in the microwave spectrum against variation of the excitation microwave field.
The theory of the shift caused by the presence of spurs in the microwave spectrum was
investigated in depth over many years, however for historical reasons the behavior was
never analyzed when microwave power is varied far above optimum. The theoretical
predictions are significantly different form the thermal beam case.
Furthermore the pulsed operation of a Fountain, with generally a well defined cycle time,
set some new constraints on the size of carrier sidebands even when they are symmetric.

I. INTRODUCTION

II. THEORETICAL RESULTS

For the past several decades, primary
frequency standards were based on thermal atomic
cesium beams. The thermal velocity distribution of
these beam standards in general did not allow operation
at high microwave power. High microwave power
however became widely used in laser cooled devices to
leverage the observation of various frequency shifts
related to microwave excitation imperfections. In a
typical Cs fountain primary frequency standard a
sample of cold atoms passes through the Ramsey cavity
at a speed of ~3 m/s with a spread in the average
velocity due to the thermal distribution of only ~1 cm/s.
Experiments where the Rabi frequency of the atoms in
the microwave field is varied to many times the
optimum (with pulse areas ranging from π/2, 3π/2, 5π/2,
... Nπ/2 with N ≤ 13), are commonly used to test for a
variety of microwave induced anomalies and frequency
shifts. Specifically, frequency shifts related to
microwave spectrum, microwave leakage and
distributed cavity phase are generally investigated by
the use of this method [1-5]. This technique may offer
leverage in the detection and calibration of the above
mentioned shifts. However, as has been demonstrated
for both the case of microwave leakage and distributed
cavity phase shifts [6, 7], the behavior of the frequency
shift at high power can be quite different from that
obtained with an extrapolation performed around the
optimum power and the presence of functions periodic
in the Rabi frequency, tend to dominate the physical
behavior of the shift. Therefore these tests must be
carried out with a great deal of care and rigorous
attention to the theoretical predictions.

The effect of spurious components in the
spectrum of the microwave excitation has been analyzed
by many authors [8-10]. A complete theory of the shifts
caused by single-sideband spurs in Cs beam primary
frequency standards can be found in [11] and is the
basis for the analysis reported here. From a theoretical
point of view the analysis of the shift in frequency
standards based on thermal beams or on laser cooled
fountains is indistinguishable, with the exception that in
fountain frequency standards integration over the
velocity distribution is not strictly necessary. Also, the
ratio of the Rabi to Ramsey lengths (l/L) is replaced by
the ratio of the respective transit times (τ/TR) for the
varying velocity of the atoms during their ballistic flight
in a Fountain cycle. The analytical derivation of the
shift carried out in [11] is quite complete and obtained
with only the approximations that each excitation has
constant amplitude and that the spur power is much
smaller than optimum power or the carrier power. We
recall here for the reader’s convenience the main result
obtained for mono-velocity atoms in [11]:

δω =

τ b12
TR b0

( y + z1 cos(∆TR ) + z2 sin (∆TR ))

(1)

where δω is the frequency shift, τ is the interaction time
inside the microwave cavity (Rabi time), TR is the free
flight time (Ramsey time), b1 and b0 are the Rabi
frequencies of the spur and the carrier respectively, ∆ is
the detuning of the spur frequency from the carrier, and
y, z1 and z2 are periodic functions of the excitation Rabi
frequency and are given by the following formulae:
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1
1
 b0
 cos(b0τ ) +
2
b0τ sin (b0τ )  ∆
1 − (∆ b0 )

3e-15

 ∆ b0

 − cos(b0τ )cos(∆τ ) − sin (b0τ )sin (∆τ )
b
∆

 0

cos(b0τ )
1
b0τ sin (b0τ ) 1 − (∆ b0 )2

{(cos(b0τ ) − 1) sin (∆τ )
(2)

b
+ 0 (1 − cos(∆τ )) sin (b0τ ))}
∆
cos(b0τ )
1
z2 =
b0τ sin (b0τ ) 1 − (∆ b0 )2

1e-15

Carrier Power π/2

0

-1e-15

-2e-15

{(cos(b0τ ) + 1) (1 − cos(∆τ ))

b
− 0 sin (∆τ ) sin (b0τ ))}
∆

It is evident from (2) that at those Rabi frequencies
where b0τ equals Nπ the shift, given by Eq. (1),
diverges. This has no particular physical meaning since
at those points no microwave excitation occurs (the
transition probability is zero). Further, even with the
very narrow velocity distribution in a fountain, the Rabi
frequency is not exactly the same for all the atoms.
However the shift behavior is dominated by those
divergences and also in this case the precise setting of
the excitation power is extremely important to minimize
the frequency shift.
Even if it is clear from (1) that the shift is proportional
to the spur power (when no other parameter varies with
the spur amplitude), this statement is essentially of no
practical utility, since as we will show, in almost all
practical cases the theory predicts a completely different
behavior for variation of the excitation power.
In the following sections of the paper, the analysis of
the frequency shift induced by spurs will be divided in
two parts, first a spur within the Rabi pedestal ∆ ≤ bτ
and second a spur outside the Rabi pedestal ∆ >> bτ .
In the following figures and theoretical evaluations and
plots a Rabi time of 10 ms and a Ramsey time of .5 s is
assumed if not stated differently in the text.
III. SPUR WITHIN THE RABI PEDESTAL
Within the Rabi pedestal the frequency shift
associated with a spur of a given amplitude is a fast
varying function of the frequency detuning from the
carrier (figure 1). If the excitation power is properly set,
this function is smooth, and the shift variation is
“proportional” to 1/τ, while if the Rabi frequency of the
carrier is not exactly set, a fast oscillation, whose
frequency is equal to 1/TR appears.
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Figure 1 – Frequency shift generated by a spur whose amplitude is -40
dBc, for exact excitation power (π/2 pulse) and for 1.05 ×π/2 pulse.

At higher excitation power the functional behavior
changes completely as can be seen in figure 2. For
example, when the excitation power corresponds to
exactly a 5π/2 pulse, we find the behavior shown in
figure 2. If the spur power is kept constant, the modulus
of the shift decreases with respect to the π/2 case. On
the other hand, if the ratio between the spur and carrier
power is kept constant, the shift can be either larger or
smaller in modulus depending on the spur frequency. A
π/2-5π/2 test (for example) to enhance the shifting effect
of a generic spurious component can therefore be
meaningless unless it is carefully coordinated with the
appropriate theory.

1.5e-14

Carrier
-40 dBc
detuningatvsπ/2
optSpur
power
Carrier
at vs
5π/2
Spur
detuning
Col
3 -40 dBc
detuning
vs 5pi-54dBc
spurrelative to π/2
Carrier
at 5π/2
Spur -40 dBc

1.0e-14

Relative Frequency Shift

y=

5.0e-15

0.0

-5.0e-15

-1.0e-14

-1.5e-14

-100

-50

0

50

100

Spur Frequency (Hz)

Figure 2 – Shift caused by a spur for excitation power corresponding
to π/2 and 5π/2 pulses

In Fig. 3, we show the prediction and
experimental data for the case of a single-sideband spur
which is kept at -20 dBc while the frequency of the spur
is varied. The data in red triangles are for the case of
optimum Rabi frequency so that the pulse area is π/2
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while the data in blue circles are from measurements
where the Rabi frequency was such that the pulse area is
3π/2. All of the experimental data shown here were
obtained with a Ramsey time of 0.565s and an effective
Rabi time of 5.59 ms. The theoretical curves for these
conditions, as predicted by Eq. 1, compare reasonably
well with the experimental data. We believe the
discrepancies between the prediction and data are
mostly due to the pulsed operation of the fountain in the
case of the π/2 data while these effects along with small
mis-adjustments of the Rabi frequency are probably
both apparent in the 3π/2data. The shape of the
excitation profile inherent in the theory is different from
the experimental excitation profile which is most
evident at spur detuning larger than half the Rabi width
(~15 Hz).

the spur frequency causes the frequency shift to be
essentially unaffected by small variations in the
microwave field amplitude. The measured frequency
shift at a given multiple of π/2 may therefore be
determined mostly by the fact that the microwave power
is different from optimum power and or by the details of
the spur frequency with respect to the Rabi time. Small
changes in launch velocity can therefore change the
frequency shift associated with a spur in a relatively
large fashion. Given the apparent large sensitivity to
these effects it seems quite difficult in practice to use
high power microwave tests alone to look for frequency
shifts caused by spurs in the microwave spectrum.
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Figure 3 – Experimental results obtained for a spur of amplitude 20dBc for excitation power corresponding to π/2 and 3π/2 pulses.

We now analyze the frequency shift with excitation
power in the neighborhood of optimum excitations, i.e.,
where the transition probability approaches unity. We
find that the value of the frequency shift depends
strongly on both how closely optimum microwave
power is obtained and on the details of the spur
frequency relative to the Rabi and Ramsey times. In Fig.
4, the value of the frequency shift caused by a spur 50
Hz from the carrier as well as one at 49 Hz, with a
power
-40 dBc is shown for the cases of optimum
power, optimum power ±1% and optimum power ±2 %
for the lowest occurrences of unity transition
probability. It is difficult to set the excitation power at
optimum better than a fraction of a percent in practice,
both because the atom trajectory through the microwave
cavity as well as variations in its velocity affect the
optimum microwave power. It is evident from the
striking differences between these two curves that the
behavior of the frequency shift is quite rich. The value
of the frequency shift at high microwave excitation
amplitudes is dominated by whether the microwave
field is slightly above or below optimum amplitude in
the case of a 50 Hz spur while a very small change in

Relative Frequency Shift

Spur Frequency - Hz.

2e-15
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-2e-15

-4e-15
0
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14

16

Rabi Pulse Area (π/2)

Figure 4 - Frequency shift calculated for a spur at 50 Hz and 49 Hz,
for excitation powers not precisely set.

IV. SPUR OUTSIDE THE RABI PEDESTAL
A different behavior can be observed when the
spur lays well outside the Rabi pedestal. For spur
frequencies up to few hundred Hz, small oscillations are
still present, however the behavior of the shift becomes
quickly monotonic for spur frequencies well outside the
Rabi pedestal; the shift decreases with respect to the
spur frequency as 1/∆ (figure 5). In figure 5 the
frequency of a spur, whose amplitude is -40dBc, is
varied from 200 Hz to 10 kHz.
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Figure 5 – Frequency shift calculated for a spur outside the Rabi
pedestal

Analyzing the behavior of the spur with respect to the
excitation power, when the spur frequency is well
outside the Rabi envelope, the behavior of the shift
changes dramatically because the y term in (1) becomes
dominant as the Ramsey structure diminishes. The
period of the singularities doubles with respect to the
previous case, occurring at b0τ=2Nπ, and the behavior
shown in Fig. 4 changes to a strong oscillation in the
frequency shift pattern. “Bi-stable” linear behavior with
microwave amplitude (and not power) can be observed,
as shown in figure 6.

3e-17
Nπ/2-2%
Nπ/2-1%
Nπ/2
Nπ/2+1%
Nπ/2+2%

Relative Frequency Shift

2e-17

1e-17

0

-1e-17

V. PULSED OPERATION
Because most fountain frequency standards
operate in the pulsed regime, it is worthwhile to
examine the consequences of pulsed operation. If we
consider the time-domain picture of the microwave field
as seen by the atoms it is generically similar to that
shown in Fig. 8. The microwave field is zero until the
atom enters the Ramsey cavity. It turns on smoothly to a
maximum and then turns off smoothly back to zero over
a time τ (the Rabi time). The microwave field is then
zero for a time TR (the Ramsey time) at which point the
microwave field again turns up smoothly to a maximum
and then back to zero. This pattern is then repeated for
each cycle of operation.
Suppose an unwanted pure frequency
modulation at frequency ω1 is present on the carrier.
The extraneous phase introduced by this modulation can
be written as:

β cos(ω1t )

-2e-17

-3e-17

Figure 7 - Frequency shift calculated for a spur at 50 kHz whose
amplitude is fixed while the carrier is varied.

0

2

4

6

8

10

Rabi Pulse Area (π/2)

Figure 6 – Frequency shift calculated for a spur at 50 kHz for
excitation powers not precisely set.

If the Rabi frequency of the carrier is changed without
changing the spur amplitude, (this can be the case of an
experiment where the carrier power is changed through
the RF channel of a Mixer, while the Spur is originated
in the LO channel), the magnitude of the shift decreases
with increasing excitation power (figure 7).

(3)

where β is the modulation index ( β = ∆f f1 where ∆f
is the frequency deviation produced by the frequency
modulation). We assume that the atoms are centered in
the cavity on the way up at t1 and again on the way
down at t2=TR+t1+τ, where t=0 is taken as the launch
time. The change in phase between the two interactions
due to the modulation is then given by:

δϕ = β [cos ω1t 2 − cos ω1t1 ] =
− 2β sin ω1 (t1 + 12 TR + 12 τ )sin ω1 ( 12 TR + 12 τ )

(4)

Associated with this phase difference would be a
frequency shift of order δϕ TR . N fountain cycles later
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the phase difference would be the same, with t1
augmented by NTcycle

Microwave Field Amplitude

1.0

0.8

0.6

0.4

0.2

τ

τ
tdead1

0.0

-0.2
0.0

tdead2

TR
T Cycle
0.1

0.2

0.3

0.4

Time

Fig. 8 - Amplitude modulation of the microwave power, as seen by the
atoms, during a fountain cycle.

As long as ω1Tcycle is not an integer times π (or an
integer times a rational fraction of π), this phase
difference and any accompanying shift will average to
zero after many fountain cycles. But if, for example, the
modulation frequency is 50 Hz and the cycle time is
exactly 1.020 s (51 cycles at 50 Hz), the same phase
difference will occur during each fountain cycle and the
associated shift will persist.
From a frequency point of view the microwave
spectrum effectively has all the harmonic components
that are multiples of 1 Tcycle . If one of these spectral
components is coincident with a component of the
frequency modulated spectrum, it will produce an
asymmetric sideband. Hence balanced sidebands present
in the synthesizer can cause frequency shifts, because
the pulsed operation of the fountain automatically
generates amplitude sidebands that may interfere.
VI. CONCLUSIONS

Given the extremely complex behavior of the
frequency shifts caused by the presence of spurious
components in the microwave excitation spectrum, we
conclude that high-power microwave tests are not well
suited for the detection of anomalies due to the presence
of spurious component in the microwave spectrum. And
these test when applied should be carefully analyzed by
comparison with appropriate theory. In general, no
leverage can be expected with experiments carried out
at higher excitation power. The amplitude and sign of
the shift can vary widely, depending on the spur
frequency, the Rabi-pedestal width, the Ramsey time
and whether the microwave power is slightly above or

below optimum. It is therefore very difficult to correct
for shifts related to spectral components. This difficulty
is compounded by the pulsed operation and possible
synchronicity between the spur frequency and the
fountain cycle time. Therefore, to guarantee a given
level of accuracy in a fountain frequency standard, we
must estimate the maximum ratio of acceptable spur to
carrier in the spectrum, and ensure that this ratio has
been met with independent measurements. For example,
assume that a fountain is operated with TR = 0.5 s and τ
= 0.01 s and must be accurate at fractional level of
1×10-16 level. A spur within the Rabi pedestal must be
reduced to almost -60 dBc. For a spur far off resonance
the constraints are more relaxed since larger detuning
allow higher spur powers. For example, a spur 50 kHz
from the carrier can be -20 dBc and still allow an
accuracy of 1×10-16.
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The design of the NPL’s intense rubidium fountain frequency standard, which is using an optical molasses loadable from a continuous magneto-optical source of cold atoms, is described. The
prospect and advantages of quasi-continuous regime of operation of the fountain are discussed.

I.

INTRODUCTION

The primary purpose of the project is to build a
Rb fountain frequency standard, the stability of which
will exceed the stability of Cs fountains. The cold collision frequency shift of Rb87 atoms is by a factor of 50
to 100 smaller than that of Cs atoms [1, 2]. The relative fluctuations of the measured Rb clock transition
frequency, caused by the shot-to-shot fluctuations in
collisional shift (due to variations in atomic density),
are expected to be below 10−16 . To use in full the advantage of a small collision cross section of Rb87 , all
other major sources of frequency fluctuations have to
be suppressed. The NPL’s cryogenic sapphire oscillator [3] with relative frequency stability about 5×10−15
for averaging times between 1 and 10 seconds will be
used as a local oscillator. The short term stability
will be limited by the quantum projection noise at the
level of σy (τ ) = 5 × 10−15 × τ −1/2 . This corresponds
to the number of detected atoms Nat = 108 provided
by more than 109 atoms accumulated in an optical
molasses from a continuous magneto-optical source of
cold atoms [4]. The cavity pulling frequency shift [5]
will be suppressed by precise tuning of the resonance
of the cavity to the atomic resonance via precise temperature control of the fountain’s C-field chamber. At
a later stage of the experiment, the cavity pulling and
collision frequency shifts can be reduced by operating
the fountain in a quasi-continuous (QC) regime.
Another purpose of the project is to measure the
frequency of the Rb hyperfine transition by comparing it to the frequency of the NPL’s Cs primary frequency standard [6]. So far only one group has reported precise measurements of the Rb hyperfine frequency [7, 8].

II.

DESIGN OF THE FOUNTAIN

The design of the fountain is shown in Fig. 1. An
optical molasses chamber is designed to have the same
angle α = 54.7◦ of all the molasses beams with respect
to the vertical direction (h1, 1, 1i-configuration). The
molasses is loaded from the magneto-optical low velocity intense source (LVIS), which provides a continuous
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flux of cold atoms about 8 × 109 at/s, at total laser
power of 60 mW [4].
Ion pump

Magnetic shields

Water
cooling

Solenoid
Clock RF cavity

State selection RF cavity

MOT source
of slow atoms

Optical molasses

Getter pump
Detection
chamber

FIG. 1: Design of the vacuum part of the Rb fountain.

The loading from the LVIS serves several purposes.
First, it allows rapid accumulation of a large atom
number in the molasses without spoiling the main volume of the vacuum chamber with thermal Rb vapour.
Second, the magneto-optical source cools down and
extracts only the Rb87 isotope, while the Rb85 isotope stays unaffected by the cooling light and is not
extracted from the LVIS chamber. The typical loading
curves of the main magneto-optical trap (or an optical
molasses) loaded from the LVIS source are shown in
Fig. 2. One notes that the loading rate of the optical
molasses is very close to that of the MOT and makes
it possible to accumulate 109 atoms in a ∼ 100 ms
loading period.
To control and stabilize the temperature of the
clock microwave cavity, which is located inside the aluminium C-field tube, the latter is supplied with a water jacket. The temperature of the water is controlled
with a thermoelectric chillier. Five type-T thermocouples are located on the body of the C-field chamber
and another one is on the clock cavity. Two layers
of thermal isolation, one at the outer surface of the
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C-field tube and another around the inner
magneticof the 20th
An alternative
Proceedings
EFTF, 2006approach, which does not rely on inshield, are used.
vacuum shutters, is a QC-regime of operation of the
atomic fountain. The idea is to produce a continuous
The cylindrical TE011 state selection microwave
flux of cold atoms generated by a special magnetocavity with a quality factor of Q = 1100 is made
optical source and to interrupt it by switching off all
of stainless steel and is excited with a loop antenna.
the resonant cooling light when the atoms enter the
The clock cavity is also a cylindrical TE011 cavity, but
interrogation region. Therefore, the resonant light is
made of copper and has a quality factor of Q = 19500.
excluded from being inside the vacuum chamber of the
It is excited with two rectangular microwave transfountain during the interrogation of the frequency of
formers, which are coupled to the cavity through two
the clock transition.
side holes. The atomic flux transits the cavity through
The realization of that general idea in our Rb founapertures of diameter d=1.6 cm in the top and bottom
tain is now described. First, a continuous beam of
caps of the cavity.
cold atoms with average velocity ∼ 10 m/s is generThe vacuum chamber is pumped by a small ion
ated with a LVIS source (Fig. 3a). After 100 ms of
pump (20 l/s) at the top of the fountain and a getter
operation the cooling light of the LVIS is switched off
pump, which is located between the molasses and the
and the flux of cold atoms is interrupted. Second, the
detection chambers.
cold atoms enter the bright moving molasses, which
is further cooling these atoms and accelerating them
1
upwards to a velocity of 4.5 m/s. Third, the transMOT
verse spread of the vertical slow atomic beam is re0.8
duced by cooling the atoms inside a far-detuned two0.6
dimensional molasses. The state selection process can
be added at this stage. After the atoms have passed
0.4
the two stages of cooling and vertical acceleration, all
light is switched off. As a result a cloud of cold atoms
molasses
0.2
(Fig. 3b) with vertical length of about 40 cm and diameter 1.5 cm, which is moving upwards with average
0
velocity
about 4 m/s, is produced.
8
0
2
6
4
For
a
monochromatic
atomic beam lasting for a duTime (s)
ration ∆t, which is launched upwards with initial velocity v0 , its vertical size is determined by the formula
FIG. 2: Temporal dependence of the number of atoms in
the main MOT (or molasses) loaded from the LVIS source
during 3 seconds.

III.

QUASI-CONTINUOUS FOUNTAIN

The usual way of operating an atomic fountain is
to launch a ball-like cloud of cold atoms vertically upwards once per frequency measurement cycle. The
juggling fountain [9], launches several atomic clouds in
sequence during the parabolic flight period from the
trap region and back. This is supposed to increase
the fountain’s stability by decreasing the dead time
between subsequent frequency measurements and to
reduce the density dependent frequency shifts. In
that respect a continuous fountain [10] is the best solution. The main problem of the juggling and continuous fountains is that the resonant cooling light,
scattered by atoms in the trap region of the fountain,
might strongly interact with atoms in the interrogation zone of the fountain. In [10] the attenuation of
the resonant light is achieved with a rotating velocityselective shutter. Another proposal [11] takes advantage of successive launching of multiple balls of atoms
of different velocities so that they reach the detection
at the same time.

∆s = (v0 − gt)∆t + g∆t2 /2,

(1)

where the time t is measured from the moment of
launch of the first atoms and g is the gravity acceleration. This formula is valid for t < v0 /g, when all
the atoms are moving in one direction, and shows a
compression of the vertical size of the atomic cloud
under its deceleration in the field of gravity. For example, at time t = 0.145 s an atomic beam of duration ∆t = 0.11 s has a vertical length of ∆s =
0.4 m. At the apogee of the atomic trajectory, where
half of the atoms is already falling down, the vertical size of the atomic cloud reaches its minimum
∆s = g(∆t/2)2 /2 = 1.5 cm.
The main advantages of the QC-operation of the
fountain frequency standard are as follows. First, the
cavity pulling frequency shift, which is proportional
to the number of atoms inside the microwave clock
cavity is expected to be suppressed by an order of
magnitude. This expectation follows from the fact
that for the same total number of atoms ∼ 109 the
vertical size of the atomic cloud is ten times larger
than the height of the microwave cavity h = 3.6 cm;
this means that only one tenth of the whole atomic
cloud is present inside the cavity at each moment in
time. Second, the large volume of the atomic cloud
essentially reduces the density of atoms and the corre-
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2006 [12] and measurements [13] predict
that the higher order partial wave cross sections of Rb
atoms in fully stretched hyperfine magnetic ground
substates do not essentially exceed the s-wave collision cross section. In reality the minimal vertical size
of the compressed atomic cloud at the apogee of the
fountain will be determined by the width of the vertical velocity distribution of atoms, which is expected
Detuned
2D-molasses
to be of the order ∆v ∼ 10 cm/s, because the verti10 m/s
cal cooling of atoms is produced by the bright optical
molasses only (see Fig. 3). The corresponding length
Atoms
LVIS
of the atomic cloud at the apogee is expected to be
Moving
Molasses
∆s ∼ 10 cm.
An additional benefit of the QC-fountain is that the
atoms are passing both molasses regions in sequence
b)
and therefore at each moment in time only a small
Clock cavity
part ( 1/40) is present at the cooling region. It allows
deep cooling of a large number of atoms without being limited by re-absorption of scattered photons. Another practical advantage of the QC-fountain is that it
uses only the laser beams of fixed frequency. It saves
laser power and makes the fountains optical system
simpler and more reliable.
Detuned
2D-molasses
In a future design of the QC-fountain, the space between the source of cold atoms and the clock cavity
LVIS
could be increased to several meters, which will inMoving
Molasses
crease the length and the total number of atoms in
the QC atomic beam without essential increase of the
fountain’s cycle time.
FIG. 3: The principle of the quasi-continuous fountain.
Such a QC-regime of operation of an atomic standard based on laser cooling of atoms might be also interesting for slow-beam standards, which are designed
to
be used in space.
sponding collision shift of the frequency. However, the

a)

~ 4 m/s

~ 40 cm
Atoms

Clock cavity

collisions of atoms in the QC-fountain are expected
to be slightly different from those in the usual fountains. At the apogee region of the QC-fountain during
100 ms the atoms will collide with each other with relative velocities from 0 to 0.5 m/s. For that velocity
range not only the s-wave collisions but also higher
order partial wave collisions become important. To
our knowledge the cross sections of the p-wave and
d-wave collisions for the clock transition of Rb87 have
not been measured so far. On the other hand theo-
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Using a Cs Fountain to Test Lorentz Invariance
1

2

P. Wolf1,2 ,∗ F. Chapelet1 , S. Bize1 , and A. Clairon1

LNE-SYRTE, Observatoire de Paris, 61 Av. de l’Observatoire, 75014 Paris, France
Bureau International des Poids et Mesures, Pavillon de Breteuil, 92312 Sèvres Cedex, France

We report on a new experiment that tests for a violation of Lorentz invariance (LI), by searching
for a dependence of atomic transition frequencies on the orientation of the spin of the involved states
(Hughes-Drever type experiment). The atomic frequencies are measured using a laser cooled 133 Cs
atomic fountain clock, operating on a particular combination of Zeeman substates. We analyze the
results within the framework of the Lorentz violating standard model extension (SME), where our
experiment is sensitive to a largely unexplored region of the SME parameter space, corresponding to
ﬁrst measurements of four proton parameters and improvements by 11 and 13 orders of magnitude
on the determination of four others. In spite of the attained uncertainties, and of having extended
the search into a new region of the SME, we still ﬁnd no indication of LI violation.

Lorentz Invariance (LI) is the fundamental postulate of Einstein’s 1905 theory of relativity, and therefore at the heart of all accepted theories of physics. It
characterizes the invariance of the laws of physics in
inertial frames under changes of velocity or orientation. This central role, and indications from uniﬁcation theories [1–3] hinting toward a possible LI violation, have motivated tremendous experimental eﬀorts
to test LI.
A comprehensive theoretical framework to describe
violations of LI in all ﬁelds of present day physics has
been developed over the last decade [4]: the Lorentz
violating Standard Model Extension (SME), motivated initially by possible Lorentz violating phenomenological eﬀects of string theory [1]. In its minimal
form the SME characterizes Lorentz violation by 19
parameters in the photon sector and 44 parameters
per particle [5, 6] in the matter sector, of which 40
are accessible to terrestrial experiments at ﬁrst order
in v⊕ /c [6] (v⊕ is the orbital velocity of the Earth and
c = 299792458 m/s). Existing bounds for the proton
(p+ ), neutron (n) and electron (e− ) come from clock
comparison and magnetometer experiments using different atomic species (see [5] and references therein,
[7–10]), from resonator experiments [11–13], and from
Ives-Stilwell experiments [14, 15]. They are summarized in tab. I, together with the results reported in
this work.
Based on the SME analysis of numerous atomic
transitions in [5, 6], we have chosen to measure a particular combination of transitions in the 133 Cs atom.
This provides good sensitivity to the quadrupolar
SME energy shift of the proton (as deﬁned in [5]) in
the spin 7/2 Cs nucleus, whilst being largely insensitive to magnetic perturbations (ﬁrst order Zeeman
eﬀect). The corresponding region of the SME parameter space has been largely unexplored previously, with
ﬁrst limits on some parameters set only very recently
[14] by a re-analysis of the Doppler spectroscopy experiment (Ives-Stilwell experiment) of [15]. Given the
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TABLE I: Orders of magnitude of present limits (in GeV)
on Lorentz violating parameters in the minimal SME matter sector and corresponding references. Indices J, K run
over X, Y, Z with J = K. Limits from the present work
are in bold type, with previous limits, when available, in
brackets.
Parameter
p+
10−27
b̃X , b̃Y
b̃Z
b̃T , g̃T , H̃J T , d˜±
d˜Q , d˜XY , d˜Y Z
10−25
d˜X , d˜Y
d˜XZ , d˜Z
g̃DX , g̃DY
10−25
g̃DZ , g̃J K
g̃c
g̃− , g̃Q , g̃T J
c̃Q
10−22(−11)
c̃X , c̃Y
10−25
c̃Z , c̃−
10−25
c̃T J
10−21(−8)

n
10−31
10−27
10−27
10−29
10−29
10−27
10−25
10−27
-

e−
10−29
10−28
10−22
10−22
10−9
10−19
10−19
10−6

Ref.
[7], [8], [9]
[9]
[10]
[10]
[5], [10], [5]
[5], [10], [5]
[10]
[14, 15]
[5], [11–13]
[5], [11–13]
[14, 15]

large improvements (11 and 13 orders of magnitude on
four parameters) we obtain with respect to those results, and the qualitatively new region explored (ﬁrst
measurements of four parameters), our experiment
had comparatively high probability for the detection
of a Lorentz violating signal. However, our results
clearly exclude that possibility.
We use one of the laser cooled fountain clocks operated at the Paris observatory, the 133 Cs and 87 Rb
double fountain FO2 (see [16] for a detailed description). We run it in Cs mode on the |F = 3 ↔
|F = 4 hyperﬁne transition of the 6S1/2 ground
state. Both hyperﬁne states are split into Zeeman
substates mF = [−3, 3] and mF = [−4, 4] respectively. The clock transition used in routine operation is |F = 3, mF = 0 ↔ |F = 4, mF = 0 at 9.2
GHz, which is magnetic ﬁeld independent to ﬁrst order. The ﬁrst order magnetic ﬁeld dependent Zeeman
transitions (|3, i ↔ |4, i with i = ±1, ±2, ±3) are
used regularly for measurement and characterization
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of the magnetic ﬁeld, necessary to correct the second
order Zeeman eﬀect of the clock transition.
A detailed description of the minimal SME as applied to the perturbation of atomic energy levels and
transition frequencies can be found in [5, 6]. Based
on the Schmidt nuclear model [17] one can derive the
frequency shift of a Cs |3, mF  ↔ |4, mF  transition
in the SME
 m2 

mF  
w
˜w
βw b̃w
− F γp c̃pq
3 − δw d3 + κw g̃d
14h w=p,e
14h


m2F
(1)
(2)
KZ B 2
+ mF K Z B + 1 −
(1)
16

δν =

for the quantization magnetic ﬁeld in the negative
z direction (vertically downward) in the lab frame.
The ﬁrst two terms in (1) are Lorentz violating SME
frequency shifts, the last two describe the ﬁrst and
second order Zeeman frequency shift (we neglect B 3
and higher order terms). The tilde quantities are linear combinations of the SME matter sector parameters of tab. I in the lab frame, with p,e standing
for the proton and electron respectively. The quantities βw , δw , κw , γw , λw depend on the nuclear and
electronic structure, they are given in tab. II of [6], h
is Planck’s constant, B is the magnetic ﬁeld seen by
(1)
the atom, KZ = 7.0084 Hz nT−1 is the ﬁrst order
(2)
Zeeman coeﬃcient, KZ = 427.45 × 108 Hz T−2 is
the second order coeﬃcient [18]. The tilde quantities
in (1) are time varying due to the motion of the lab
frame (and hence the quantization ﬁeld) in a cosmological frame, inducing modulations of the frequency
shift at sidereal and semi-sidereal frequencies, which
can be searched for.
From (1) we note that the mF = 0 clock transition
is insensitive to Lorentz violation or the ﬁrst order
Zeeman shift, while the Zeeman transitions (mF = 0)
are sensitive to both. Hence, a direct measurement of
a Zeeman transition with respect to the clock transition allows a LI test. However, such an experiment
would be severely limited by the strong dependence
of the Zeeman transition frequency on B, and its diurnal and semi-diurnal variations. To avoid such a
limitation, we ”simultaneously” (see below) measure
the mF = 3, mF = −3 and mF = 0 transitions and
form the combined observable νc ≡ ν+3 + ν−3 − 2ν0 .
From (1)
1
9 (2)
Kp c̃pq − KZ B 2
νc =
7h
8

The lab frame parameter c̃pq can be related to the
conventional sun-centered frame parameters of the
SME (the parameters of tab. I) by a time dependent
boost and rotation (see [6] for details). This leads to
a general expression for the observable νc of the form
νc = A + Cω⊕ cos(ω⊕ T⊕ ) + Sω⊕ sin(ω⊕ T⊕ )
(3)
+ C2ω⊕ cos(2ω⊕ T⊕ ) + S2ω⊕ sin(2ω⊕ T⊕ ),
where ω⊕ is the frequency of rotation of the Earth,
T⊕ is time since 30 March 2005 11h 19min 25s UTC
(consistent with the deﬁnitions in [19]), and with A,
Cω⊕ , Sω⊕ , C2ω⊕ and S2ω⊕ given in tab. II as functions
of the sun frame SME parameters. A least squares ﬁt
of (3) to our data provides the measured values given
in tab. II, and the corresponding determination of the
SME parameters.
The FO2 setup is sketched in ﬁg. 1. Cs atoms eﬀusing from an oven are slowed using a chirped counter
propagating laser beam and captured in a lin ⊥ lin
optical molasses. Atoms are cooled by six laser beams
supplied by pre adjusted optical ﬁber couplers precisely attached to the vacuum tank. Compared to
typical FO2 clock operation [16], the number of atoms
loaded in the optical molasses has been reduced to
∼ 2 × 107 atoms captured in 30 ms. This reduces the
collisional frequency shift of νc to below 0.1 mHz, and
even less (< 1µHz) for its variation at ω⊕ and 2ω⊕ .
Atoms are launched upwards at 3.94 m.s−1 by using
a moving optical molasses and cooled to ∼ 1 µK in the
moving frame by adiabatically decreasing the laser intensity and increasing the laser detuning. Atoms are
then selected by means of a microwave excitation in
the selection cavity performed in a bias magnetic ﬁeld
of ∼ 20 µT, and of a push laser beam. Any of the
|3, mF  states can be prepared with a high degree of
purity (few 10−3 ) by tuning the selection microwave
frequency. 52 cm above the capture zone, a cylindric o ils a n d
m a g n e tic s h ie ld s
q u a n tiz a tio n
m a g n e tic fie ld
in te r r o g a tio n c a v ity
p u s h b e a m
s e le c tio n c a v ity
c o o lin g a n d la u n c h in g
la s e r b e a m s

(2)

s lo w in g la s e r b e a m

−2

where we have used γp = −Kp /9 from [6] (Kp ∼ 10
in the Schmidt nuclear model). This observable is
insensitive to the ﬁrst order Zeeman shift, and should
be zero up to the second order Zeeman correction and
a possible Lorentz violating shift in the ﬁrst term of
(2).
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s lo w a to m ic b e a m
d e te c tio n z o n e s

FIG. 1: Schematic view of an atomic fountain.
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TABLE II: Coeﬃcients of (3) to ﬁrst order in β ≡ v⊕ /c, where Ω⊕ is the angular frequency of the Earth’s orbital motion,
T is time since the March equinox, χ = 41.2◦ is the colatitude of our lab, and η = 23.3◦ is the inclination of the Earth’s
orbit. The measured values (in mHz) are shown together with the statistical (ﬁrst bracket) and systematic (second
bracket) uncertainties.
A

Kp
28h

(2)

(1 + 3cos(2χ)) (c̃Q + β (sin(Ω⊕ T )c̃T X + cos(Ω⊕ T ) (2sinη c̃T Z − cosη c̃T Y ))) − 98 KZ B 2

-5.3(0.04)(25)
-0.03(0.06)(0.03)

C2ω⊕

3K
− 14hp sin(2χ) (c̃Y + β (sin(Ω⊕ T )c̃T Z − cos(Ω⊕ T )sinη c̃T X ))
3K
− 14hp sin(2χ) (c̃X − β cos(Ω⊕ T ) (sinη c̃T Y + cosη c̃T Z ))
3Kp
− 14h sin2 χ (c̃− + β (sin(Ω⊕ T )c̃T X + cos(Ω⊕ T )cosη c̃T Y ))

S2ω⊕

− 14hp sin2 χ (c̃Z + β (sin(Ω⊕ T )c̃T Y − cos(Ω⊕ T )cosη c̃T X ))

0.03(0.06)(0.03)

Cω⊕
Sω ⊕

3K

cal copper cavity (TE011 mode) is used to probe the
|3, mF  ↔ |4, mF  hyperﬁne transition at 9.2 GHz.
The Ramsey interrogation method is performed by
letting the atomic cloud interact with the microwave
ﬁeld a ﬁrst time on the way up and a second time
on the way down. After the interrogation, the populations NF =4 and NF =3 of the two hyperﬁne levels
are measured by laser induced ﬂuorescence, leading to
a determination of the transition probability. From
the transition probability, measured on both sides of
the central Ramsey fringe, we compute an error signal to lock the microwave interrogation frequency to
the atomic transition using a digital servo loop. The
frequency corrections are applied to a high resolution
DDS synthesizer in the microwave generator and used
to measure the atomic transition frequency with respect to the local reference.
The homogeneity and the stability of the magnetic
ﬁeld in the interrogation region is a crucial point for
the experiment. A magnetic ﬁeld of 203 nT is produced by a main solenoid (length 815 mm, diameter 220 mm) and a set of 4 compensation coils, surrounded by 5 cylindrical magnetic shields. Furthermore, magnetic ﬁeld ﬂuctuations are actively stabilized by acting on 4 additional hexagonal coils. The
magnetic ﬁeld in the interrogation region is probed
using the |3, 1 ↔ |4, 1 atomic transition. Measurements of the transition frequency as a function of the
launch height show a peak to peak spatial dependence
of 230 pT over a range of 320 mm above the interrogation cavity with a variation of ≤ 0.1 pT/mm around
the apogee of the atomic trajectories. Measurements
of the same transition as a function of time at the
launch height of √
791 mm show a magnetic ﬁeld instability near 2 pT/ τ . The long term behavior exhibits
residual variations of the magnetic ﬁeld (∼ 0.7 pT at
τ =10000 s) induced by temperature ﬂuctuations.
The experimental sequence is tailored to circumvent
the limitation that the long term magnetic ﬁeld ﬂuctuations could cause. First |3, −3 atoms are selected
and the |3, −3 ↔ |4, −3 transition is probed at half
maximum on the red side of the resonance (0.528 Hz
below the resonance center). The next fountain cycle,
|3, +3 atoms are selected and the |3, +3 ↔ |4, +3
transition is also probed at half maximum on the red

0.1(0.06)(0.03)
0.04(0.06)(0.03)

side of the resonance. The third and fourth fountain
cycles, the same two transitions are probed on the blue
side of the resonances (0.528 Hz above the resonance
centers). This 4180 ms long sequence is repeated so
as to implement two interleaved digital servo loops
ﬁnding the line centers of both the |3, −3 ↔ |4, −3
and the |3, +3 ↔ |4, +3 transitions. Every 400 fountain cycles, the above sequence is interrupted and the
regular clock transition |3, 0 ↔ |4, 0 is measured for
10 s allowing for an absolute calibration of the local
frequency reference with a suitable statistical uncertainty. Using this sequence, magnetic ﬁeld ﬂuctuations over timescales ≥ 4 s are rejected in the combined observable νc and the stability is dominated by
the short term (τ < 4 s) magnetic ﬁeld ﬂuctuations.
We have taken two data sets implementing the experimental sequence described above (21 days in April
2005 and 14 days in September 2005). The complete
raw data (no post-treatment) is shown in ﬁg. 2, each
point representing a ∼ 432 s measurement sequence
of ν+3 + ν−3 − 2ν0 as described above. Fig. 2 also
shows the frequency stability of a 10 day continuous
stretch of data in the April set. We note the essentially white noise behavior of the data, indicating that
the experimental sequence successfully rejects all long
term variations of the magnetic ﬁeld or of other perturbing eﬀects. A least squares ﬁt of the model (3)
to the complete data provides the 5 coeﬃcients and
statistical uncertainties given in tab. II.
We note a statistically signiﬁcant oﬀset of the data
from zero (−5.3(0.04) mHz). This is partly due to the
second order Zeeman shift (second term in (2)) which
amounts to −2.0 mHz. The remaining −3.3 mHz are
either due to a systematic eﬀect or indicate a genuine
Lorentz violating signal.
The dominant systematic eﬀect in our experiment is
a residual ﬁrst order Zeeman shift. This arises when
the mF = +3 and −3 atoms have slightly diﬀerent
trajectories in the presence of a magnetic ﬁeld gradient. The result is a diﬀerence in ﬁrst order Zeeman
shift and hence incomplete cancelation in the combined observable νc . The presence of this eﬀect in
our experiment is conﬁrmed by the measured times
of ﬂight (TOF), which show a systematic diﬀerence
of ∼ 158 µs between the centers of the mF = ±3
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TABLE III: Results for SME Lorentz violating parameters
c̃ for the proton, in GeV and with J = X, Y, Z.
c̃Q = −0.3(2.2) ×10−22
c̃− = −1.8(2.8) ×10−25
c̃J =
(0.6(1.2), −1.9(1.2), −1.4(2.8))
×10−25
c̃T J =
(−2.7(3.0), −0.2(3.0), −0.4(2.0)) ×10−21

atomic clouds, which corresponds to a vertical separation of ≤ 623 µm at apogee. Using this in a Monte
Carlo (MC) simulation with the measured vertical and
horizontal (∼ 6 pT/mm) magnetic ﬁeld gradients we
obtain a total oﬀset in νc of ∼ 25 mHz, assuming
that the horizontal separation between the mF = ±3
atoms is identical to the measured vertical one. We
consider this to be an upper limit (the horizontal separation is likely to be less than the vertical one due
to the absence of gravity), and take it as the systematic uncertainty on the determined oﬀset (A in tab.
II). To obtain the corresponding systematic uncertainty on the sidereal and semi-sidereal modulations
of νc we have ﬁtted the model (3) to the mF = ±3
TOF diﬀerence. We ﬁnd no signiﬁcant amplitudes,
so we take the uncertainties of the least squares ﬁt as
the maximum value of the modulations, leading to the
systematic uncertainties on the amplitudes in tab. II.
Finally we use the ﬁve measurements and the relations in tab. II to determine the values of the eight
SME parameters. In doing so, we assume that there
is no correlation between the three c̃T J parameters
and the other ﬁve parameters, and determine them
independently. The results are given in tab. III.
In conclusion, we have carried out a test of Lorentz
invariance in the matter sector of the minimal SME
using Zeeman transitions in a cold 133 Cs atomic fountain clock. From our data and extensive analysis of
systematic eﬀects we see no indication of a violation

FIG. 2: Frequency stability (Allan deviation) of a ∼ 10
day continuous stretch of measurements of νc . The inset
shows the raw data as a function of time since 30 March
2005 17h 39min 18s UTC.

192

of LI at the present level of experimental uncertainty.
Using a particular combination of the diﬀerent atomic
transitions we have set ﬁrst limits on four proton SME
parameters and improved previous limits [14] on four
others by 11 and 13 orders of magnitude.
Continuing the experiment regularly over a year or
more will allow statistical decorrelation of the three
c̃T J parameters from the other ﬁve, due to their modulation at the annual frequency (Ω⊕ T terms in tab.
II). Further improvements, and new measurements,
could come from the unique capability of our fountain clock to run on 87 Rb and 133 Cs simultaneously.
The diﬀerent sensitivity of the two atomic species to
Lorentz violation (see [6]) and magnetic ﬁelds, should
allow a measurement of all SME parameters in (1) in
spite of the presence of the ﬁrst order Zeeman eﬀect.
Ultimately, space clocks, like the planned ACES mission [20] will provide the possibility of carrying out
similar experiments but with faster (90 min orbital
period) modulation of the putative Lorentz violating
signal, and correspondingly faster data integration.
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Initial Evaluation of the USNO Rubidium Fountain
S. Peil,* S. Crane, T. Swanson and C. R. Ekstrom
Clock Development Division, U.S. Naval Observatory
Washington, D.C. 20392
*Electronic address: peil@atom.usno.navy.mil

We discuss the first rubidium atomic fountain at the U. S. Naval Observatory, NRF1, which
has been built as a prototype for future devices to be included in the USNO timescale. The
system has demonstrated a short-term Allan deviation of 1.35×10−13/τ1/2 when measured
against a hydrogen maser. We have directly compared NRF1’s performance to that of our
cesium fountain, NCF, demonstrating integration as 1/τ1/2 below 1×10−15, and performance
that is consistent with 7×10−16 at 11 hours.

The USNO Master Clock relies on a large ensemble of
commercial cesium-beam clocks and active hydrogen
masers. The timescale utilizes the superior short-term
performance of the hydrogen masers and is steered in
the long term to the cesium clocks.
Future
improvements to the Master Clock will be based on
introducing advanced clock technology for more rapid
and robust characterization of maser frequency drift. A
program to build six rubidium atomic fountains for this
purpose is underway.

wide Ramsey fringe via phase modulation of the
6.8 GHz microwave interrogation field.
(a)
(b)
10

A cut-away of the physics package of NRF1 is
shown in Fig. 1(a). The physics package is enclosed in
a set of three magnetic shields which provide a low
magnetic-field environment for molasses cooling. Thus,
all vacuum and optical components are required to be
nonmagnetic.
Atoms are loaded into either a MOT with a modest
magnetic-field gradient (2 G/cm along the axial
direction) or a σ+-σ− optical molasses. All of the
characterization presented here uses MOT loading.
Launching, cooling and state-selecting provide a sample
of ~107 atoms at 1.5 µK. We run the fountain as a
frequency reference by interrogating the central, ~1 Hz
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NRF1 vs H maser
1.35x10-13/t1/2
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microwave
cavity

4
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II. FOUNTAIN DESIGN
Continuous, long-term operation in a stable
environment requires a robust, compact fountain design.
The entire system, described in detail elsewhere [1], will
be contained in three ‘equipment racks’, one of which is
the physics package. The other two racks contain
computer control, electronics, and a miniature rackmounted optical table [2].

-13

6

Allan Deviation

1. INTRODUCTION

-14
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region

4

6 8

10

2

4

6 8

100

2

4

6 8
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Figure 1 (a) Cross-sectional view of the vacuum chamber and
optical couplers of NRF1. All of these components are made
from nonmagnetic materials. (b) Short-term performance when
measured against a hydrogen maser is as good as 1.35×10−13/τ1/2.
Deviation from white-frequency noise (1/τ1/2 behavior) due to
maser frequency fluctuations occurs here at several hundred
seconds.

III. CHARACTERIZATION
For typical fountain operation, the microwave
interrogation drive is generated from the 5 MHz output
of a BVA quartz crystal that is phase-locked to a
hydrogen maser with a time constant of ~3 seconds. In
this configuration, we can see a short-term Allan
deviation of 1.35×10−13/τ1/2 (Fig. 1(b)). After several
hours of integration, the fountain-versus-maser
performance becomes limited by maser frequency
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relative stability of 3×10−13/τ1/2 and white-frequency
noise behavior for integration times up to 11 hours. The
relative stability at each point is equal to the quadrature
sum of the individual fountain stabilities at that
integration time – additional measurement noise does
not contribute at this level of precision.
30x10

20

15

10
0.0

synthesizer

Cs
fountain
(NCF)

ref

5 MHz

synthesizer

Local
Measurement
System

Figure 2 Illustration of the measurement of the relative stability
of NRF1 and NCF. For short-term characterization, the crystal
can be phase-locked to a maser and either fountain’s performance
can be measured. For higher-precision characterization, we
measure the crystal’s frequency with each of the two atomic
fountains. Comparing these two measurements results in a
fountain-to-fountain stability comparison.

This technique was employed for a 3 day run. Each
atomic fountain’s measurement of the crystal’s
frequency is shown in Fig. 3(a). The noise on the traces
indicates a worse short-term performance of NCF
compared to NRF1. The plot of Allan deviation versus
integration time for the comparison between the
fountains is shown in Fig. 4. The comparison shows a
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fluctuations, which usually introduce a deviation from
1/τ1/2 behavior at Allan deviations of several parts in
1015.
In order to obtain a better medium-term
characterization of NRF1 than we have achieved with a
maser, we measure against our cesium fountain,
NCF [3]. The method we use to compare the two
devices is illustrated in Fig. 2. We generate the
microwave drive for each fountain from the same quartz
crystal, which we leave unlocked from any reference
maser, removing an unnecessary component. The
crystal also serves as the reference oscillator for a pair
of adjustable frequency synthesizers. Each synthesizer
is adjusted by one of the fountains and outputs the
crystal frequency steered to that fountain. This ‘openloop’ steering is carried out with a time constant of ~3.5
seconds and does not change the output of the quartz
oscillator itself. The phases of the synthesizer outputs
are differenced, and the resultant frequency fluctuations
versus integration time can be determined.
The
interrogation cycles of the fountains are not
synchronized [4].
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Figure 3 (a) Measurement of the crystal frequency versus time
with each fountain. The Allan deviation of this frequency
measurement for (b) NCF and (c) NRF1 shows frequency
fluctuations from the crystal and from the fountain, enabling a
determination of each fountain’s short-term performance.

We can use the crystal frequency measurements of
Fig. 3(a) to estimate the performance of each individual
fountain – in particular, NRF1. The Allan deviation of
each fountain-crystal comparison, shown in Fig. 3(b) &
3(c), exhibits frequency fluctuations comprised of
contributions from fountain white-frequency noise (τ−1/2
dependence), crystal frequency flicker (τ0 dependence),
crystal frequency random walk (τ1/2 dependence), and
crystal frequency drift (τ1 dependence). Fitting the data
with the constraint that the crystal noise terms are the
same in each measurement gives each fountain’s shortterm performance. For NCF, this is 2.6(1)×10−13/τ1/2,
where the error bar represents combined systematic and
statistical uncertainties.
This is consistent with
independent stability measurements made with a
hydrogen maser.
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Together with the relative fountain stability of
3×10−13/τ1/2, this shows that the fountain comparison
instability is dominated by the performance of NCF.
Consequently, we expect the dependence on τ observed
for the relative stability to be representative of the τdependence of NCF. We can then infer the stability of
NCF for all τ ≤ 11 hours from σNCF(τ)=2.6(1)×10−13/τ1/2.
Finally, we can use the fact that the measured relative
stability equals the quadrature sum of the individual
fountain stabilities to extract the performance of NRF1
at each τ, shown as the filled, circular data points on
Fig. 4. The uncertainties shown are derived from
propagating the uncertainties on the comparison data
and the uncertainty on the slope of the 1/τ1/2 curve for
NCF’s performance. The estimated performance of
NRF1 is consistent with white-frequency noise behavior
over ½ day, reaching a stability of 7×10−16.
The estimated NRF1 data fit well to a 1.5×10−13/τ1/2
short-term stability. This value is consistent with what
we see when measuring against a maser, but a bit high
for what we see against a free-running crystal Fig. 3(c) shows high and low estimates of NRF1’s
short-term performance during the fountain comparison
run. This discrepancy is partly from taking the most
conservative estimates for arriving at an implied
performance for NRF1.

6
4

NRF1 vs NCF
3.0x10-13/t1/2
NRF1, estimated
1.5x10-13/t1/2

Allan Deviation

2
-14
8
6

We have presented short- and medium-term
characterization of NRF1, and have demonstrated a
maser-independent comparison of two atomic fountains.
This technique has allowed us to demonstrate whitefrequency noise limited performance of NRF1 to an
Allan deviation below 1×10-15.
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Figure 4 The hollow, square data points show the Allan
deviation of the relative frequency fluctuations of NRF1 and NCF
for integration times up to 11 hours. The filled, circular data
points are the estimated Allan deviation of NRF1 from the
comparison data and the expected behavior of NCF. The lines are
fits to the data.
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We would like to be able to measure lower values of
the Allan deviation for NRF1, and ultimately reach a
noise floor in the fountain comparison. This should be
achievable with modest improvements to NCF; by
improving the short-term stability, we will compare
more efficiently, and by improving the robustness, we
will enable comparisons of longer duration.
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A new proposal for the measurement of blackbody radiation shift in a Cesium
fountain (the Politecnico di Torino method)
G.A. Costanzo,∗ M. Berutto, M. Caldera, and A. De Marchi
Politecnico di Torino - Corso Duca degli Abruzzi 24 - 10129 - Torino - Italy
The AC Stark frequency shift induced by blackbody radiation (BBR) is presently a limiting factor
toward the accuracy evaluation of Cs fountain frequency standards [1] [2]. In fact, at laboratory
temperature, the AC Stark relative frequency shift is of the order of 10−14 and therefore the blackbody coefficient must be evaluated to the percent level if an accuracy below 10−15 is desired. The
BIPM recommended coefficient is −1.69(4) · 10−14 for Cs atoms while recent BBR shift measurements performed at IEN (now INRIM) [3] [4] yield a value which differs by 18% from the accepted
value. The Politecnico di Torino is now developing a new method for the measurement for the BBR
shift, with the aim of resolving the discrepancy on the coefficient. In this paper the Politecnico di
Torino method is analyzed with a full description of the new apparatus. The method is based on
rapidly varying thermal cycles.
I.

INTRODUCTION

In recent years, Cs frequency standards based on
the fountain scheme reached a fractional 10−15 accuracy budget, mainly limited by few systematic effects;
among them the ”Blackbody radiation shift” (BBRS)
provides the greatest uncertainty contribution. The
physics of this systematic effect is due to the displacement of energy levels caused by AC Stark shift induced
by black body radiation field. In order to evaluate the
BBRS the commonly used equation is
µ
µ
¶4 "
¶2 #
∆ν
T
T
1+²
(1)
=β·
ν
300
300
where T is the absolute temperature experienced by
the atoms during their parabolic flight.
The accepted values coefficients β and ² for Cs are
−1.69(4) 10−14 and 1.4 · 10−2 respectively. This effect
introduces a systematic relative shift of some 10−14
which must be evaluated at the percent level if the
accuracy target is in the low 10−16 . Moreover the
interest on this shift is increased because of results
reported in [3], showing a value for β which would
introduce a relative correction of 3 · 10−15 if used.
A few years ago the Politecnico di Torino completed
the realization of a fountain standard in collaboration
with the national metrological institute INRIM and
the NIST (USA). A full description of the whole apparatus can be found in [5][6]. In this paper we describe
the Politecnico method for BBRS evaluation.
II.

THE PROPOSED METHOD

Two methods have been proposed in the past for the
evaluation of BBRS, both based on the measurement
of the standard’s output frequency in two different
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working conditions. In one method [4] what is changed
between the two working conditions is the temperature of the vacuum chamber, where the Cs atoms
undergo their ballistic flight. The blackbody temperature variations thus induce a systematic shift on the
resonance frequency of the Cs atoms. This is therefore
a direct measurement of the BBRS. Measurements are
averaged in the long term in order to minimize the uncertainty by pushing the averaging time to the stability limits of the system. The approach is differential,
but is slow, and is in any case limited by the long term
stability of the standard and/or the frequency reference, which must then be either a Hydrogen Maser or
another Cesium fountain. In the other method [7] an
indirect measurement is performed: a static electrical
field is applied to the flying atoms and the DC Stark
coefficient is evaluated from the frequency shift of the
standard. This coefficient is used, on the basis of a
physical model, to evaluate the AC Stark shift, which
is the BBRS.
The Politecnico method is based on fast temperature cycling of the drift tube in a Cs fountain. Two
advantages are obtained in this way:
1. better reproducibility can be guaranteed between the two phases of the experiment for all
shifts other than the targeted one, reducing the
need for accuracy evaluations
2. the high pass filter introduced by the fast differential scheme is useful to filter out slow instabilities, reducing in this way the stability required
of the external frequency reference.
A time periodicity of about 100s is planned, with a
swing of 40K peak to peak. The only criticality of the
method is the necessity to stabilize the temperature of
the microwave cavity to a high degree because of the
considerably high temperature swings imposed to the
drift tube. In fact, cavity temperature variations during the atoms-microwave interactions can introduce a
dynamic end-to-end Ramsey cavity phase shift. The
latter must be limited to 10−16 if percent level ac-
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curacy on β is the target. This implies a maximum
temperature gradient of 10µK/s for the cavity.

III.
A.

EXPERIMENT

Description of the apparatus

In order to perform fast temperature cycling of the
copper drift tube, a water circuit was realized with
the aim to cool and heat the cylindrical vacuum tank
inside which atoms perform the parabolic flight. In
fact, cooling and heating are accomplished by means
of a 30cm long water flux jacket, coaxial to the drift
tube, which is centered about the apogee of the atoms
parabolic flight. The thermal cycles are induced by
flowing alternatively hot and cold water around the
drift chamber. Temperature excursions of 40K peakto-peak can be obtained. The temperature value is offset to 313K, where the cavity is tuned to the atomic
transition. A mechanical pump ensures a 4l/min continuous flux of water, alternatively coming from a
heated reservoir and the aqueduct. With this geometry, atoms can experience a cyclical temperature swing
along their apogee, where they spend most of their
drift time.
Because of the heat conductance between the Ramsey cavity and the drift tube, 0.5K peak to peak fluctuations are induced to the cavity during the temperature swing: this value is too high because it can induce
detrimental dynamic end-to-end cavity phase shift reducing β measurement accuracy. A first passive solution was found by means of three copper buffer stages
inserted in the 10cm drift tube section between the top
of the cavity and the bottom of the flux jacket. The
residual temperature variations are further reduced by
active control of the resonance frequency of the cavity.
As a matter of fact end-to-end phase shift can be monitored by direct measurements of the cavity resonance
frequency. The latter is varying not only because of
temperature variations (typical sensitivity coefficient
is −160kHz/K) but also because of weight changes
above the cavity as a consequence of water density
variations during the thermal cycles (measured value
is +1kHz/kg). This problem is overcome by measuring the resonance frequency instead of the temperature.
A classical phase detection scheme is then used to
measure frequency variations of the cavity. The error signal is fed back to amagnetic heaters, directly
wound around the cavity. An electronic circuit generates a symmetric PWM waveform, in order to avoid
detrimental static magnetic field components. When
the control loop is open and thermal cycles of ∆T =
40Kpp are applied at the apogee, temperature fluctuations of the order of 120mKpp are measured on the
cavity. In closed loop conditions, equivalent temperature fluctuations of 300µKpp are inferred from cavity
frequency measurements. This residual temperature
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fluctuations can limit the accuracy on β, if the induced
end-to-end cavity phase shift is not corrected for.

B.

Thermal model for BBRS measurements

For the evaluation of the BBRS coefficient to 1%, an
uncertainty of 1K is needed for the equivalent temperature along the drift tube. It follows that a thermal
map reproducing the temperature is necessary with a
time dependent analysis during the Cs atoms Ramsey
time. Even if the Politecnico proposed method seems
to be attractively easy, the thermal map must be evaluated in a complex system based on forced water with
heat transfer due to different physical time dependent
processes (radiative, conductive and convective). All
these must be taken into account if the 1% accuracy
goal must be fulfilled. Because of the heat trans-

Water out
5mm

Simulated mesh points

Water in

Buffers

Cavity

Amagnetic heaters

FIG. 1: Fountain apparatus for blackbody radiation frequency shift measurements.

fer complexity, temperature measurements in specific
points may not be sufficient and must be supported
by calculations based on finite element. The latter
seems to be an efficient and precise tool for modeling
complex systems, but requires accurate analysis of the
physical processes and subsequently model validation
by means of direct temperature measurements.
A computation tool was implemented using Finite
Differences Method in which both the spatial and
transient behavior is studied along the cylindrical volume of the vacuum copper tube and the water coaxial
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jacket. The method discretises the equations of thermal exchange for computational solution through the
Taylor series expansion of functions of several independent variables describing the fluid motion and the
heat transfer. Thermal and fluid dynamic behavior is
modeled by control-volume formulation: the calculation domain is divided into a number of non overlapping volumes generating the mesh points for integration of heat exchange differential equations.
A cylindrical coordinate system is used, neglecting
azimuthal variations for reduction of mathematical
complexity. This solution seems to be adequate because of the huge conductivity of the copper tube.
Fluid motion was then studied, because heat transfer in convective processes strongly depends on fluid
dynamics. Because of the turbolent flow regime
(Reynolds number > 2000), when heat exchange coefficient must be evaluated, the most widely applicable
expression for Nusselt term Nu is the so called SiederTate equation
µ
N u = 0.027 · Re

0.8

Pr

1
3

µm
µp

¶0.14

temperature measurements along the drift tube. The
calculation tool allows determinations of temperature
values along the inner surface of the drift tube. Fig.2
shows thermal cycles applied to the fountain: close
to the apogee the measured temperatures agree with
the simulations within 0.4Krms as shown in the lower
curve. This discrepancy arises mostly during transient
when valves switch between hot and cold water.

IV.

CONCLUSION

A novel method for BBRS evaluation was reported,
aiming for uncertainty reduction on β coefficient. Fast
thermal cycles applied to the drift tube of the Cs fountain apparatus at the Politecnico di Torino seems an
easy tool for further investigation on frequency shift
due to AC Stark effect. A numerical model was also
developed in order to obtain the temperature map
above the Ramsey microwave cavity.

(2)
340

T /K

330
320
310
300
290

250

300

350
time /s

400

450

250

300

350
time /s

400

450

1.5
1
∆ T /K

where the term µµmp takes into account the effect of the
fluid viscosity µp , evaluated at the wall temperature,
and the fluid viscosity µm evaluated at the adiabatic
mean temperature. The convective coefficient α can
then be calculated as α = NDu·λ
where λ is the thereq
mal conductivity and Deq is a term depending on the
mechanical geometry. The radiation heat exchange
is obtained using Gebhart analysis method. Figure 1
shows an outline of the fountain mechanical part and
the node division necessary to evaluate heat exchange.

0.5
0
−0.5

C.

Results

In order to confirm the theoretical model used
for computer simulations, several thermocouples were
placed in specific points. The space-time model elaborated numerically was then validated by means of

[1]
[2]
[3]
[4]
[5]

C. Vian et al., IEEE Trans. I&M 54, 2, 2005.
T.P. Heavner et al., Metrologia 42, 2005.
S. Micalizio et al. Phys. Rev. A, 69, 2004.
F. Levi et al. Phys. Rev. A, 70, 2004.
G.A. Costanzo et al., Proc.15th EFTF, 2001.

−1

FIG. 2: Upper curve: computed temperature variation on
the drift tube close to the apogee. Lower curve: temperature differences between simulations and measurements.

[6] G.A Costanzo et al., 6th Symposium on Frequency
Standards and Metrology, pub. 2002.
[7] E. Simon et al., Phys. Rev. A, 57, 1998.
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clock CSF2
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20th EFTF,
2006
R. Wynands,∗ D. Griebsch, R. Schröder, and S. Weyers
Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
We give an overview of the caesium fountain clock CSF2 which is currently being put into operation
at the Physikalisch-Technische Bundesanstalt in Braunschweig, Germany.

I.

Vacuum pump

INTRODUCTION

CSF1, the ﬁrst fountain clock at PhysikalischTechnische Bundesanstalt (PTB), has successfully
been operating since 1999. It contributed many times
to TAI and served as the reference for a number of
optical frequency measurements.
Uncertainty evaluations and the optimization of operational parameters of CSF1 have always been hampered by the fact that only hydrogen masers have
been available as a frequency reference, which unfortunately show a relatively large day-to-day frequency
variation. This is one of the main reasons why it was
decided to construct a second fountain clock, called
CSF2. This fountain clock is now being put together
and is expected to become fully operational sometime
in 2006.

Magnetic
shields
C-field coil
Vacuum
enclosure
Microwave
cavities

Detection zone

II.

SETUP OF CSF2

CSF1 has been described in detail previously [1, 2].
The main diﬀerence between CSF2 and CSF1 is in the
geometry of the laser beams in the trapping zone. In
CSF1 we are using the so-called (100) geometry [3], in
CSF2 the (111) geometry (Fig. 1). This allows us to
use much larger beam diameters (22 mm at the 1/e2
points) so that we can start with an optical molasses
as a ﬁrst loading stage (instead of the MOT we have
traditionally been using in CSF1) without too much
a reduction in the number of atoms loaded compared
to CSF1.
Several more changes with respect to CSF1 have
been implemented in CSF2; here is a partial list:
• The trapping beams are arranged in the (111)
conﬁguration.
• Larger trapping beam diameters are used
(22 mm at the 1/e2 points).
• The output couplers for the optical ﬁbers transporting the laser light from the optical table
are mounted directly on the vacuum window
ﬂanges.
• Atom loading starts with an optical molasses
rather than a MOT.

∗ Electronic
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Cooling zone
Caesium
reservoir

Vacuum pump

FIG. 1: Sketch of the geometry of CSF2

• There is an additional ion getter pump below
the trapping region, to improve the background
pressure in the trapping zone.
• The trapping zone is mounted on a spherical
pivot mount in order to adjust the launch direction.
• The detection zone is situated above the state
selection cavity.
• After inducing the transition |F = 4, m = 0 →
|F = 3, m = 0 in the state selection cavity, the
atoms not in the |F = 3, m = 0 state will be
“blown away” by the detection laser beams.
• The geometry of the magnetic shields has been
improved, in particular the mechanical joints between the two parts of each layer.
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• The vacuum enclosure is made fromProceedings
copper in-of thesecond-order
Zeeman correction [5] when the fountain
20th EFTF, 2006
stead of titanium, in order to reduce thermal
is operated with a maximum toss height of 1.05 m.
gradients even further, and at the same time the
This uncertainty does not include, of course, the temvacuum pressure due to the better properties of
poral instability of the C-ﬁeld itself.
copper as a material for vacuum enclosures.

• The optical setup has been redesigned. For instance, a master laser injects two slave lasers,
in order to provide enough power for eﬃcient
molasses operation and to saturate the cycling
transition in the detection zone [4]. The master laser is locked to the caesium transition in
such a way that no modulation is present on the
useful output beam.
III.

HOMOGENEITY OF THE C-FIELD

After a rough optimization of the most important
parameters we have measured the homogeneity of the
C-ﬁeld in the standard way. A series of Ramsey fringe
patterns on the |F = 3, m = −1 → |F = 4, m = −1
transition was recorded for gradually increasing toss
height. From the position of the central Ramsey fringe
one obtains the average ﬁeld |B| seen by the atoms
for that particular toss height. With a weighted differentiation procedure one can extract the actual, unweighted magnetic ﬂux density |B| at each position
along the trajectory (Fig.2).

IV.

We have measured the ratio N = N4 /(N3 + N4 ) as
a function of microwave frequency in the Ramsey cavity (Fig. 3). Here N3 and N4 are the integrated areas
under the time-of-ﬂight curves detected for atoms arriving in the |F = 3 and |F = 4 state, respectively.
N3 and N4 therefore are a measure of the number of
atoms arriving in the respective states. Consequently,
the ratio N is equivalent to the transition probability
for a given microwave frequency.

–100

141.5
Local flux density (nT)

FIRST RAMSEY FRINGES

transition probability (arb. units)

• The vacuum enclosure tapers down towards the
top of the fountain in order to reduce the internal surface area and therefore the outgassing,
i.e., to improve the background pressure near
apogee.

–50
0
50
Frequency detuning (Hz)

100

FIG. 3: A full Ramsey fringe pattern measured with CSF2
(each experimental point is the average of three tosses)

141.0

140.5
0.6

0.7
0.8
0.9
1.0
Height above trapping center (m)

1.1

FIG. 2: Magnetic ﬂux density inside CSF2 as a function
of height above the center of the trapping zone

This ﬁeld is remarkably homogeneous. When taking
2
the weighted variance σB
of the magnetic ﬂux density
as a function of position along the trajectory, where
each point is weighted by the duration of the time
interval that the atom spends at this height, one arrives at a relative uncertainty of only 4 × 10−22 for the

The contrast of the Ramsey pattern is 13.5%, which
is about the maximum expected in the present case,
where the state selection cavity and laser “blow-away”
are not yet used. Figure 4 shows the central Ramsey
fringes for a toss height of 1.04 m, resulting in a fringe
width of 0.87 Hz.

V.

THE FIRST RUN AS A CLOCK

To get an indication of the performance of CSF2 in
the present, unoptimized state (and still without state
selection) CSF2 was run as a clock in autonomous
mode. The 9-GHz interrogation signal was symmetrically square-wave frequency modulated to the highand low-frequency sides of the central Ramsey fringe.
From the diﬀerence between the signal on the two
sides of the fringe a correction signal is derived that is
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FIG. 4: Central Ramsey fringes on the clock transition
in CSF2 (each experimental point is the average of three
tosses)
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FIG. 5: The very ﬁrst run of CSF2 (still without making
use of the state selection cavity): one-hour frequency averages with respect to CSF1 (red solid dots). For comparison the frequency diﬀerence of hydrogen maser H5 and
CSF1 was measured simultaneously (open blue circles).
The gaps in the data series correspond to laser drop-outs.

fed to the 5-MHz quartz oscillator on which the 9-GHz
signal is based. In a multi-channel phase comparator
the frequency of this quartz oscillator is monitored
with respect to the corresponding 5-MHz signals from
CSF1 and from hydrogen maser H5 (Fig. 5).
Note that the data presented here constitutes the

[1] S. Weyers, U. Hübner, R. Schröder, Chr. Tamm, A.
Bauch, Metrologia 38, 343–352 (2001).
[2] S. Weyers, A. Bauch, R. Schröder, Chr. Tamm, Proc.
6th Symposium on Frequency Standards and Metrology (World Scientiﬁc) vol. 5, Fife (GB), pp. 64–71
(2001).
[3] R. Wynands, S. Weyers, Metrologia 42, S64–S79
(2005).
[4] S. Weyers, A. Bauch, D. Griebsch, R. Schröder, R.
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2006 with no frequency corrections applied. Since most corrections are expected to be small,
the observed frequency diﬀerence is consistent with
the diﬀerence in the magnitude of the C-ﬁeld (100 nT
in CSF1 vs. 140 nT in CSF2).
0.89 Hz
When as a ﬁrst approximation the gaps in the data
are ignored one can determine the Allan deviations
plotted in Figure 6. In the plots the error bars correspond to the theoretical result for pure white frequency noise [6].
From the ﬁgure one can see that the noise nicely
0
2
10–12
Microwave detuning (Hz)

Relative Allan deviation
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FIG. 6: Allan standard deviation of the data taken during
the ﬁrst two weeks of running CSF2 as a clock (see Fig. 5).
Clearly, more work needs to be done on the short-term
stability.

averages down according to the white-frequency-noise
law (proportional to τ −1/2 , solid lines in Fig. 6).
For the frequency diﬀerence between H5 and CSF1
a plateau is reached for times of a day or more. This
is attributed to the long-term instability of the maser.
Clearly, more work needs to be done on CSF2 to improve the short-term stability. For instance the data
in Figure 5 was taken over the two weeks before the
conference. Even after that rather long time the instability barely reaches 3 × 10−15 .

Wynands, Proceedings of the 19th European Frequency and Time Forum, Besançon, 205–207 (2005).
[5] S. Weyers, A. Bauch, U. Hübner, R. Schröder, Chr.
Tamm, IEEE Trans. Ultrason. Ferroelectrics Freq.
Control 47, 432–437 (2000).
[6] P. Lesage, C. Audoin, IEEE Trans. Instrum. Meas. 22,
157–161 (1973).
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The Progress of Cesium Fountain Clock at NIM
Lin Pingwei, Li Mingshou, Li Tianchu, Wang Ping, Chen Weiliang, Liu Nianfeng, Lin Yige
National Institute of Metrology (NIM), No.18, Bei San Huan Dong Lu, Beijing 100013, China
E-mail: linpw@nim.ac.cn
Abstract: NIM4 cesium fountain clock has been operating stably and sub-continually for
more than 2 years. We in this paper present the improvements of NIM4 clock in 2004-2005
and most recent evaluation for its systematic frequency deviations during 7-8,2005 resulted
an uncertainty of 5E-15. We also report the construction of NIM5 movable cesium
fountain clock at NIM.

1. INTRODUCTION
The NIM4 laser cooling cesium fountain clock has been
operating stably and sub-continually since August 2003.
Following BNM/SYRTE fountain clock F01’s
configuration [1], NIM4 captures about 2E8 atoms in a
horizontal-vertical (0,0,1) magneto-optical trap (MOT).
MOT light is delivered through three PM fibers. The
horizontal MOT light is delivered through a singe PM
fiber to physical part and split by free-space optics to
four beams for MOT and OM. After the atoms are
captured in 1.4s in MOT, the anti-Helmholtz magnetic
field is turned off, the atoms are further cooled and
launched up to 56cm (16cm above the Ramsey
microwave cavity). When atoms move up, they interact
with microwave in the state selected microwave cavity
and change from |F=4, mF=0> state to |F=3, mF=0>
state, then a vertical down laser pulse pushes off all
F=4 atoms.The left atoms interact twice with 9.192GHz
microwave in their upward and downward movements
and are detected by detectors. The distance of two
detectors is about 9cm and the fluorescence collecting
efficiency is about 8% . The Ramsey central fringe
FWHM width is about 1.35Hz. The microwave is
generated by a synthesizer, which is slow-locked to Hmaser H1. The PC servo locked the 9.192GHz
microwave frequency to the central frequency of
Ramsey fringe by square wave frequency modulation.
We evaluated the systematic frequency shifts of NIM4
from August to December, 2003 for the first time. The
combined uncertainty was 9E-15. [2] [3]

Optimizations of the optics and AOMs obtain each 6
mW for horizontal lights and 8 mW for each vertical for
MOT and OM. Improvements of the mechanical
shutters and their time sequences have improved the
operation reliability of the whole clock.
The stabilizing electronics was optimized to ensure the
master and re-pump lasers to operate for months without
locking break.
A new H-maser of MHM2010 is available from 2005 to
replace VCH 1003A as frequency reference of NIM4.
H2 has better stability, reduces the uncertainties and
shortens the time required for NIM4 frequency shifts
evaluation.
All of these have improved the operation reliability of
NIM4 clock to realize an operation ratio (effective
period of operation over whole operation period time) of
more than 95%.
The output laser power from optical fiber often
decreases greatly in several days, this increases the
work of NIM4 maintenance. We have manufactured a
step motor control system to control the angle of the
mirror before optical fiber. Experiment result shows this
step motor control system can greatly improve the
stability of output laser power from optical fiber. We
will apply such system to NIM4 in the near future.
Figure 1 shows a Ramsey pattern of NIM4 in 2005,
which is significantly better than observed previously.

II. THE IMPROVEMENTS OF NIM4 CLOCK
We have made several improvements on laser-optical,
electronic, and physical parts of NIM4 in 2004 and 2005.
These improvements have
greatly improved the
performances of NIM4, especially its operation
reliability, and uncertainty.

Figure 1, NIM4 Ramsey pattern with FWHM of ~1.4Hz
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Confined by the design of NIM4 for the first time and
as early as in 1997, the bottom hole of old magnetic
shield of NIM4 is too big. This led to poor uniform of
magnetic field in the region near the microwave cavity.
The experiment shows there existed Majorana
frequency shift and the Majorana shift was one of main
source of the uncertainty at that time. In 2005 we put
three µ-metal covers in the fountain tube corresponding
to the three bottom end-rings of the existed µ-metal
magnetic shield system outside the fountain tube to
improve the efficiency of magnetic shielding. We
measure the magnetic filed with magnetic meter before
we put the fountain tube on. The measurement result
shows that the uniform of magnetic field was improved
remarkably.
As we had improved our laser optical system, we could
get enough falling cesium atoms when we launched the
cesium atoms higher. We re-positioned the microwave
cavities 9 cm higher than before to move the interaction
area of atoms with microwave to the more smooth Cfield region in the middle part of the fountain tube.
We evaluated the main frequency shifts of NIM4 clock
in August, 2005. The result in table 1 shows the
combined evaluation uncertainty reached 5E-15 [4]. The
Majorana frequency shift, previous existed in NIM4
clock, is eliminated to a negligible extent, the
corresponding uncertainty evaluation limited by the H2
day stability 2E-15.
Table 1, An error budget of NIM4 evaluation in August,
2005
Physical Effect
1
2
3
4
5
6
7
8
9

Second order Zeeman
H(L)≠H(l)
Cold atom collision
Microwave power
Blackbody
Gravitation
Majorana
Light shift
Cavity pulling:
Cavity phase
distribution
Combined:

Bias Value
(E-15)
81.8
0.5
-23.7
18.8
-16
3.8
0.0
0.0
0.0

Uncertainty
(E-15)
1.35
0.5
3.2
1.6
0.5
0.1
2.0
0.1
0.1

0.0

0.1

65.2

4.4

Limited by the transfer link available at NIM, we
compare the NIM4 with GPS time by GPS common
view using the H-maser H2 as medium frequency
reference. In Figure 2 the triangle curve is H2-NIM4
and circle is H2-GPS, solid line are least square fits.
During 135 days NIM4 provided 94 day data. The two
breaks in Figure2 were caused by laboratory
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temperature control system failures. The two least
square fits indicate a ~2E-14 difference which is within
the combined uncertainty of NIM4, NIM’s GPS
common view transfer and GPS.

Figure 2, H2-NIM4 and H2–GPS comparison:
horizontal axis represents the time (day) and
vertical frequency difference.
III. THE CONSTRUCTION OF NIM5 CESIUM
FOUNTAIN CLOCK
We now is building our second fountain clock, the
NIM5 movable laser cooling cesium fountain frequency
standard, based on the experiences and lessons of NIM4
clock and consulting the new developments of fountain
clocks. The NIM5 clock is consisted by a laser-optical
bench, a physical package and two electronics-control
cabinets. Be differ from NIM4 clock three 111 direction
laser beams are used for cooling and trapping atoms in
NIM5 clock. The new designed detection region is
placed above MOT. The collection efficiency of the
fluorescence emitted by the cesium atoms crossing the
laser beam in their flight is about 6%.
The interaction region is composed of two microwave
cavities and a fountain tube, realized in OFHC copper.
The two cavities are vertically aligned and spaced by
8.3 cm. The first one is used as the backup of state
selection cavity if the state selection cavity outside
magnetic shield is not good enough. The second cavity
is Ramsey cavity used for the clock interaction.
Different from the cavity of NIM4 clock, this cavity
have two symmetry microwave input waveguides. The
Q factor of microwave cavity is about 10000. The
microwave leakage from microwave cavity was
carefully detected. We found putting Aluminum film on
the contact plane of cylinder and waveguide of
microwave cavity was very useful to prevent microwave
leakage.
Outside the fountain tube in the interaction region there
is the heater for vacuum baking and temperature
control , the C-field map coils, the C-field solenoid and
four coaxial layers of magnetic shields. In order to
achieve much better magnetic field uniformity in the
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region of microwave cavity, we also carefully designed
magnetic covers. The hole diameter of bottom magnetic
covers is 3.7 cm. Besides the earth magnetic field
compensating coils, we carefully design the current
compensating coils near the magnetic covers. The
magnetic field fluctuation is less than 2 nT in the area
where the distance is greater than 12 cm from the inner
magnetic cover.
The optical system is composed of four laser diodes: a
master, a re-pump and two slaves. The master laser
frequency is shifted about 124 MHz by double passing
AOM, then is locked on 4-4’ and 4-5’ cross line of 133Cs
by digital square wave frequency modulation. The
master laser has no frequency modulation and is
amplified by two slave lasers of 150mW each. The slave
lasers produce the up laser beam and down laser beam
respectively. Each slave laser beam single passes AOM
first, then is injected in PM fiber.
The new AOM drivers have been designed and
manufactured. The time sequence control system have
been improved greatly by using a single chip computer
in control board. The new time sequence control system
can generate more pulses in one time sequence cycle, so
it can control or trigger more complicated events, such
as switch on and off laser beam many times in one time
sequence cycle. Our old time sequence control system
used in NIM4 clock can generate only one pulse in
every time sequence cycle. The digital servo control
system is similar to the system of NIM4 clock. The
microwave synthesizer interface board, AD/DA
converter board and GPIB board inside a PC are in
charge of the various control functions. The whole
electronic hardware system has been constructed. The
whole software are being renewed and improved.
Though the three main parts (laser optical part, physics
part and electronic part) have been almost finished, the
three parts have not yet experimented together. The new
clock is expected to be finished in 2007.
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Low velocity, high flux, continuous source of cesium atoms
N. Castagna,∗ J. Guéna, M.D. Plimmer, and P. Thomann
Observatoire Cantonal, rue de l’Observatoire 58, CH 2000 Neuchâtel, Switzerland
We present a 2D magneto-optical trap (MOT) that uses an innovative simple optical configuration.
Instead of mirrors and quarter-wave plates we use metal-coated retro-reflecting prisms so as to recycle
the optical power of the cooling laser beam. We have characterised this source for three different
configurations: with and without transverse magnetic field gradient, as well as with a pusher beam
to produce a 2D+ -MOT. The longitudinal velocity is about 25 m·s−1 , with a transverse velocity
spread ≤ 1 m·s−1 , while the typical atomic flux density can be as much as 1.3×1014 at·s−1 ·m−2 for
a cesium vapour pressure of ∼4×10−8 mbar in the source. We use this low velocity atomic beam,
instead of thermal vapour, to load a 3D moving optical molasses that launches a continuous cold
cesium fountain. We achieve a gain of a factor ∼ 20 in the fountain’s atomic flux.
I.

INTRODUCTION

Slow atomic beam sources are useful tools for many
applications in atomic physics: atom interferometers [1–3], fundamental symmetry tests [4, 5], atomic
clocks [6, 7], degenerate matter [8] and atomic and
molecular spectroscopy [9]. The work described here
is closely linked to the development of a primary
time standard using a continuous atomic fountain [10].
Such fountains have the advantage of a lower atomic
density for a given signal-to-noise ratio than their
pulsed counterparts, which helps reduce density related frequency shifts [6]. In addition, by using them,
one can eliminate the intermodulation (a.k.a. Dick)
effect stemming from local oscillator noise [11]. To
take full advantage of the continuous fountain approach however, we wish to have a higher useful flux
than that produced by the first continuous fountain
FOCS-1. One way is to launch more atoms from the
moving optical molasses source, which can be achieved
by loading it from a slow atomic beam rather than by
capture from the low-velocity tail of a thermal vapour.
Low-velocity sources of atoms can be generated by
a number of different configurations [12–24]. Several of them ([12], [15], [19], [20], [21]) require a laser
beam to be superimposed with the atomic beam. Zeeman slowing of a continuous atomic beam [14] needs
high magnetic fields, while chirp slowing [18] generates only bunches of atoms. Here we present a far
simpler solution, namely a 2D magneto-optical trap
of cesium atoms producing a continuous low velocity
beam (v ' 25 m·s−1 ). While 2D-MOT’s have already been used elsewhere [3, 19, 22–24], the devices
in question are usually somewhat expensive, requiring
many large anti-reflection (AR) coated polarising optics. Furthermore, the laser power is divided at each
stage so several hundred milliwatts are often necessary. In our version, we employ gold-coated prisms
in place of mirrors and quarter-wave plates, and the
optical power is recycled. This leads to a considerable
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saving both in complexity and financial cost without
loss of performance with regard to the useful flux extracted from the source.
In these proceedings, we present the set-up and design (Sec. II). Then (Sec. III) we describe the characterisation of the slow atomic beam (longitudinal and
transverse velocity distribution, spatial profile) and
the optimisation of various parameters (laser power
and polarisation, magnetic field gradient ∇B, laser detuning). We compare the results obtained i) with a
magnetic field gradient (2D-MOT), ii) with no gradient, i.e. the so-called 2D optical molasses (2D-OM),
and iii) with a pusher laser beam along the atomic
beam (2D+ -MOT). In Sec. IV we analyse the capture
of the slow atomic beam in a 3D static optical molasses, and the subsequent upward flux in the vertical
launch fountain configuration (moving molasses). We
compare the results with thermal vapour loading of
the 3D optical molasses. This study is important for
our evaluation of the potential improvement in stability achievable for an atomic fountain clock [10] incorporating such a slow beam device, hereafter called a
pre-source.

II.

EXPERIMENTAL SET-UP

An overview of the set-up is given in Fig. 1. The
2D-MOT pre-source provides a slow atomic beam
directed towards a 3D-moving optical molasses region where it is simultaneously captured, cooled and
launched vertically in a continuous atomic fountain.
The cell axis is tilted at 45 ◦ with respect to the vertical in the x z plane.

A.

Pre-source

A scheme of the pre-source is represented in Fig. 2.
The glass cell (internal dimensions 30 mm × 30 mm
× 150 mm) is connected to a UHV chamber via a
titanium adaptor flange of internal diameter 16 mm
that expands to 40 mm towards the vacuum chamber.
The former diameter constitutes the tighest constric-
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Cold atomic
fountain beam

UHV
chamber

Slow atomic
beam

3D – OM
cooling
beams

2D-MOT pre-source
Mirror

z
x
y

PBS

Plug
beam

Pre-source
cooling
beam

Pusher
beam
Mirror

FIG. 1: Pre-source in an overview of the experimental setup. The cooling beam is split into two parts by a polarising
beam splitter (PBS). Each then propagates along the glass
cell as described in Sec. II A.

tion between the pre-source and the 3D-OM region
(Fig. 1), located in the centre of the UHV chamber
some 500 mm away. Cesium vapour is injected directly into the cell. Using an adjustable bellows we
can alter the tilt of the cell axis. The required ∇B is
generated by four identical rectangular coils, fixed to
a chassis that surrounds the cell. The magnetic field
map has a quadrupole distribution in the transverse
plane with a zero field line lying along the cell axis.
a)

Cooling beams

σ-

σ-

i

B.
σ+

2D B-field gradient coils

x’
z’

σ+

y’

Plug laser

b)
Pusher beam
for 2D+-MOT

source is a home-made Extended Cavity Diode Laser
(ECDL) centred on 852 nm (cesium D2 line) and
injected into a Master Oscillator Power Amplifier
(MOPA); its frequency is red detuned from the transition 6S1/2 , F = 4 → 6P3/2 , F 0 = 5 by typically
1.5Γ, where Γ= 2π×5.22 MHz [25] is the natural
width. A repumper laser beam (ECDL, 1.5 mW),
overlapped with the cooling beam and locked to the
6S1/2 , F = 3 → 6P3/2 , F 0 = 4 component, recovers
the atoms pumped into F = 3. The two beams cover
the volume of the cuvette by total internal reflection
from a series of gold-coated right-angle optical prisms,
see Fig. 2b, providing the required opposite circular polarisation for the successive passages. A film
of index matching fluid (glycerine) between the cuvette and the prisms reduces reflection losses at the
air-glass interfaces to a negligible level while an AR
coating limits losses at the internal faces of the cuvette.
The optical set-up of the pre-source is completed by
another couple of laser beams, both shown in Fig. 2: a
plug and a pusher, both tuned to the F = 4 → F 0 = 5
hyperfine component of the D2 line. The plug beam
(power 3 mW) serves to measure the longitudinal velocity distribution by a time of flight technique (see
Sec. III D). The pusher beam (power up to 2 mW,
diameter 20 mm) is used to generate a 2D+ -MOT
configuration.

Slow atomic beam

Cooling beam

FIG. 2: Scheme of the pre-source: a) The four perpendicular cooling beams and the coils that generate the transverse magnetic field gradient. b) Beam geometry (for clarity only one of the two cooling directions is shown), see Sec.
II A for details.

We use a cooling laser beam diameter of 30 mm
to provide a large capture volume, and a total power
up to 200 mW, divided by a polarising beam splitter cube (PBS) to supply the 2D cooling directions
with equal power, as shown in Fig. 1. Two quarterwave plates at the entrance of the glass cell provide the required circular polarisation. The light

Optical molasses and detection

The collimated atomic beam produced by the presource reaches the centre of the UHV chamber 500 mm
downstream where we perform diagnostics using another ECDL beam that crosses the atomic beam transversely along the y direction in Fig. 1. This probe
laser, scanned over the F = 4 → F 0 = 5 transition,
has a power up to 2 mW and a beam waist radius of
2.8 mm. We select an output diameter of 5 mm using
a diaphragm. A weak repumper laser beam (0.2 mW)
stabilised on the F = 3 → F 0 = 4 transition is overlapped with the probe laser so as to recycle atoms
that leak into the F = 3 level. Two photodetectors,
one opposite the probe laser and the second in the
same plane but oriented along the x direction, allow
us to detect simultaneously the transmission and fluorescence signals.
In this region we can switch on a 3D optical molasses
(3D-OM) to capture the atomic beam. This arrangement is formed by six counterpropagating beams, red
detuned by 12 MHz from the F = 4 → F 0 = 5 transition and circularly polarised (each pair of counterpropagating beams has opposite σ + − σ − polarisation). The horizontal retro-reflected beam (x -axis)
is overlapped with a weak repumper beam (power
0.1 mW). We can modify the central frequency of the
upward and downward pairs of beams independently
using different Acoustic-Optical Modulators (AOMs)
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to make either a static or a continuous moving optical
molasses [13]. The beams originate from a common
laser (henceforth the 3D-molasses laser), an ECDL
offset-locked by 160 MHz above the F = 4 → F 0 = 4
transition and amplified by injection into a MOPA.
The output of the MOPA passes through an AOM
centered on 80 MHz to produce the desired cooling
frequency. The power per beam is 7 mW and the
waist radius 13 mm.

A.

14

-1

-2

Flux density [10 at ·s ·m ]

Fig. 3 shows the effect of cooling laser power. For
the maximum value available (∼ 200 mW), the signal
still increases though less steeply. This implies greater
flux yields if we had more laser power at our disposal.

1.0

2D-MOT
2D-OM

0.8

Saturated absorption

0.10

44'-45'
crossover

FWHM=6.3 MHz
0.05

0.00

Probe frequency (40 MHz/div)

FIG. 4: Absorption spectrum of a probe laser beam transverse to the atomic beam 500 mm downstream. Probe
saturation parameter of 0.2. The width of the resonance
helps characterise the transverse velocity spread. Upper
trace: saturated absorption signal providing frequency calibration.

Impact of cooling laser beam parameters

We have investigated the impact of various parameters on the detected atomic flux density. To do this we
monitored the fluorescence emitted from the atomic
beam following its excitation by a transverse probe
laser, 500 mm downstream. For calibration, see Sec.
III F.

0.15

Absorption [%]

III. MAIN CHARACTERISTICS OF THE
ATOMIC BEAM AND INFLUENCE OF
PARAMETERS

0.20

45'

B.

Transverse velocity

To infer the transverse velocity spread of the collimated atomic beam, we observed the transmission of a
weak probe laser beam oriented perpendicularly to the
atomic beam. The F = 4 → F 0 = 5 resonance curve
observed has a FWHM of at most 6.3 MHz (see Fig.
4). Some of this broadening is attributable to slight irreproducibility of the frequency scan ramp. By fitting
this curve with a Voigt profile (convolution between a
gaussian velocity distribution and a lorentzian distribution with the 5.2 MHz natural width), we obtain a
conservative upper limit of the full velocity spread of
about 1 m·s−1 . For a longitudinal velocity of 25 m·s−1
(see Sec. III D) this corresponds to a full beam divergence ≤ 40 mrad. No significant difference was
observed between the three pre-source configurations
tested.

0.6
0.4

C.

0.2

Atomic beam profile

0.0
0

50

100

150

200

250

Total cooling laser power [mW]

Probe absorption [%]

FIG. 3: Atomic flux density versus total cooling laser
power measured 500 mm from the exit of the pre-source.
The data points were obtained observing the fluorescence
induced by the probe laser beam transverse to the atomic
beam with a weak repumper overlapped. Cooling beam
detuning from the F = 4 → F 0 = 5 transition -8 MHz for
both 2D-MOT and 2D-OM configurations. ∇B=2.6 G/cm
for the MOT.

0.30
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2D-OM
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FWHM = 9mm
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As for cooling laser detuning from F = 4 → F 0 = 5,
we find an optimum value around -1.5Γ for the 2DMOT and somewhat higher for the 2D-OM (-2Γ).
In the latter configuration we saw no dependence
upon laser polarisation, consistent with the fact that
Doppler
cooling dominates over sub-Doppler cooling
208
mechanisms.

FIG. 5: Atomic beam profiles measured by probe absorption at a distance of 500 mm from the exit of the presource. Filled circles: standard 2D-MOT configuration;
open circles: configuration with no magnetic field gradient (2D-OM); the solid lines are guidelines. Probe beam
tuned to the F = 4 → F 0 = 5 transition, diameter reduced
to 2 mm.
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To measure the transverse beam density profile, we
translated the whole detection system (probe laser
and transmission photodetector) perpendicularly to
the axis of the atomic beam, with the probe transverse to the atomic beam. The width (FWHM)
of the spatial distribution is found to be 9 mm for
∇B '1.3 G/cm (value optimising the atomic flux)
and 15 mm for ∇B= 0 (Fig. 5). For a point source
these would correspond to maximum full beam divergences of 18 and 30 mrad respectively, compatible with the limit deduced from Doppler spectroscopy
(see Sec. III B). The narrower profile obtained in the
MOT configuration was expected since the Doppler
cooling process operates in a tighter spatial confinement than in the OM. We conclude that the source is
highly directional, a useful feature for efficient loading
of a 3D-optical molasses.

Longitudinal velocity

+

6.0

2D -MOT

5.0

8

-1

Flux distribution [10 at · m ]

D.

in the 2D-MOT case, a narrow peak (FWHM 5 m·s−1 )
appears centred at the low velocity of 13 m·s−1 . This
structure increases the total flux, though by no more
than 30%. Incidentally, we find the same gain in total
flux for a configuration 2D+ -OM with respect to the
simple 2D-OM.
We have well confirmed these results by Doppler
shifted absorption spectroscopy, using a probe beam
aligned at ±45 ◦ to the atomic beam.
E.

Magnetic field gradient

The optimal magnetic field gradient in our device
lies in the range 1.0−1.5 G/cm, i.e. more than an
order of magnitude lower than that used in [3, 23].
A low magnetic field gradient is desirable for many
applications where stray fields are harmful (including
our particular field of atomic clocks). What is more,
the present source works almost as well with no gradient at all, which is even better from this point of
view. This behaviour we attribute to the large diameter of the exit hole (16 mm) which allows cold atoms
to contribute to the slow beam be they close to the
axis or not.

4.0

2D-MOT

3.0

2D-OM

2.0
1.0

F.

Flux calibration

+

(2D – 2D)-MOT

0.0
0

25

50

75

100

Velocity [m/s]

FIG. 6: Flux distribution as a function of the longitudinal
velocity v for the three configurations of the pre-source extracted from TOF measurement. Crosses: 2D-OM, solid
line: 2D-MOT, dots: 2D+ -MOT and dashed line: difference between the 2D+ - and 2D-MOT’s. Cooling laser detuning -10 MHz, ∇B ' 1.3 G/cm for the MOT’s.

For TOF measurements, we use a plug laser modulated at 7 Hz by a mechanical chopper wheel and
record the fluorescence induced by the cw transverse
probe beam tuned to the F = 4 → F 0 = 5 transition with the repumper overlapped, at a distance
L=500 mm downstream. The fluorescence signal
is proportional to the instantaneous atomic density
n(L,t) from which the longitudinal velocity distribution of atomic flux density
ϕ(v) dv = v · n(L, t) dt

(1)

R
can be reconstructed using v = L/t. Φ= ϕ(v)dv is
the total flux density. Fig. 6 shows the results for the
different pre-source configurations. No marked difference is observed between the 2D-OM and 2D-MOT:
peak velocity around 25 m·s−1 and full velocity spread
about 50 m·s−1 , slightly larger for the OM case and
the total flux ' 30% smaller. However, for the 2D+ MOT configuration, on top of the distribution found

We have calibrated the atomic flux using probe absorption without repumper rather than fluorescence
signals to be independent of light collection efficiency.
We exploit the two F = 4 → F 0 = 4 and F = 4 →
F 0 = 5 atomic resonances. Strictly we detect only
atoms present in the F = 4 ground hyperfine level.
On the former open (pumping) transition, absorption is limited by the hyperfine pumping time with
an absolute value independent of probe beam intensity and size. The power subtracted from the beam
yields directly the atomic flux. This method is the
most reliable but gives small signals. For this reason, we also use the F = 4 → F 0 = 5 transition as a
transfer standard since it provides better S/N. On this
closed (cycling) transition, the absorption is limited
by the transit time and the relative absorption gives
access to the atomic density. We have also exploited
it to cross-check the 440 calibration. Many signals
presented in this work were derived from fluorescence
detection and calibrated by simultaneous recording of
absorption signals.
IV. CAPTURING THE ATOMIC BEAM IN
THE STATIC 3D OPTICAL MOLASSES AND
LAUNCH CONFIGURATION

Our purpose for building the pre-source described
above is to improve the useful atomic flux in a con- 209
tinuous cesium fountain clock [10]. This clock is cur-
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Absorption [%]

rently fed by loading a 3D-OM from a thermal cesium
vapour. Here we present the gain obtainable by loading a 3D-OM by the slow atomic beam provided by
the pre-source. Fig. 7 shows the experimental arrangement.

Vapour
2D-MOT

10

45'

8

44'

6
4
2

43'

100 MHz

0

Probe laser

•)
fluo

Probe frequency [MHz]

PD

transmission

660 mm

FIG. 8: Absorption spectra of the probe laser scanned
across the D2 line in the 3D-optical molasses region. Loading by cesium vapour (solid line) or from the 2D-MOT
slow atomic beam (dotted line). Probe laser beam (diameter 5 mm and total power 0.15 mW) overlapped by a
weak repumper beam for vapour loading.

•)

PD

Cold atomic
beam

3D-OM beams
probe
beam

Slow atomic beam
from pre-source, at
45° in xz plane

•)

PD transmission

•)

z
PD fluorescence

y
x

FIG. 7: Schematic of the launch configuration for the fountain. The 3D optical molasses is formed by six counterpropagating laser beams (the horizontal retro-reflected
beam along x is not shown) with opposite circular polarisation capture the cesium atoms travelling through the
intersection region. Measurements presented in Sec. IV A
are obtained with a static 3D-OM, while for those in Sec.
IV B the optical molasses is in a moving configuration.
Two photodetectors (PD) allow simultaneous monitoring
of the fluorescence and transmission signals induced by the
probe beam.

A.

Results in the static 3D optical molasses
configuration

Diagnostics were performed using probe absorption.
The 3D-molasses beams were turned on detuned by
-12 MHz from F = 4 → F 0 = 5, value found to
optimise capture efficiency. The parameters of the
pre-source were also adjusted to optimise the absorption signal (cooling laser detuning δ '-11 MHz and
∇B ' 0.8 G/cm, slightly different than without capture). When we changed from the 2D- to the 2D+ MOT configuration, most remarkably, the absorption
signal was increased by a factor of ' 1.8 while without
capture the gain was only 30% (see Fig. 6). A similar behaviour was observed for a 2D- versus 2D+ -OM
comparison. These effects we ascribe to increased 3DOM capture efficiency for slow atoms (peak around
13 m/s in Fig. 6).
To compare the 3D-OM loading by a thermal cesium vapour or by the slow atomic beam, we use a
second reservoir and isolate the pre-source from the
UHV chamber. Typical results are shown in Fig. 8.
For loading from a vapour ∼ 10−8 mbar we observed a
Doppler broadened absorption of the order of 10−15%
210 250 mm of vapour column (internal diameter of
along
the chamber) with small sub-Doppler peaks centered

FIG. 9: Pictures showing the fluorescent light emitted in
the 3D static optical molasses. a) Loading by the slow
atomic beam: bright central spot of ∼15 mm diameter.
Note the absence of fluorescence from the six molasses
beams. b) Loading by a Cs vapour: the fluorescence
induced by thermal vapour along the 3D-molasses laser
beam axes, absent in a), is conspicuous.

on the F = 4 → F 0 = 4 and F = 4 → F 0 = 5 atomic
resonances due to slow atoms captured in the 3D-OM.
These have to be compared with the peaks associated
with slow beam loading: the capture efficiency is ∼ 8
times higher in the latter case. The striking difference
between the two loading techniques is highlighted by
the images recorded by a CCD camera (Fig. 9): fluorescent light along the 3D-molasses laser beam axes
in Fig. 9b, indicating diffuse vapour is absent in Fig.
9a. This confirms the confinement of the atoms in the
region of interest and quasi -absence (4×10−10 mbar)
of thermal background atoms for slow beam loading
the 3D-OM despite the large pre-source exit hole and
the absence of getters.
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2D-MOT 2D+ -MOT

Vapour
Φ (1013 at·s−1 ·m−2 )
ø (mm)

B.
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16.4 (0.3) 15.0 (0.1)

-

Launch configuration and impact of
pre-source vapour pressure

The slow atoms captured by the 3D-OM were
launched vertically using a moving optical molasses
(upward and downward beams detuned to provide a
launch velocity of 3.6 m·s−1 ). The fountain beam was
detected 470 mm above the 3D-OM using both fluorescence and absorption induced by the probe laser
beam for different loading techniques of the source.
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FIG. 10: Atomic flux launched vertically from a 3D moving molasses as a function of the cesium vapour pressure inside the pre-source used to load it, for both the
2D-MOT and the 2D+ -MOT configurations. Detection
by induced fluorescence with probe beam tuned to the
F = 4 → F 0 = 5 transition.

Fig. 10 shows the fountain atomic flux as a function
of the cesium pressure inside the pre-source. We find
a maximum value Φ = 8.5×1013 at · s−1 · m−2 for
the rather high value of 1.2×10−7 mbar (absorption
of 17% in the pre-source for a 3 cm transverse path).
For even higher pressure, the detected flux falls due
to the greater collision rate and increased imbalance
of the cooling laser beams due to higher absorption in
the pre-source.
Finally, Fig. 11 shows the main result of this
work, namely that 2D-MOT-slow-beam loading gives
10 times more flux than vapour capture; the 2D+ MOT almost doubles this. The transverse cold beam
profiles also recorded for the 2D-MOT- and vapourloading of the 3D-OM were quite similar. Tab. I summarises these results.

-2

10

-1

8
6

Flux density [10 at ·s ·m ]

TABLE I: Summary of methods for loading a continuous
cold atom fountain. Atomic flux density Φ and transverse
diameter ø of fountain beam at a distance of 470 mm
above the 3D-OM source, with a vertical launch velocity of 3.6 m·s−1 . Comparison for pre-source (2D- and
2D+ -MOT) at Cs vapour pressure 1.2×10−7 mbar and for
vapour loading at 0.8×10−8 mbar.
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vapour
2D-MOT
+
2D -MOT

45'

4
2

44'
0

Probe beam frequency (100 MHz/div)

FIG. 11: Fluorescence spectrum calibrated in flux density
detected 470 mm above the 3D-OM source in a launch
configuration upwards. Comparison between the two different techniques to load the source: from cesium vapour
(full line) or from the slow atomic beam produced by the
pre-source in either the 2D-MOT (dashed line) or the
2D+ -MOT (dotted line) configuration. Vapour pressure
' 1.2×10−7 mbar in the pre-source and ' 10−8 mbar in
the UHV chamber.

V.

CONCLUSIONS

We have developed and characterised a twodimensional source of slow Cs atoms for the loading
of a continuous atomic beam fountain. A comparison
of the characteristics for the 2D-MOT, 2D-OM and
2D+ -MOT configurations is summarised in Tab. II.
The innovative set-up with i ) low cost optics, ii ) absence of differential pumping and iii ) an exit hole with
no diaphragm, is shown not to limit the performance
of our device. The slow atomic beam provided by the
pre-source has been captured in a UHV chamber by
a 3D-OM 500 mm downstream and then launched in
a vertical flight. Loading the molasses using the 2DMOT provides a gain in the detected flux by a factor of
' 10 compared with thermal cesium vapour capture,
the method used heretofore to feed our atomic clock
fountain. An added advantage is the quasi -absence
of thermal background atoms. The introduction of a
pusher beam in the pre-source (2D+ -MOT) increases
the fountain flux by a further factor of ' 1.8, as a
result of a more favorable longitudinal velocity distribution. This suggests we might boost the fountain
flux even more by shortening the length of the presource cell, as demonstrated in [23]. At the optimum
vapour pressure in the pre-source of 1.2×10−7 mbar
and for a 2D+ -MOT configuration we achieved a high13
est flux density of 8.5×10√
at · s−1 · m−2 . Our results
imply a potential gain of 20 in stability of an atomic
shot noise limited fountain clock, though the signalto-noise remains to be investigated. A more detailed
account of this work will be published elsewhere [26].
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TABLE II: Comparison of the characteristics of the slow
atomic beam for the 2D-MOT, 2D-OM and 2D+ -MOT
configurations. Φ is the maximum atomic flux density, vL
the peak longitudinal velocity and ∆vT the transverse velocity spread. The total flux is calculated using the transverse beam size measured at 500 mm from the exit (see
fig. 5) and assuming it to be the same for the 2D- and
the 2D+ -MOT configurations. Note that Cs vapour pressure in the pre-source is ∼4×10−8 mbar, namely one third
of the optimum value for fountain flux measurements, see
Tab. I and Fig. 10.
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2D-MOT 2D-OM 2D+ -MOT
Φ (1014 at·s−1 ·m−2 )
vL (m·s−1 )
∆vT (m·s−1 )
Total flux (1010 at·s−1 )

1.0
27
≤1
1

0.7
25
≤1
1

1.3
20∗
≤1
1.3

* This value is found by averaging the two peaks that
characterise the longitudinal velocity distribution for the
2D+ -MOT configuration (Fig. 6).
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Microwave Interrogation System for VNIIFTRI Cesium Fountain
A. BOYKO, L. KOPYLOV, A. NOVOSELOV.
Institute for Metrology of Time and Space (IMVP FGUP “VNIIFTRI”),
Moscow Region, Mendeleevo, 141570 RUSSIA.
boyko@aspnet.ru

The input signal of the system is 5 MHz with a high long-term stability. 5 MHz quartz crystal oscillator of
improved short-term stability (~2·10-13/1sec) is phase-locked to the input signal and controls, in turn, 1530 MHz
oscillator. The 6-th harmonics of 1530 MHz signal forms 9.180 GHz interrogation signal. As essential point of
developed system is that the H-maser of increased output power (~1·10-12 W) is used for further lowering of
interrogation signal phase noise.
1.

Introduction.

It is known, that the strict requirements are made
for spectrum of probing microwave signal of cesium
fountain standard. To solve this problem a special Hmaser with increased power of the output signal was
developed at VNIIFTRI. Double separation, selection of
optimum spectral line Q-factor due to escape of atoms
from a bulb, optimum connection of resonator with a
load, and also a low-noise output signal amplifier were
used to obtain the signal-to-noise ratio equal to 90 дБ in
1 Hz bandwidth. It must provide a potential possibility
to reduce a random error in a signal frequency
measurement of probing signal to 1⋅10-13.

determine a frequency of the H – maser included into
time-keeping clock ensemble.
3. Frequency Multiplier from 5 MHz to 1530 MHz
The block-diagram of a multiplier is shown in Fig. 1.
As a quartz generator the quartz generator with a
short-time stability of about 2×10 –13 1/s is used. The
time constant of phase-lock-loop is about 100 s. The
phase instability of the first four multipliers including a
20 MHz quartz filter does not increase the output signal
phase instability because the phase auto-tuning of the
quartz oscillator at the reference frequency is made by
means of 80 MHz divided by 16.

2. Principle of System Construction
The general principle for construction of probing
signal system is the same as the principle for
comparison system based on a classical cesium
frequency standard, which has been used at VNIIFTRI
from 1975 till now. After preliminary spectrum cleaning
with the help of quartz phase-lock-loop oscillator (with
a large time constant) the reference frequency of 5 MHz
of a continuously operating H-maser with high longtime frequency stability included into H – maser clock
ensemble for time-keeping is multiplied till 9180 МHz.
The synthesizer frequency 12,631770 MHz is added to
9180 МHz. The synthesizer frequency measurement
tuned to the spectrum line peak makes it possible to
determine the real value of hydrogen clock frequency.
In our case besides of the spectrum cleaning at the
frequency of 5 МHz an additional spectrum cleaning at
a frequency of 1530 MHz is carried out. The synthesizer
frequency is formed by auxiliary oscillator at a
frequency of 100 MHz. Measuring the frequency of 100
MHz by a standard comparator makes it possible to

80 MHz
quarts
filter

×4

×19

PD

×2

≅

10 MHz
÷ 16

×2
quarts
oscillator
5MHz

≅

oscillator
1530 MHz
PD

5 MHz H-maser

Fig.1
The multiplier to the frequency of 80 MHz and the
phase-lock-loop quartz oscillator are located in a
separate steel box with an additional acoustic lead
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at a microwave diode up to the frequency of 9180 MHz
(Fig.4). The synthesizer frequency of 12,6 MHz is added
at the same diode. The output signal power of 9192,631
MHz is about 10-7 W.
9180 MHz
+20dB
1530 MHz

9192,63177MHz

×6

12,631770 MHz
Synthesizer

12,631
÷2

100 MHz

4. Filtration of Phase Noises with Hydrogen Maser
The block diagram of filtration is shown in Figure
2.
The hydrogen generator with a large time constant
(1000 s) is tuned in accordance with the phase of
multiplied signal in such a way that phase difference
between a signal of 1530 MHz and H-maser is equal to
0. A variable component (in a frequency bandwidth from
0,01 Hz to 250Hz) is given to a phase changer of a signal
of 1530 MHz. Thus, a signal phase of 1530 MHz in the
mentioned frequency band repeats the H-maser signal
phase. And slow drifts of H-maser frequency with the
respect to reference signal frequency are traced by slow
tuning of H-maser frequency.

1530 МГц

1530 MHz

10 MHz

80 MHz

30

Personal
computer

Fig.3

The synthesizer 12,63 MHz is performed on the
basis of the chip AD7008 of the firm Analog Devices.
This chip fulfils the direct digital signal synthesis of the
defined frequency. The synthesis is made by 10-bit
DAC with a refresh rate of 50 MHz. The chip gives
possibility to specify the signal frequency with a step of
about 12 mHz and the signal phase with a step of
1.5×10-3 rad.
The output chip signal is delivered to a low
frequency filter which is a LC-filter consisting of two
mid-shunt sections, then it is intensified by an amplifier
with a programmable gain factor - chip AD8320 of
Analog Devices. The chip makes it possible to specify a
gain factor with a step of 0.5% of the maximum value.
The signal of 50 MHz is taken from a quartz
oscillator of 100 MHz, which should be tuned to Cs
spectral line.

29,6

phase
changer

≈

×3

Quarz
oscillator

Cesium atomic tube

shield. The power of output signal 80 MHz at the load
of 50 Ω is 13…15dBm.
A generator for frequency 1530 MH was designed
and performed on the basis of a bulky cavity (wave
ТЕ011) which is similar to that one used in hydrogen
generator “Sphera”. The resonator is made of fused
quartz. Single-level temperature-controlling and
vacuuming are used. There is a feedback system
(amplifier M42115-1 and phase changer) inside the
vacuum tank. The generator frequency can be changed
by means of varicap within the limits of 5 кHz.

109,6

0,405

1420 MHz

0,405

Highpowered
H-maser

FD

Sinth.
0,405751

=

Fig.2

5. Frequency Multiplier up to 9,180MHz and
Frequency Synthesizer
The block-diagram of final frequency multiplier is
shown in Figure 3.
A signal with a frequency of 1530 MHz is amplified
by the microwave amplifier ZR4-24004N and multiplied
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Fig.4. Spectrum of 9180 MHz (Span 50kHz, VBW
470Hz).
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6. Conclusion
Thus, the interrogation system makes it possible to
perform the tuning to the spectral line peak by means of
a phase modulation of ± π/2 along with a direct
measuring of H - maser reference frequency, to select the
optimum power of a microwave signal and to measure a
magnetic field in the drift region.
To suppress the phase noises of measured H-maser
reference frequency three levels of spectrum cleaning are
used: quartz oscillator with a high short-term stability,
quartz filter at 20 MHz and special H-maser with high
power of the output signal.
The operation ability of the interrogation system
was tested on a Cesium fountain model. At present the
activity on measuring a phase noise at the output
frequency and on selecting the optimal time constants of
phase auto-tuning system for quartz oscillator, H-maser,
reference generator and phase changer is under the
process.
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Polarization-dependent optical pumping for the laser selection of Zeeman-states
in cesium fountain
Yu. S. Domnin,∗ G. A. Elkin, A.V. Novoselov, L. N. Kopylov,
V. N. Baryshev, Yu. M. Malychev, and V. G. Pal’chikov
Institute of Metrology for Time and Space at National Research Institute for Physical–Technical
and Radiotechnical Measurements, Mendeleevo, Moscow Region, 141579 Russia
This paper presents an experimental and theoretical analysis of a possible scheme to realize of
optical pumping in the ground state (F = 3) of the cold 133 Cs atoms in atomic fountain. The
efficiency of the population for the state sub-level F = 3, MF = 0 build up is calculated for two
limiting cases of the optical pumping : F = 3 = F 0 = 2 and F = 3 = F 0 = 3. This analysis takes
into account the hyperfine structures of the energy levels for the ground 62 S1/2 (F = 3) and excited
states 62 P3/2 (F 0 = 2), 62 P3/2 (F 0 = 3) of cesium atoms.
I.

INTRODUCTION

Recent progress in laser cooling, including temperatures as low a few microkelvin, and the demonstration of the ability to launch atom while maintaining
these low temperatures, now allows the observation
the Ramsey fringes for the “clock” transitions and to
make the preliminary accuracy evaluation of a cesium
fountain VNIIFTRI[1].
The main scope of this work is to discuss various
aspects of an optical pumping for the laser selection
of Zeeman-states in cesium in both theoretical and
experimental nature. In particular, we consider the
application of the optical pumping for increasing a
number of Cs atoms in the ground state (F = 3, MF =
0) before interaction with T E011 cavity of our cesium
fountain (Fig.1).
Thus, the criteria for the most efficient pumping
schemes are as follows:
• maximum population for the Zeeman state sublevel (F = 3, MF = 0) , depending of the type of
polarization and the orientation of the magnetic
field as a quantization axis,
• optimal combination for the two pumping
schemes: F = 3 = F 0 = 2 and F = 3 = F 0 = 3,
• independence on the initial population distribution for the Zeeman sub-levels of the Cs atom
in the ground state F = 3.

II.

EXPERIMENTAL SET UP

Figure 1 shows the scheme of the atomic cesium
fountain developed at the VNIIFTRI. This apparatus
has been desribed in detail in references[2, 3].
The vacuum part of the construction consists of five
sections coupled with each other by flange sleeves with
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FIG. 1: Scheme of the atomic cesium fountain.

copper vacuum seals. The lower section, including
two magnetic-ion pumps with a total pumping rate
of 4L/s, a mass spectrometer, a getter pump, and a
vacuum valve, is made of a stainless steel. The other
four sections (the detection region, the optical molasses region, the cavity region, and the free-flight or
drift region) are made of titanium. The first results
were obtained for the case when the detection region
was located under the optical molasses region. The
vacuum part of the device has eleven fused silica windows for injecting cooling and detecting laser beams
as well as probe microwave radiation. The windows
are soldered with lead to the inner surface of titanium
cylinder rings, which in turn are welded to titanium
vacuum flanges. The set up was annealed at 250◦ C
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for 200H during vacuum pumping. The residual pressure 5×10−7 Pa was mainly determined by the partial
pressure of molecular hydrogen.
A copper cylindrical microwave cavity is tuned to
the T E011 mode. Coupling with an external signal
is performed with the help of a symmetric waveguide
joint through two diametrically opposite slits in the
cavity walls. The Q-factor of the unloaded cavity is
20000, while that of the loaded cavity (for the chosen
coupling strength) is 3000. to separate the states of
atoms with different projections of the momentum of
the quantization axis, we use the C-field representing
a homogeneous magnetic field with the strength at
which resonances at the transitions 4F = ±1, 4m =
0(F = 3, 4 is the total momentum of a cesium atom
in the ground state) are separated by a few kilohertz.
This C-field was produced with the help of two bias
windings, one of which formed a homogeneous axial
magnetic field in the upper drift region of the set up,
while another produced a magnetic field in the regions
of the optical trap and optical detection. The detailed
description for the other components of our fountain
(laser system for cooling and detecting cesium atoms,
a system for the frequency stabilization of the reference and pumping lasers, synthesis of the interrogation microwave signal, etc) are presented in[2, 3].
In contrast with previous versions of cesium fountain
(see, for example, [4]) in our measurements we have
used F = 3, MF = 0) ground state before entering to
the microwave cavity[2, 3].
Figure 1 shows also the scheme of an optically
pumped Zeeman sub-levels of the ground state F = 3;
the population inversion is achived by two pumping
laser beams and the resonance phenomenon (Rabi or
Ramsey fringes) is detected through fluorescence light
induced by the detection lasers. A weak C-field removes the Zeeman degeneracy. In this work, we limit
our attention to the evaluation of the population unbalance created in the optical pumping region. We
will not consider here the Zeeman structures of the
energy levels as a function of magnetic field.
The characteristics of the pumping laser beam are:
intensity of 15 µW/cm2 and spectral width of 0.5
MHz.

III.

THEORY AND RESULTS OF
OBSERVATIONS

From a general physical point of view a dynamics
of an atom in a pumping laser field can be attributed
to one or more basic types according to the ration
between the contributions of the induced and spontaneous transitions[5, 6]. We take a semi-classical model
in which the pumping laser field is written classically
and the atomic system is treated through quantummechanics. In that case the density matrix formalism
considers not only the populations, but also the coherence effects when an interaction couples two or more

atomic levels[5].
In the case of the cold and slow atoms in fountain
geometry (Fig.1), at large interaction time compared
with the spontaneous decay times, spontaneous transitions and relaxation processes cannot play a noticeable role in atomic dynamics. In such a case, it’s possible to use the simplified approach using the population
rate equation:
Pi (m + 1) =

X
k,j

2

2

Pk (m) |µkj | |µji |


+Pi (m) 1 −


X

2
|µji |  ,

(1)

j

where Pi (m) is the population on the Zeeman sub2
level i after m pumping cycles, |µkj | is the transition
coefficients from state i to state j. We define the transition coefficients µij ≡ aFe Me →Fg Mg by the relation
aFe Me →Fg Mg = (−1)1+I+Je +Fe +Fg −Me (2Fe + 1)1/2
½
¾
Fe 1 Fg
×(2Fg + 1)1/2
Jg I Je
µ
¶
Fe 1 Fg
×
(2Je + 1)1/2 ,(2)
−Me q Mg
½
¾
µ
¶
j1 j2 j3
j1 j2 j3
where
and
are 6-j
m1 m2 m3
m1 m2 m3
and 3-j symbols and q = 0, ±1 denotes standard components of the electric dipole moment for the Zeeman
sub-levels considered. These coefficients are related to
the probability transition by:
¯
¯2 1
AFe Me →Fg Mg = ¯aFe Me →Fg Mg ¯ ,
τ

(3)

where τ is 30 ns [7] in the case of the 62 P3/2 level.
After applying the F = 3 = F 0 = 2 pumping
with horizontal polarization (σ + + σ − )/2, more atoms
were pumped to the Zeeman MF = 0, ±1 sublevels
while fewer atoms left in the MF = ±2, ±3 sub-levels
(Fif.2).
This picture demonstrated the relationship between
the experimental observations for the central Rabi resonance (0-0) with and without optical pumping. A direct calculation using formulas presented above shows
that the pumping efficiency is about 2 after several
tens of pumping cycles.
If we look up at the formula for the transitions coefficients (2), we see that the transition between the
Zeeman sub-levels 0 ⇔ 0 is forbidden if we use π-type
of polarized optical pumping F = 3 = F 0 = 3. Consequently, this laser beam depopulated the all sub-levels
with MF 6= 0. Thus, the atoms are finally accumulated only in the sub-level (F = 3, MF = 0). The
Ramsey fringes for that case are presented in Fig.3.
The numerical calculations gives a pumping efficiency on the level 2.5. Combining these two types
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of the optical pumping, presented above, it is easy to
show, that the final efficiency can increase up to the
level 3.9.

IV.

SUMMARY

The experimental and theoretical results of the
present study enables us to make the following conclusions:

FIG. 2: The central Rabi resonance with (1) and without
(2) optical pumping F = 3 = F 0 = 2. Velocity of the cold
cesium atoms is about 3.3 m/s

• the population for the Zeeman state sub-level
(F = 3, MF = 0) depends strongly of the type of
polarization and the orientation of the magnetic
field as a quantization axis,

• the transfer of atoms into state F = 3 enable us
to realize different ways of optical pumping and
this may lead to several-fold increasing of the
working cesium atoms compared to usual way
of fountain operation ,

FIG. 3: Ramsey fringes with (1) and without (2) optical
pumping F = 3 = F 0 = 3. Velocity of the cold cesium
atoms is about 3.45 m/s
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• the optical pumping, in principle, can be used
for precise registering of the atoms in the state
F = 3 and, hence, for calculation of spinexchange frequency shift.
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S. Weyers,∗ R. Schröder, and R. Wynands
Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
Recently, we observed quasi-periodic frequency oscillations in CSF1, the ﬁrst caesium fountain
clock at Physikalisch-Technische Bundesanstalt in Braunschweig, Germany. These oscillations could
be traced back to Majorana transitions taking place between the second Ramsey interaction and
the ﬂuorescence detection. Such transitions mix the Zeeman sublevels in a coherent way and therefore lead to additional contributions in the interference pattern. Combined with the unavoidable
Δm = ±1 transitions inside the Ramsey cavity, frequency errors can arise when the overall symmetry with respect to ±m is broken in the detection zone because of an m-dependent detection
eﬃciency. A change in ﬁeld conﬁguration eliminated the Majorana transitions and with it the
frequency oscillations.

INTRODUCTION

About a year ago we observed quasi-periodic frequency oscillations in CSF1, a caesium fountain clock
at Physikalisch-Technische Bundesanstalt that went
into operation in 1999 [1, 2]. This new eﬀect had a
characteristic signature (Fig. 1). When polarization
oscillations were introduced for the laser light in the
detection zone (with periods of hours) and when the
state selection cavity was not used, the eﬀect could
be greatly enhanced—with frequency oscillation amplitudes of order 10−13 .

Lock point N (arb. units)

1015 x y CSF1 − H4

150
100
50
0
−50
0

500

1000
Time (min)

1500

FIG. 1: Correlated oscillations of the output frequency of
CSF1 relative to that of hydrogen maser H4 (noisy blue
curve, left axis) and of the lock point N = N4 /(N3 + N4 )
(smooth red curve, right axis)

An immediate suspicion was that this could have
something to do with Majorana transitions somewhere
along the path of the atom cloud. Majorana transitions can occur when the magnetic ﬁeld seen by a
particle possessing a magnetic moment changes its orientation rapidly compared to the Larmor precession
frequency. Indeed, as explained below, it was found
that at one point along the atomic trajectory such a
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relatively rapid ﬁeld change was encountered by the
atoms. In a multi-step process described in more detail in the following, this can lead to a frequency error
in a fountain clock.

II.

EXPERIMENTAL EVIDENCE

The data in Figure 1 was taken without the state
selection cavity in use and for an intentional small
misalignment of the linear input polarizations with
respect to the easy axis of the optical ﬁbers bringing
the laser light to the detection zone. This misalignment leads to polarization changes at the output of
the ﬁber whenever the ﬁber temperature changes. As
explained below, this polarization ﬂuctuation with a
period of hours modulates the frequency-shifting eﬀect
of Majorana transitions and thus makes the frequency
shift easier to detect and characterize.

2
|B| (μT)

I.

detection
zone

selection
cavity

measured |B|

1
zero of Bz
0
“flipped” |B|
10

15
20
25
30
35
height above MOT center (cm)

40

FIG. 2: Measured |B| along the trajectory of the atoms
in the original ﬁeld conﬁguration. The vertical green lines
correspond to the positions of the bottom covers of the
three magnetic shielding layers. The shaded areas indicate the spatial extent of the detection zone and the state
selection cavity, respectively.

In order to determine whether Majorana transitions
could occur for the given ﬁeld structure inside CSF1,
we have mapped the magnetic ﬁeld structure in two
ways. With a ﬂux-gate sensor one can measure all
three ﬁeld components just outside the wall of the
vacuum container in the area between the trapping
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Lock point N (arb. units)

1015 x y CSF1 − H4

|B| (μT)

6
zone and the lower end of the magnetic shields.
Thisof the 20th EFTF,
Proceedings
2006
selection
gave rise to the suspicion that there might be a revercavity
sal of the vertical component Bz of the magnetic ﬁeld
4
after
inside the vacuum container.
In a second step we used the atoms themselves as a
probe for the ﬁeld inside the vacuum system. In CSF1
before
2
the state selection cavity does not have a cut-oﬀ tube
at its lower end due to geometrical restrictions. Part
0
of the ﬁeld inside the cavity will therefore leak out
10
15
20
25
30
35
40
into the rest of the apparatus. By coupling a suﬃheight above MOT center (cm)
ciently strong microwave pulse into the state selection
cavity at a time when the atoms are at a height z1
FIG. 3: Measured |B| along the trajectory of the atoms.
one can determine the magnetic ﬁeld at z1 by monAfter adjustment of the coil currents a ﬁeld zero no longer
itoring the resonance frequency of the ﬁeld-sensitive
occurs.
transition |F = 3, m = −1 → |F = 4, m = −1. This
is similar to the technique used, for example, on FO1
at LNE-SYRTE, where a small antenna was used to
150
provide the microwave ﬁeld pulse for a measurement
of the ﬁeld above the Ramsey cavity [4].
In this way we were able to measure the magnetic
100
ﬁeld all the way down to the detection zone (Fig. 2).
A cursory glance at the ﬁgure does not arouse sus50
picion regarding the presence of a ﬁeld zero. However, what is measured by following the resonance
frequency of the |3, −1 → |4, −1 transition is the
0
absolute value |B| of the magnetic ﬂux density, averaged over a spatial region corresponding to the size of
–50
the atom cloud (a few mm). In fact, as corroborated
0
500 1000 1500 2000 2500 3000
by qualitative calculations of the magnetic ﬁeld using
Time (min)
the RADIA code [5], there can be a zero of Bz hiding
in the minimum indicated in the ﬁgure. In this reFIG. 4: After adjustment of the ﬁeld conﬁguration a varigion, the horizontal components Bx and By are very
ation of the lock point N = N4 /(N3 + N4 ) (smooth red
small due to symmetry, so that Majorana transitions
curve, right axis) no longer leads to correlated oscillations
can occur.
of the output frequency of CSF1 (noisy blue curve, left
axis).
Such a zero crossing had been carefully avoided during setup of CSF1. Unavoidable compromises in the
construction of the magnetic shields, however, led to a
strong sensitivity of the ﬁeld near the shield covers to
rana transition after the second Ramsey interaction in
mechanical stress in that area, so that over the course
a fountain clock.
of time a ﬁeld zero could develop along the atomic
trajectory. Unfortunately, this did not show up in the
usual “health checks” that we routinely perform on
CSF1.
III. MAJORANA TRANSITIONS IN
GENERAL
We have now corrected the ﬁeld structure by adjusting the current in the coils for the compensation
of the geostatic ﬁeld so that no more Majorana transiMajorana transitions can occur when the magnetic
tions can happen there (Fig. 3). In addition, we have
ﬁeld seen by a particle possessing a magnetic moment
added new steps to the list of regular “health check”
changes its orientation rapidly compared to the Larmeasures so that no harmful ﬁeld change can remain
mor precession frequency. The original treatment by
undetected in the future.
Majorana [6] was rephrased and extended by Bloch
As a result of the elimination of the Majorana tranand Rabi [7]. One of Majorana’s results was that the
sitions, there are no more correlated oscillations of
dynamics of the spin orientation can be replaced by a
lock point and output frequency (Fig. 4). By switchsudden rotation in space by Euler angles determined
ing back and forth between the old and the new curby the magnitude of the magnetic moment and the
rents in the ﬁeld coils we can reproducibly switch back
ﬁeld geometry only.
and forth between the situations leading to Figures 1
In the following we will present a brief synopand 4.
sis of the theoretical description of Majorana tranIn the following we will give a semi-quantitative exsitions. Unlike in previous work [7, 8], where the “xplanation of the frequency shifting eﬀect of a Majoconvention” for Euler angles was used (i.e., the second
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Bohr frequency (not to scale)

rotation is around the intermediate x-axis),
we willof the 20th
IV.
MAJORANA
TRANSITIONS IN A
Proceedings
EFTF,
2006
FOUNTAIN CLOCK
follow the “y-convention” in general use in quantum
physics today. This basically changes some phases
but in return allows us to use the standard rotation
As in a fountain the atoms are quasi monokinetic
matrices.
(typically Δv/v ≈ 0.3% when the atoms are launched)
We consider a “regular” zero-crossing, i.e., an oddcompared to the case of thermal beam clocks (typiorder zero crossing of one component of the magnetic
cally Δv/v ≈ 10% using magnetic state selection and
ﬁeld located in a small region of space. A typical
even larger using optical pumping) we shall restrict
example is the vicinity of the center of a spherical
the following discussion to a single velocity, in contrast
quadrupole ﬁeld aligned along êz .
to the treatment of Reference [8] for a thermal-beam
When the magnetic ﬁeld, as experienced by an atom
clock. One important consequence of the small velocapproaching with velocity v = vêz , changes its orienity spread in a fountain is that the frequency shifting
tation suﬃciently slowly, the magnetic moment of the
eﬀects are much less washed out compared to the situatom can follow this change adiabatically. Relative to
ation in thermal beam clocks. In fact, in those clocks
a coordinate system that rotates with the local ﬁeld
the most signiﬁcant features were found for the case
direction the spin does not change its orientation. In
of a so-called double-zero, where the z-component of
the other extreme, when the ﬁeld reversal appears inthe magnetic ﬁeld showed two zeroes within a short
stantaneous as seen by the atom, the spin keeps its
distance, so that the eﬀects did not wash out [8].
orientation in a laboratory-ﬁxed frame, i.e., a 180◦
Majorana ﬂip has happened.
(Selected pathways only)
In the general case, the spin will afterwards point
Ramsey I
Ramsey II Majorana
4,+4
in some new direction characterized by Euler angles
4,+3
(φ, α, θ), where φ and θ are the rotation angles around
4,+2
êz and êz , the inital and the ﬁnal z axes respec4,+1
tively, and α is the Majorana angle (rotation angle
4, 0
around the intermediate y-axis). By solving the time4,−1
dependent Schrödinger equation for a spin-1/2 parti4,−2
3,0
4,−3
cle experiencing a ﬁeld corresponding to the vicinity
4,−4
of the center of a spherical quadrupole ﬁeld, Majorana
obtained for the angle α [6]:
Time
sin2

π
α
= exp(− κ)
2
2
gμB By2
.
κ=
h̄v|dBz /dz|

with
(1)

Here g is the gyromagnetic factor, which is g = 1/4
for the caesium state |F = 4, and μB is the Bohr
magneton.
Another of Majorana’s results is that the angle α
does not depend on F or m [6]. He also gave a prescription for expressing the ﬁnal state for a spin-F particle in terms of the result for the spin-1/2 case. In the
process of making this connection between spin 1/2
and spin F [6, 7] one obtains quantities equivalent to
what now are called the matrix elements of the rotation matrix for spin F [9].
For an atom initially in a pure state Ψi = |F, m
the ﬁnal state Ψf after the Majorana transition is a
coherent superposition given by an active rotation of
Ψi :
 (F )
Dm ,m |F, m 
Ψf =D(F ) (φ, α, θ)Ψi =
=


m

(F )

m
(F )
dm ,m exp(−imφ −

im θ) |F, m  .

Here the dm ,m are the matrix elements of the rotation
operator d(F ) for angular momentum h̄F .

FIG. 5: Visualization of the eﬀect of Majorana transitions,
taking place after the second Ramsey interaction, on the
ﬁnal atomic state in a fountain clock with state selection
(see text for explanation).

We will consider here the situation of a fountain
clock with a state selection cavity (Fig. 5). Following the state selection process all atoms are in state
|F = 3, m = 0 =: |3, 0. This means that any coherences induced by Majorana transitions before the
atoms reach the state selection cavity are quenched—
no frequency bias is introduced. In the case of CSF1,
both cavities are located already in the region of the
very homogeneous C-ﬁeld, so Majorana transitions
cannot occur until after the atoms have fallen back
through the state selection cavity.
In the course of the Ramsey interaction the atoms
undergo transitions to |4, 0, induced by the oscillating
 µW inside the Ramsey cavity. This
magnetic ﬁeld B
ﬁeld is nominally parallel to the direction of the C-ﬁeld
(i.e., in the vertical direction) so that selection rules
in the ideal case would allow only the clock transition
|3, 0 → |4, 0 to occur (π transition, Δm = 0).
However, in a real TE011 cavity the direction of
 µW is truly vertical only along the symmetry axis
B
and on the central horizontal plane. At all other
points there is some component in the horizontal di-
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on a2006
microwave frequency f0 +(j/2)fZ , where
rection. This σ-polarized part of the oscillating
mag-of thecentered
Proceedings
20th EFTF,
netic ﬁeld can induce σ-transitions (Δm = ±1), leadf0 is the resonance frequency of the “clock transition”
ing to a small admixture of the |4, ±1 states.
|3, 0 → |4, 0 and fZ is the resonance frequency of
After the second Ramsey interaction the atomic
the ﬁeld-sensitive |3, 1 → |4, 1 transition.
state therefore is a superposition of three main components:
A Majorana transition taking place after the second
|ψR  = β+1 R+1 |4, 1
Ramsey interaction leads to a quantum-mechanical rotation of the state. This means that in general each
+ β0 R0 |4, 0
state |4, m will be transformed into a coherent super+ β−1 R−1 |4, −1 .
position of all states |4, m , according to the elements
(4)
Dm ,m of the quantum mechanical rotation matrix for
Here |β0 |  |β±1 | and from symmetry |β+1 | = |β−1 |.
|Rj |2 (j = −1, 0, 1) stands for a Ramsey fringe pattern
spin 4 (Fig. 5):

|ψM  = β+1 R+1 [D+1,+1 |4, 1 +D0,+1 |4, 0 +D−1,+1 |4, −1 +analogous terms with all other |4, m ]
+ β0 R0 [D+1,0 |4, 1 +D0,0 |4, 0 +D−1,0 |4, −1 +analogous terms with all other |4, m ]
+ β−1 R−1 [D+1,−1 |4, 1 +D0,−1 |4, 0 +D−1,−1 |4, −1 +analogous terms with all other |4, m ] .
(4)

Here and in the following we have simpliﬁed the notation by writing Dm ,m instead of Dm ,m . In the detection
zone a projection of |ψM  onto the eigenstates |4, m  is performed, resulting in a detected signal proportional
to the rather complicated-looking expression
. . . + w+2 |β+1 R+1 D+2,+1 + β0 R0 D+2,0 + β−1 R−1 D+2,−1 |2
2

+ w+1 |β+1 R+1 D+1,+1 + β0 R0 D+1,0 + β−1 R−1 D+1,−1 |
2

+ w0 |β+1 R+1 D0,+1 + β0 R0 D0,0 + β−1 R−1 D0,−1 |

(2)
(3)
(4)

2

+ w−1 |β+1 R+1 D−1,+1 + β0 R0 D−1,0 + β−1 R−1 D−1,−1 |

2

+ w−2 |β+1 R+1 D−2,+1 + β0 R0 D−2,0 + β−1 R−1 D−2,−1 | + . . . .

(5)
(6)

Here the wm indicate a weighting factor proportional
to the number of ﬂuorescence photons that are captured from an atom reaching the detection zone in
state |F, m . Each of the terms β0 R0 Dm ,0 by itself
would give rise to an unshifted Ramsey fringe pattern.
In general, the overall “Ramsey” fringe pattern will
have a more complicated shape. However, a frequency
error will only result when this change in shape is
asymmetric with respect to the undisturbed center frequency f0 . Here we ﬁnd from the underlying symmetry of the rotation matrix and the transition probability amplitudes βj that the asymmetries due to certain
terms cancel each other.
For instance, the sum β+1 R+1 D0,+1 +β−1 R−1 D0,−1
in term (4) is symmetric, so it does not contribute to
a frequency error. The asymmetries contained in the
corresponding sum β+1 R+1 D+1,+1 + β−1 R−1 D+1,−1
in term (3) do not cancel each other, but closer inspection shows that they cancel the asymmetries of
the sum β+1 R+1 D−1,+1 + β−1 R−1 D−1,−1 in term (5)
in the overall interference pattern. The same pattern

holds for the asymmetries in terms (2) and (6), and
so on.
This second type of cancellation, however, happens only if w−m = wm . This is in general not
the case due to various optical pumping processes
in the detection zone. Typically, the laser for detection of |F = 4 atoms is circularly polarized. An
atom arriving, for example, in state |4, −2 needs more
absorption-emission cycles that an atom initially in
state |4, +2 to reach the strong cycling transition
starting from |4, +4 and also has a higher probability
of getting hyperﬁne-pumped into the |F = 3 ground
state. Therefore it scatters less photons overall, and
w−2 < w+2 .

[1] S. Weyers, U. Hübner, R. Schröder, Chr. Tamm, A.
Bauch, Metrologia 38, 343–352 (2001).

[2] S. Weyers, A. Bauch, R. Schröder, Chr. Tamm, Proc.
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The actual values of the wm depend on the laser
polarizations in the detection zone. This is why a
slight misalignment of the laser polarization at the
input end of the ﬁber can inﬂuence the occurrence
and magnitude of Majorana-induced frequency shifts
in such a dramatic way (Figures 1 and 4).
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Atom-based stabilization for laser-pumped atomic clocks
V. Gerginov1 ,∗ V. Shah2 , S. Knappe2 , L. Hollberg3 , and J. Kitching3
1

Department of Physics, University of Notre Dame, Notre Dame, IN 46556
2
Department of Physics, University of Colorado, Boulder, CO 80309 and
3
Time and Frequency Division, National Institute of Standards and Technology, Boulder, CO 80305
Progress towards simplification and improvement of the long-term stability of chip-scale atomic
clocks is presented. The conventional technique of laser optical frequency and cell temperature
control is compared with a novel technique which avoids the use of temperature sensors. The
technique results in a simpler setup and improved long-term performance. Here, laser frequency,
laser intensity, RF modulation index and vapor cell atomic density are stabilized using exclusively
information from the atoms in the vapor cell. Different feedback schemes for laser intensity and
frequency stabilization, as well as cell temperature control are experimentally compared. Their
relevance to future design of chip-scale devices is discussed.

I.

INTRODUCTION

Chip-scale atomic clocks (CSACs) with volumes
of several cubic millimeters [1] and power consumption below 10 mW [2] have recently been introduced
and are expected to provide precise timing in GPS
receivers, network applications, and portable instrumentation systems. Integration of a chip-scale physics
package with low-power local oscillator (LO) [3] of
similar size and control electronics of cubic centimeter
size seems possible [4].
Most CSACs are based on a coherent population
trapping (CPT) scheme [5], using a vertical cavity
surface emitting laser (VCSEL) to excite alkali atoms
contained in a small buffer gas vapor cell [6]. The laser
injection current is modulated by the LO, which produces sidebands in the optical spectrum of the laser.
When the frequency difference between two components in the optical spectrum matches the frequency
splitting of the atomic ground state, the optical field
pumps part of the atoms into a state that absorbs less
light. The decreased absorption is used to stabilize
the LO frequency to the atomic transition.
The splitting of the atomic ground state can change
due to the AC Stark effect. It is influenced by the optical field parameters such as optical frequency, total
intensity, and intensity distribution among the spectral components of the light field. Another factor is
the pressure of the buffer gas inside the cell, which
depends on the cell temperature. A change in any
of these parameters leads to a corresponding change
in the LO frequency and to degradation of the clock
performance.
The laser wavelength [7], intensity and modulation
properties [8, 9] are very sensitive to temperature and
injection current. When the laser optical frequency
is stabilized by controlling the injection current, the
laser intensity becomes coupled to its temperature
through the injection current. Changes in the LO out-
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put power, RF coupling between the LO and the laser,
or the laser modulation parameters (due to temperature, injection current or aging) all will lead to change
in the optical field parameters which affect the clock
frequency.
The cell temperature determines the buffer gas pressure, which affects the atomic ground state splitting
through collisions. Through the use of a mixture of
buffer gases, the sensitivity of the clock frequency to
cell temperature can be reduced [10, 11]. This reduction is effective only in a limited temperature range
because of the nonlinear behaviour of the clock frequency shifts with temperature for different gases.
The goal of the present work is to study the longterm frequency stability of CSAC devices and suggest
design changes in both the physics package and control
implementation that could lead to better performance
under typical field-operated conditions. We describe
a novel method, that uses the atomic absorption for
stabilization of the optical field parameters and vapor cell temperature. In the conventional method the
laser substrate temperature, laser optical frequency,
LO output power and temperature of the cell exterior
are stabilized. Here, the actual parameters that determine the clock frequency - laser intensity, optical
frequency, intensity distribution among the spectral
components, and the atomic absorption - are stabilized, which results in better long-term device performance and a simpler design. The new design makes
the device largely insensitive to changes in the ambient
temperature by eliminating temperature sensors and
the thermal gradients associated with their usage.

II.

EXPERIMENTAL SETUP
A.

Conventional setup

The experiment is based on the physics package of
a conventional chip-scale atomic clock design developed at NIST [12]. A VCSEL die [7], emitting in
a single mode at 795 nm is used to excite the D1
line (5s 2 S1/2 → 5p 2 P1/2 ) transition in 87 Rb. It is
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mounted on a quartz substrate with a deposited thinfilm heater. The laser substrate temperature is around
80o C (stabilized to ∼1 mK using a thermistor and
a temperature controller). The thermistor temperature coefficient is ∼ -4 %/K. The LO modulates the
laser injection current at one half of the ground state
splitting of the Rb atoms (6.835 GHz). The LO output power is chosen so that the first-order sidebands
are maximized. The divergent and linearly polarized
laser beam passes through a neutral density filter and
a quarter-wave plate before entering the 87 Rb vapor
cell of 1 mm3 internal volume. The optical frequency
of the laser carrier is tuned such that the first-order
sidebands are in resonance with the two ground state
components and it is locked to the maximum of the
first-order sideband absorption.
The micromachined vapor cell is filled with isotopically enriched 87 Rb and a buffer gas mixture of argon
and neon at total pressure of 16 kPa. The cell temperature is maintained in the vicinity of 85o C with
1 mK precision using a thermistor equivalent to the
one used for laser temperature control. The optical
absorption of the first-order modulation sidebands in
the laser optical spectrum is ∼20 %.
The LO frequency is stabilized to the F = 1, mF =
0 − F = 2, mF = 0 ground state hyperfine resonance. The CPT resonance has a linewidth of ∼7 kHz
and an absorption contrast (defined as the CPT signal amplitude divided by the optical absorption of the
first-order sidebands) of 3.3 %.
The conventional setup is shown in Figure 1 (a).
A fractional frequency instability plot is shown in
Figure 1 (filled squares). The long-term stability is
limited to ∼ 5 × 10−11 at 200 s.

B.

Laser temperature stabilization using atomic
resonances

A problem in the conventional stabilization scheme
(Figure 1 (a)) results from varying temperature gradients between the laser p-n junction and temperature sensor. These gradients change with the ambient temperature. This leads to variations in the
laser temperature, and correspondingly, to changes in
the laser injection current because of the optical frequency lock. Variations in the laser injection current
lead to changes in the laser intensity, and instability of the clock frequency due to the AC Stark shift.
A simple setup that stabilizes directly the laser p-n
junction temperature is shown in Figure 1 (b). The
setup is used to keep the laser frequency locked to
the optical resonance by controlling the laser temperature. The laser is operated with a constant DC injection current with a superposed AC modulation at
17 kHz. The AC current modulation produces a corresponding laser frequency modulation which results
in amplitude modulation after the frequency dependent optical absorption of the vapor cell. As the laser

FIG. 1: Top - Experimental setup for CSAC parameter
control. Solid lines represent DC signals and dashed lines
represent phase detection signals. (a) Conventional setup,
Section II A. (b) Laser frequency is controlled using temperature feedback, Section II B (c) Cell temperature is controlled using atomic absorption, II C (d) Laser intensity
is controlled using a photodetector, II D. Bottom - fractional frequency instability plots corresponding to cases
(a) through (d).

frequency changes (due to temperature changes or aging, for example) the demodulated photodetector signal can be fed back to the laser thin-film heater to
adjust the laser temperature for constant frequency
feedback. The bandwidth of the temperature control
is limited to ∼30 Hz. The stability of the laser frequency is estimated to be ∼20 MHz, or 1 % of the
linewidth of the absorption line, and is similar to that
obtained with the conventional setup based on thermistor. A fractional frequency instability for the microwave clock transition is shown in Figure 1 (open
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circles). It is clear that the reduced feedback bandwidth does not degrade the clock short-term stability
and that this method of laser stabilization results in
improved clock frequency stability (∼ 3.5 × 10−11 at
200 s).

A second problem with the conventional stabilization scheme (Figure 1 (a)) results from varying temperature gradients between the sensor measuring the
cell temperature, and the cell interior. As a consequence, a change in the ambient temperature leads to
varying temperature of the buffer gas. The Rb vapor
density is a strong function of the temperature and so
the optical absorption, and hence the light intensity
transmitted through the cell, also depends on the cell
temperature. Under typical operating conditions, we
have change in the absorption of 1 %/K, similar to the
change in the resistance of a typical thermistor. The
DC signal of the photodetector placed behind the cell
is a measure of the cell temperature and is used to
stabilize it in the setup shown in Figure 1 (c). A fractional frequency instability plot is shown in Figure 1
(solid triangles).

All-optical laser frequency and intensity
stabilization

The experimental setup for simultaneous laser intensity and frequency stabilization is shown in Figure
1 (d). The DC signal from the lower photodetector
is used to stabilize the laser intensity using a current
feedback. The laser beam transmitted through the
cell is detected with a second photodetector. The DC
signal from the upper photodetector is used to stabilize the cell temperature. The fractional frequency
deviation is plotted in Figure 1 (solid diamonds). The
stability of 2 × 10−11 at 200 s achieved with this system is improved by more than a factor of two over the
frequency stability measured with the conventional
setup of Figure 1 (a) using thermistors in a controlled
laboratory environment, with changes in the ambient
temperature of less than 2 K. At the same time, this
technique simplifies the setup, since no thermistors are
required, in contrast with previous work [13, 14].
The laser temperature is determined by the stability of the optical lock and the stability of the laser
injection current. For 20 MHz optical frequency stability and 10−4 injection current stability, the laser
temperature is stable to better than 2 mK. The cell
temperature is determined by the stability of the voltage references used to control the DC signal on the
two photodetectors (∆V /V ∼ 10−4 ), the optical absorption (20 %), and the dependence of the optical
absorption on temperature (1 %/K). The stability of
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In the experiments described above, a synthesizer
with a very stable output power was used to modulate
the VCSEL injection current. In portable CPT atomic
clocks, the synthesizer is replaced with a compact lowpower local oscillator (see, for example, [3]). Changes
in the output power of the LO redistributes the optical power among the modulation sidebands. This, in
turn, can change the clock frequency due to AC Stark
shifts from the resonant and off-resonant sidebands.
We find that the modulation index changes also with
the laser temperature. The laser impedance is modified, and with it, the RF modulation index because of
the different RF coupling. To illustrate this, the laser
temperature was varied, and the RF power, applied
to the VCSEL input in order to make the first-order
optical sidebands intensity equal to 50% of the total
laser intensity, was measured. The laser carrier was
kept in resonance with 5s2 S1/2 Fg = 1 → Fe = 1, 2
transition by a simultaneous change of the laser current. The results are shown in Figure 2.
Laser current 2.0
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III. FIRST-ORDER SIDEBANDS
AMPLITUDE STABILIZATION

Temperature stabilization of the vapor cell
using optical absorption

RF power (dBm)

C.

the cell temperature is on the order of 50 mK. These
stabilities are expected to be largely independent of
ambient temperature, since no temperature sensors
are used in the setup shown in Figure 1 (d).

84

Laser temperature ( C)
FIG. 2: RF power applied to the VCSEL input in order to make the first-order optical sidebands intensity
equal to 50% of the total laser intensity, as a function
of the laser temperature (circles). The laser injection
current (triangles) was changed simultaneously with the
laser temperature to keep the carrier in resonance with
5s2 S1/2 Fg = 1 → Fe = 1, 2 transition.

It is clear that the RF power coupled to the laser
has a strong nonlinear behaviour [8, 9], especially at
injection currents close to the laser threshold (0.6 mA
for the laser used here).
With the laser frequency and intensity stabilized
as shown in Figure 1 (d), the remaining parameter
that determines the AC Stark shift is the intensity
distribution among the different spectral components.
For laser frequency modulation, the fraction of output power contained in the first-order sidebands goes
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through a maximum at a certain modulation index,
and this can be used to maintain consistent modulation index. Since the first-order sidebands are resonant with the optical transitions, their power change
will produce a change in the total atomic absorption.
(a)
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Lock-in Output (V)

PD Signal (V)

-5.65

total AC Stark shift of the clock frequency is ”frozen”
because the optical frequency and intensity of each
spectral component are constant. This approach is a
powerful method to minimize clock frequency drifts
due to changes in the light field of the laser. In contrast to the method suggested in References [15–17],
it is immune to several systematic effects connected
with the temperature control of the laser and effects
from laser aging. Also, the CPT signal is optimized
since it is produced by the two first-order sidebands
which contain the maximum intensity available using
laser frequency modulation.

8

RF power (mW)

IV.
FIG. 3: Photodetector output (dashed) and error signal
(solid) as a function of RF power coupled to the laser.
Left plot - laser frequency locked using laser temperature.
Right plot - laser frequency locked using injection current
feedback. The RF power is linearly scanned for 1 s, resulting in RF power change of 40%. The AM modulation was
3% and lock-in amplifier time constant 100 ms.

Figure 3 shows the absorption change detected as a
function of the LO output power. The difference between the photodetector signals is due to the way the
laser frequency is locked. When thermistors are used,
the RF power heats the p-n junction locally, the thermistor doesn’t compensate this heating, and the laser
power changes through the frequency lock. When the
laser frequency is locked to the optical transition using
temperature feedback, such local p-n junction heating
is compensated by the laser heater, the intensity stays
constant and the PD signal changes only because of
the changes in the amplitude of the first-order sidebands. This clearly demonstrates the sensitivity of
the technique described in Section II B to local temperature variations.
A method is described in Refs. [15–17], where the
clock frequency is made insensitive to changes of laser
intensity by choosing the RF modulation index such
that the AC Stark shifts of each individual spectral
component compensate each other. As shown [18],
this works well in a narrow laser temperature region
and does not provide active control of LO output
power changes, RF coupling and laser diode aging.
When the amplitudes of the carrier and sidebands
are fixed, and laser power and frequency are stabilized
using the experimental setup from Figure 1 (d), the

[1] S. Knappe, L. Liew, V. Shah, P. D. D. Schwindt,
J. Moreland, L. Hollberg, and J. Kitching,
Appl. Phys. Lett. 85, 1460 (2004).
[2] R. Lutwak, J. Deng, W. Riley, M. Varghese,
J. Leblanc, G. Tepolt, M. Mescher, D. K. Serkland,
K. M. Geib, and G. M. Peake, in Proc of the 36th
Precise Time and Time Interval (PTTI) Systems and

CONCLUSIONS

A new method is realized for laser frequency and
power control without the use of temperature sensors.
The clock physics package is simplified and allows for
active stabilization of the laser power. Absorption cell
temperature stabilization is based on optical attenuation measurements. This simplifies the experimental setup significantly and gives a direct measure of
the vapor density inside the cell. All-optical implementation simultaneously stabilizes the laser power,
frequency and RF modulation index - the parameters
that determine the AC Stark shift of the clock frequency. Under fixed laser intensity and frequency, the
clock frequency shows improved clock stability. Initial
results of stabilizing the RF modulation index are obtained. This method provides the possibility for full
control over the laser light field in a simple and compact way, and shows a great promise for chip-scale
atomic devices, and could be implemented in other
laser-based frequency standards.
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Realization of a Pulsed Optically Pumped Rubidium Frequency Standard
F. Levi,* S. Micalizio, A. Godone, C. Calosso, and Elio Bertacco
Istituto Nazionale di Ricerca Metrologica, INRIM, Strada delle Cacce 91, 10135, Torino, Italy
*Electronic address: levi@inrim.it
In this paper we present the more recent developments of a vapor cell frequency standard based on a
pulsed technique. The laboratory prototype we implemented has shown very interesting metrological
features, such as negligible light-shift and strongly reduced cavity-pulling. Moreover, a frequency
stability of σy(τ) = 1.2×10-12 τ−1/2 for measurement times up to τ ≈ 100000 s has been achieved.
I. INTRODUCTION
Light shift is recognized as one of the main
physical effects limiting the frequency stability of
optically pumped vapor-cell clocks. Changing the
optical source from the lamp to the laser can in principle
produce an improvement on the clock stability, since the
optical pumping process is more efficient; but the high
level of coupling between microwave and optical
coherences induced by the laser results in a relevant
noise conversion from the laser itself to the clock signal.
A partial reduction of these problems can be achieved
with the lambda configuration where the atoms are
excited in a more symmetrical excitation scheme, but, in
this way, the physical effects which impair the
frequency stability may be compensated or reduced but
not fully eliminated.
One of the more effective technique to reduce light shift
is the pulsed scheme where the optical pumping phase is
separated in time from the microwave excitation, in
such a way the clock transition is observed in a nearly
pure two level system. The coupling between optical
and microwave coherences is avoided and a strong
reduction of the light shift is achieved.
This idea was first considered by Alley [1] and applied
to the field of frequency standards by Arditi and Carver
[2]. We recently revisited this idea taking into account
the technologies nowadays available, laser diodes and
fast pulsed electronics, and taking also into account a
deeper knowledge of the physics involved in this
frequency standards [3]. In this paper we resume the
interesting results obtained with a laboratory prototype
of pulsed optically pumped (POP) frequency standard.

relaxation rate of the excited state population; ∆0 is the
laser detuning.

5 2P1/2

∆0
F'=1

Γ∗

ωL

D1

µ'

F=2
γ2

5 2S1/2
F=1

m

ω0

µ

γ1
Fig. 1. Three level system considered in our analysis.

The timing pattern is shown in Fig. 2.
A strong laser pulse pumps almost all the atoms in one
of the two ground state levels. Then the atoms are
interrogated with two microwave pulses separated in
time, and then a detection window is enabled so that the
atoms that have made the clock transition are detected.

II. BASIC OPERATION
The basic operation of the POP frequency
standard is well known [4]. We suppose to deal with a
sample of 87Rb atoms contained in a cell with a proper
buffer gas. We refer to the three level system of Fig. 1:
ω0 is the angular frequency of the applied microwave
field, ωL is the angular frequency of the pumping laser,
γ1 and γ2 are the relaxation rate of the ground state
population and of the coherence respectively; Γ* is the

Fig.2. Timing pattern of the POP clock operation.
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As for CPT standards, also in this case the detection
could be in the optical domain or in the microwave
domain. In the latter the so called “free-induction
decay” signal is detected and the advantages of the
microwave detection will be shown later on.
III. THEORETICAL CONSIDERATIONS
In normal operation, the POP clock timing
sequence shown in Fig. 2 is periodic.
To separate the optical pumping from the microwave
interrogation, the atoms should not have any memory of
the previous cycle, or in mathematical terms the
coherence at the beginning of the Ramsey interaction
should be as small as possible, zero in the ideal case.
One possibility is obviously to wait a long time between
one cycle and the following one so that the freeinduction decay signal is completely extinguished. But
due to the interaction with the buffer gas, the freeinduction decay signal evolves in times that are as slow
as a few ms. Therefore, to avoid long dead times in the
POP clock operation, the laser pulse should assure not
only a large population inversion in the ground state but
also a strong reduction of the residual microwave
coherence between a cycle and the next one.
Taking into account the optical length ζ of the atomic
medium, it is easy to show [3] that the laser pumping
rate Γp (which is proportional to the laser power) should
satisfy the following relation:
Γp >> ζγ 1 + 1 t p

IV. EXPERIMENTAL SET-UP
Figure 3 reports a scheme of the experimental
set-up; it is composed of three parts: the optics, the
physics package and the electronics.

(1)

Under this conditions the optical pumping and the
interrogation phases are really separated and there is no
transfer of laser noise to the clock transition so there is
no light shift.
In practice a residual light shift remains depending on
how strong the inequality (1) is satisfied: in usual
operating conditions, the residual resonant light shift
(FM-FM conversion) has been evaluated of the order of
10-14 per MHz of laser detuning, while the off-resonant
(AM-FM conversion) conversion turns out to be ~10-13
per percent of laser power fluctuation.
Ramsey fringes can be calculated in the usual way, that
is by using the product of interaction and free evolution
matrices [4]. A very interesting property can be
obtained when the microwave pulse area θ is π/2. The
central fringe of the free induced decay shows an atomic
quality factor that is twice that observed in the optical
domain; in fact the coherence signal is proportional to
sin 2 (Ω µ T ) , while the population inversion signal is
proportional to cos(Ω µ T ) [5].

This is one reason why we decided to observe the clock
transition through the microwave signal instead of the
more common optical transmission signal. The other
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reason is that the microwave signal is observed without
any background: the only background signal is due to
the detection noise which is the ultimate physical limit
while in the optical domain the useful signal is in
general only a few percent of a much larger laser
background signal.
Experimental Ramsey fringes will be shown in section
V. During the Ramsey interaction the atoms are
submitted to the cavity feedback, hence the cavity
pulling is significant in the POP frequency standard.
However, it is possible to demonstrate that there is a
suitable value of θ which makes the cavity pulling
negligible. From an experimental point of view, this
means that adjusting properly the microwave power it is
possible to find an operation point which minimizes the
cavity pulling.
The theoretical results briefly summarized here are
extensively discussed in [3].

Fig. 3. POP clock experimental set-up.

The laser frequency is locked to the optical transition
using an external cell containing 87Rb only. The main
part of the laser is sent to the physics package through
an AOM that works as an optical switch. Once the
atoms are pumped, the laser is off and the atoms are
interrogated with two microwave Ramsey pulses. The
microwave signal emitted by atoms is observed with an
heterodyne detector. A lock in amplifier and an
integrator provide the control signal to a 10 MHz quartz.
A synthesizer is amplitude modulated to provide the
Ramsey pulses. The interrogation signal is frequency
modulated with a square wave signal whose frequency
is of course one half the cycle frequency. The clock
operation is similar to that of an atomic fountain but in
the POP the cycle is 100 times faster, being of the order
of 10 ms.
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The physics package is composed of a quartz cell
containing the Rb atoms and a thermally compensated
buffer gas mixture. The cell has a length L = 18 mm and
a radius R = 20 mm. The operating temperature of the
cell is 60 °C, corresponding to an atomic density of n ≈
3×1011 cm−3. For this cell we have: γ1 ≈ γ2 ≈ 290 s−1,
Γ*≈ 3×109 s−1 and the optical length of ζ ≈ 3.5.
The cell is placed in a thermally controlled microwave
cavity. The cavity is made in Al and resonates at 6.8
GHz for the TE011 mode. Finally, a solenoid provides
the quantization magnetic field.
More details on the experimental set-up are reported in
[6].

not have memory of the previous one. This is desirable
for two reasons: reduction of the light shift and
reduction of the dead time for the pumping process.
Ramsey fringes can be observed in the free induction
decay signal by measuring the output power at the end
of the second Ramsey pulse and then changing the
microwave detuning, as observed in Fig. 5. The
theoretical results mentioned before are clearly
confirmed. The Ramsey fringe for θ = π/2 shows an
atomic quality factor that is twice that of the fringe
observed for a lower value of θ (~π/20).

5x10

6

4x10

6

3x10

6

2x10

6

1x10

6

V. EXPERIMENTAL RESULTS
Figure 4 shows a typical cavity output signal as
detected by the spectrum analyzer.
To clarify the mechanism of the coherence destruction
we used two different laser powers: 1 and 20 mW
(figure 4).
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(a)
7
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3.0x10

7

2.5x10
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2.0x10

7

1.5x10

7

1.0x10

6

5.0x10

Fig. 4. Cavity output signal observed for two laser powers. PL = 1 mW
and 20 mW. The peak power is 9 and 23 nW (after LNA) respectively;
the timing sequence is: t1 = 220 µs; T = 4 ms; tp = 4 ms; td = 3.8 ms; θ
= π/2.

In the figure are clearly observable the two Ramsey
pulses and the free induction decay signal observed at
the spectrum analyzer (in the time domain).
This signal is proportional to the modulus squared of the
coherence excited between the two grand state levels.
The signal obtained with 1 mW and 20 mW of laser are
compared: while the microwave output power is quickly
saturated (2.5 times increase in the output power over
20 times increase of the pumping light), the coherence
destruction is not.
The role of the laser pulse during the pumping phase is
evident. The microwave coherence is strongly reduced
so that at the beginning of the new cycle the atoms do

0.0
-2000

0

2000

Frequency detuning (Hz)

(b)
Fig. 5. Ramsey fringes detected in the microwave domain (freeinduction decay signal); (a) θ ~π/20. , (b) θ = π/2.

We measured the POP clock frequency versus the
microwave pulse area θ for three different values of the
cavity detuning. According to the theory, there is a
suitable value of θ so that the clock frequency does not
depend on the cavity detuning and then there is an
operation point where the cavity pulling effect is
minimized.
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-11

1.0x10

-11
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∆νcp /ν
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The short-medium term frequency stability has been
measured and the result is among the best obtained in
optically pumped vapor cell devices. An optimization of
the system can possibly reach a relative stability of
σy(τ)=7×10−13τ−1/2; among possible improvements we
indicate a quieter synthesis chain and an auto-tuned
cavity to reduce the long term frequency drift.
Definitely, the results here reported show that a proper
implementation of the POP clock is very attractive for
several application where a stable, simple and reliable
device is required, and for space applications.

∆νc ~ -10 kHz
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Fig. 6. Clock frequency versus θ for different values of the cavity
detuning ∆νC.

Allan and Theo1 deviation

In Fig. 7 we report the measured frequency stability of
the POP frequency standard; the figure shows the
overlapping Allan and the Thêo1 deviations.
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Fig. 7. Frequency stability; overlapping Allan deviation (black
square), Theo deviation (open circle).

This result has been obtained with the following timing
sequence: t1 = 400 µs; T = 4.6 ms; tp = 1 ms; td = 2 ms,
and with a laser intensity of IL=10 mW/cm2. A
frequency drift of 6×10−14 per day has been removed
from the raw data.
VI. CONCLUSIONS
In this paper we reported the physical and
metrological properties of a laboratory prototype of
POP frequency standard. The experimental results are in
good agreement with the theoretical prediction reported
in [3]. In particular, the observation of the microwave
emission allows to double the quality factor of the
atomic transition with respect to the optical detection,
and furthermore reduces the impact of the laser noise.
In suitable operating conditions, light shift and cavity
pulling can be strongly reduced.
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Estimation of the compact cold atom clock HORACE frequency stability
S. Trémine1, F.X. Esnault1, S. Guérandel1, D. Holleville1, J. Delporte2 and N. Dimarcq1 *
1
LNE-SYRTE – Observatoire de Paris 61, avenue de l’Observatoire – 75014 Paris – France
2
CNES – 18 avenue Edouard Belin – 31055 Toulouse Cedex - France
*Electronic address: noel.dimarcq@obspm.fr

HORACE is a compact cold Cs atom clock where laser cooling, microwave interrogation
and clock signal detection are all performed inside a spherical microwave cavity. We
present the signals observed on the new clock prototype. The frequency stability is
estimated from clock signal measurements.

I. INTRODUCTION
Atomic clocks are used in various applications which
require different a trade-off between the frequency
performance of the clock and its characteristics
(volume, mass, electrical consumption). On one side,
there are the ultrastable cold atom fountain which are
laboratory devices (volume ≈ few m3) offering
outstanding performance (few 10-14 τ-1/2 stability level).
On the other side, miniaturized chip scale clocks are
suitable for a use in transportable systems such as GPS
receivers. The chip scale clocks using the Coherent
Population Trapping interrogation exhibit today
stabilities better than 10-10 at 1 s for an overall volume
of about 10 cm3 [1]. In the intermediate region, one can
find cesium beam clocks, rubidium cell clocks or
passive hydrogen masers which have frequency
stabilities in the range 8-50 10-13 for a volume of a few
litres to a few tens of litres. These clocks are used in
laboratories or in GNSS systems which require short
term stabilities at 10-12 level. The HORACE concept
should bring a breakthough since the objective is to
reach a few 10-13 stability at 1 second with a compact
device (physics package of about 1 litre). Moreover, the
HORACE clock uses laser cooled atoms which are well
suited for the improvement of the long term stability
and the accuracy of the clock, as it has been already
demonstrated in fountains. Moreover, cold atoms are
also an advantage for an operation in microgravity.
The HORACE concept relies on the capability to laser
cool the atoms directly inside the microwave cavity [2].
The use of “isotropic cooling” has demonstrated its
capability to cool about 108 atoms at very low
temperatures (few µK), even if the laser field
distribution is randomised inside the cavity.
The HORACE operation is in time domain : the laser
cooling, the microwave interrogation and the clock
signal detection are performed inside a spherical
microwave cavity, leading to reduced losses of cold
atoms between two successive cycles.

Section II presents the optimised time sequence which
should lead to the best clock performance. In Section
III, we describe briefly the new clock prototype which
has been built in SYRTE in order to improve the clock
signal to noise ratio (S/N). In section IV, we show the
preliminary results and we extrapolate the frequency
stability which should be reached in nominal conditions.
II. OPTIMISATION OF CLOCK SEQUENCE
The HORACE clock sequence involves three durations :
 the cooling time Tcool
 the interrogation time Ti
 the detection time Tdet
Thanks to the operation in “time domain”, the dead
times between the three major interactions (cooling,
interrogation, detection) are negligible, in contrary to
other cold atom clocks operating in “space domain”. As
a consequence, the cycle time Tcycle is simply given by
Tcycle = Tcool + Ti + Tdet.
The target frequency stability which can be reached in
such a clock is determined by the quantum projection
noise and is given by the following Allan deviation :

σ y ,QPN (τ ) =

Tcycle
2 1
1
. .
.
π Ti S / N
τ

(Eq. 1)

where S/N is the signal to noise ratio over one clock
cycle, and τ is the integration time.
Equation 1 shows that, in order to improve the clock
stability, one has to increase the interrogation time Ti
and decrease the cycle time Tcycle. Moreover, for a given
interrogation time, the impact of aliasing effects (Dick
effect) is decreased if the duty cycle η=Ti/Tcycle is
enhanced, i.e. if the cycle time is decreased.
The HORACE concept allows a better optimisation of
the clock sequence for the following reasons :
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the cold atom losses between two successive
clock cycles are reduced because the cold
atoms do not exit the cavity
the cycle rate (≈ 10 Hz) is rather large ; leads
to a small Tcycle value in Eq. 1, thus improving
the clock stability. Such a high cycle rate is
well suited to relax the requirements on the
local oscillator phase noise for reducing the
impact of the Dick effect, as we will point out
later.

The frequency stability given by Eq. 1 assumes a
limitation by the quantum projection noise. Equation 2
gives a more realistic formula which takes into account
instrumental contributions such as the Dick effect and
additional noise sources perturbing the clock signal
detection (AM and FM noises of detection laser, noisy
fluorescence/absorption background due to thermal
atoms, …).
σy(τ) = (σy2,QPN(τ) + σy2,detection(τ) + σy2,Dick(τ))1/2 (Eq.2)
The contributions of the quantum projection noise and
the detection noise depend on the number of detected
cold atoms which is determined by Tcool , Ti and Tdet :
this number obviously increases if Tcool increases and Ti
decreases. On the other hand, the contribution of Dick
effect depends on the cycle rate 1/Tcycle and on the duty
cycle η : it decreases if η increases towards 1.
In order to determine what is the best trade-off on Tcool,
Ti and Tdet which optimises the clock stability, an
analysis was carried out previously [3]. This analysis
relied on a Monte-Carlo simulation and it was taking
into account realistic noise contributions (laser, local
oscillator) deduced from real measurements. Table 1
summarizes the main conclusion of this optimisation,
for an operation either on ground or in space.

Linewidth
Cycle duration
Detected atoms
Clock S/N
Expected
stability

Operation on
Earth
12 Hz
75 ms
2.5 106
1200

Operation in
Space
3 Hz
220 ms
1.3 106
750

2-4 10-13 τ-1/2

1. 10-13 τ-1/2

rebuilt a new clock prototype (physics package and
optical bench) which should allow to reach the expected
clock S/N. This new design is described in [4]. We
remind in the next section the different detection
possibilities.
III. IMPROVEMENT OF THE CLOCK
PROTOTYPE
The new clock prototype offers the possibility to carry
out three kinds of measurements (Figure 1).
The detection of the horizontal probe beam absorption
gives some information on :
• the thermal atoms density in the storage bulb,
• the presence of cold atoms identified thanks to
their narrow linear absorption lines,
• the cold atom cloud size by performing a time of
flight (TOF) measurement corresponding to a null
fall height (Figure 2). This measurement is
important because it is not possible in this device
to have any direct size measurement by imaging
the fluorescence light onto a CCD camera. From
the width ∆t of the TOF signal, we can deduce a
cloud size between 5 and 10 mm according the
cooling sequence.

vertical probe
beam

horizontal
probe
beam

TOF

Table 1 - Clock features for an optimised operation
The previous experimental set-up was designed to study
the isotropic cooling processes and was not adapted for
the detection of a metrological signal. Thus, we have
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Figure 1 - Possible detections in the new clock
prototype
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Clock signal detected by TOF below the cavity
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The clock signal detected by TOF is shown on Figure 4
for two interrogation times :
(a) for Ti = 20 ms, the linewidth is about 25 Hz
and the contrast is as high as 98 %
(b) for Ti = 50 ms, the linewidth is lowered to
10 Hz and the contrast is still acceptable
(85 %).
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Figure 2 - Time of flight signal at altitude zero
The second detection is the well known time of flight
(TOF) detection, below the cooling region, which
allows the determination of the cold atom temperature
(down to 2 µK with isotropic light). In the HORACE
clock, this detection is used for diagnostics only since
the cold atoms stay always inside the microwave cavity
in nominal operation.
The third detection is the clock signal detection relying
on the measurement of the vertical laser beam linear
absorption (Figure 3). The clock signal will be deduced
from the narrow peak amplitude which gives the
number of atoms in 6S1/2, F=4 level.

For both cases, the S/N is about 200 without
normalization. This value is equivalent to the ones
usually measured in fountains in the same conditions. It
demonstrates that isotropic cooling does not degrade the
shot to shot atom number fluctuations, even if the
cooling light intensity and polarization are less
controlled. Thus, with normalization, one can expect to
reach S/N higher than 1000.
1,0

Signal / maximum value

0

(a)

0,9

(b)

0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0,0

Transmission
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-0 .0 5 5

Thermal atoms

Cold atoms

-20

-10

0

10
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Detuning in Hz

Figure 4 - Clock signal detected by TOF for two
interrogation times : Ti = 20 ms (a) and Ti = 50 ms (b)
Clock signal detected by absorption

Probe laser frequency
Figure 3 - Vertical probe beam linear absorption

IV. CLOCK SIGNAL MEASUREMENTS
In this section, we compare the clock signal detection
possibilities, either the TOF fluorescence signal or the
vertical beam absorption.

For the first time, we have detected the clock signal by
measuring the absorption of cold atoms when they are
still inside the cavity. Figure 5 shows the observed
signal for two interrogation times :
(a) for Ti = 5 ms, the linewidth is about 100 Hz
(b) for Ti = 50 ms, the linewidth is about 10 Hz
It is important to point out that the observed clock signal
is a few tens times narrower than the Cs beam clock
ones, and “only” 10 times wider than the fountains.
However, the observed contrast is rather low (≈ 20 %)
and the S/N is poor (≈ 40, without renormalization).
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This degradation results from an uncontrolled
instrumental perturbation which has not been identified
yet. In principle, these values should reach the same as
the ones obtained with the TOF.

Table 2 – Synthesis of clock signal features. Estimation
of the corresponding stability
If we use renormalisation techniques the clock S/N
should be increased up to 1000, leading to an excellent
level of stability of the clock.

Transition probability

V. CONCLUSION

(a)
-500

0
500
RF detuning [Hz]

A new HORACE clock prototype has been built in
order to optimise the clock signal detection by the
measurement of the linear absorption of cold atoms,
directly inside the microwave cavity. The clock signal
S/N currently measured is still low (≈ 40) but it is
obviously limited by a spurious instrumental effect.
Thus, there is room for frequency stability
improvements and we hope that the low 10-13 level will
be reached in a near future.
Acknowledgements

Transition probability

This work is supported by the French space agency
CNES. F.X. Esnault is grateful to CNES and Thales
Electron Devices (TED) for providing research
studentship
REFERENCES

(b)
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-50
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100

Figure 5 - Clock signal detected by absorption of cold
atoms inside the cavity for two interrogation times :
Ti = 5 ms (a) and Ti = 50 ms (b)
Table 2 summarizes the clock signal measurements and
gives the corresponding frequency stability according to
Eq. 1.
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New design of the compact cold atoms clock HORACE
F.X. Esnault,∗ S. Perrin, S. Trémine, S. Guérandel, D. Holleville, A. Gérard, N. Dimarcq, and A. Clairon
LNE-SYRTE, 61 avenue de l’observatoire 75014 PARIS FRANCE
In the compact cold atoms clock HORACE caesium atoms are successively laser cooled, submitted
to a Ramsey microwave interrogation scheme and then detected by linear absorption directly inside
the microwave cavity. The whole physics package and optical bench have been entirely redesigned to
optimize such an in-situ detection and to perform a normalization scheme. Main efforts have been
concentrated on technical issues such as magnetic shielding, microwave cavity polishing and tuning,
use of fast mechanical switches to realize the optical sequence.

I.

INTRODUCTION

The aim of the HORACE project is to build a compact cold atoms clock for on-board systems. The HORACE clock takes benefit from cold, and therefore
slow, atoms to realize all the interactions inside the
microwave cavity. Using laser cooling techniques allows to reduce the volume of the clock to a few liters
with an expected short term frequency stability in the
range of σy = 10−13 @ 1s under micro-gravity environment.
We will describe the new experimental set up including physics package, the new functionalities of the
optical bench and the tuning process of the microwave cavity. Then a brief overview of the operation
sequence will be presented.

II.

THE EXPERIMENTAL SET UP
A.

Physics package

The whole physics package has been entirely redesigned to perform a detection by linear absorption directly inside the microwave cavity.
The apparatus is made of laser-soldered titanium on
top of which a quartz bulb of 33 mm diameter is stuck
by means of a vacuum resistant glue(see Fig.1). The
quartz bulb which contains the caesium vapor is surrounded by a spherical copper cavity which has two
functions. The first one is to perform the cooling of the
caesium atoms thanks to an isotropic cooling scheme
[1]. The second one is to be a microwave resonator for
the clock interrogation.
Caesium atoms are injected into the experiment
with a capillary underneath the cavity (not represented on Fig.1). Caesium pressure is adjusted by
controlling the temperature of the caesium reservoir
so that the absorption of probe beams is typically 2 %
. Graphite are used along vertical axis to prevent caesium vapor in the TOF area and to minimize thermal
atoms column along the vertical beam. The vacuum

∗ Electronic

(3.10−9 mBar) is maintained by a very compact 2 L/s
ion pump.
At the bottom of the device, a time of flight detection region is dedicated to cold atoms diagnostics
only, and is not used in the clock sequence.

address: francois-xavier.esnault@obspm.fr

Fig. 1: Cross section of the whole physics package. The 3
detection beams are shown. Vertical beam is reflected with
a mirror above magnetic shields (not represented)

Finally, two magnetic shields enclose the cavity region, realizing a longitudinal attenuation factor of
about 5000 (see Fig.2).
Presently the volume of the physics package is about 5
liters, but without the diagnostic part, it finally could
be reduced to 1 or 2 liters.

B.

Detection beams

The HORACE clock uses 3 different detection
beams all tuned to the |F = 4i −→ |F 0 = 5i cycling
transition (see Fig.1 and I). Singlemode and polarization maintaining fibers (SM/PM) provide a very clean
gaussian intensity profile.
Firstly, an horizontal absorption beam crosses the
cavity and is used to measure the cold atoms cloud
size. Nevertheless due to the poor optical quality and
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Fig. 3: Design of the vertical detection collimator. Dashed
line shows how the diaphragm is imaged twice on the cold
atoms cloud

Fig. 2: Profile of the longitudinal magnetic attenuation.
The distortion is due to asymmetrical magnetic shield covers. N Internal shield only.  External shield only. • Global attenuation. Dashed line is prediction from [5]

sphericity of the bulb along this direction it is not
possible to use this beam for the clock operation.
Secondly, a simple time-of-flight detection is used to
check and optimize the cooling parameters (number of
cold atoms, temperature). The collection efficiency of
the doublet (see Fig.1) is ≈ 3%.
Finally, a vertical absorption beam provides the
clock signal. It takes benefit from the vertical holes
required for caesium source and vacuum system. It
crosses all the apparatus as shown on Fig.1 and
is retro-reflected to prevent travelling waves which
would heat cold atoms up.
The beam propagates 23 cm (and 60 cm due to retroreflection) from the collimator to the centre of the
cavity, it has a waist of wo = 10 mm and a diameter
of 7 mm. Efforts have been made to reduce diffraction effects of the diaphragm by imaging it directly
on the cold atoms cloud (centre of the cavity) for the
direct and the retroreflected beams (see Fig.3 for the
collimator design). This ensures that nearly identical
intensity profiles are seen by the atoms in both directions. Fig.4 shows the difference between using the
usual design (diaphragm on a collimated beam) and a
design where the diaphragm is imaged on the atoms
cloud.
Horizontal
TOF
Vertical
Dim
φ = 2 mm
1 mm x 12 mm φ = 7 mm
Power
10 µW
70 µW
60 µW
Config travelling wave
lin ⊥ lin
lin ⊥ lin
Tab. I: HORACE detection beams
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Fig. 4: Intensity profiles of vertical detection beam after
60 cm of propagation.
On top : The diaphragm creates important diffraction pattern on the collimated beam.
Bottom : Imaging the diaphragm nearly cancels diffraction
effects.

C.

Optical bench

The role of the optical bench is to generate and
control the different laser beams used to cool, prepare
and detect the atoms during a clock sequence.
To realize properly a normalization scheme a beam
has been added. This beam, called depumper, is tuned
to the |F = 4i −→ |F 0 = 4i transition and provides
optical pumping to the |F = 3i ground state.
The specific temporal operation of the HORACE
clock requires to control very precisely the optical
pulses. Moreover, as the atoms stay in the same place
all along the clock sequence it is particularly critical
to have a total extinction of the cooling light during
the Ramsey interrogation. Any resonant photon (stray
light from laser beams) destroys coherence between
the clock states and consequently reduces signal to
noise ratio. Unfortunately AOM can only provide an
attenuation about −60 dB which is not sufficient. Furthermore, the optimum duration of detection pulses
is about 1 ms which cannot be achieved with most of
commercial shutters. Thus, to control the optical sequence we use fast mechanical scanners (Cambridge
Technology r ) originally developed to deflect laser
beams. Replacing the mirror by a very light razor
blade and cutting the beam where it is focused (waist
≈ 50 µm ) we are able to switch off the light in 80 ±
1 µs and to realize easily sub-ms optical pulses. One
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should notice that those devices are completely tunable thanks to a CMOS analog driver, very compact
(L = 5 cm, φ = 1 cm) and quasi noiseless.
D.

The microwave cavity

The microwave cavity of HORACE is the core of
the experiment (see [2]). As all interactions take place
inside it plays a double role. It’s a reflecting cell for
laser light and obviously a resonator for the microwave
field.

Fig. 5: Spherical microwave cavity of HORACE. Internal
diameter is ≈ 40 mm. Resonant with quartz bulb to the
Cs transition.

1.

Fig. 6: Picture of the resonant microwave field and the
evanescent coupling. Cooling light feeding and vertical absorption beam are also represented. Quartz bulb is not
shown here.

The optical cell

The HORACE clock uses an isotropic cooling
scheme. Laser beams are injected through a 1*6 standard multimode fiber coupler. This very robust kind
of cooling scheme withstands up to 20 % power imbalances between fibers. The cavity is optically polished
with a roughness of about λ/10. Using the high reflection coefficient of copper (R = 96%) the isotropic
light field is able to cool and trap 108 Cs atoms with
a temperature as low as 2 µK.
2.

its resonance is about 1 MHz beyond Cs transition (ie :
9.193 GHz). The fine tuning is realized by adjusting
the temperature of the cavity. As the copper expands
with temperature, the resonance frequency decreases
(−150 KHz/˚C). The temperature of the cavity is
then regulated with a commercial PID few degrees
above room temperature (typ : 25˚C). Finally,with the
quartz bulb the quality factor is Q ≈ 3000.

The microwave resonator

The spherical cavity shown in Fig.5 is made of
OFHC copper and has several holes. Two for the horizontal probe beam, six for multimode fibers (3D orthogonal config.), two for vertical probe beam and two
slits for microwave evanescent coupling. It is resonant
for a T E011 mode at 9.192 GHz shown in Fig.6. As
the quartz bulb is inside the cavity , it shifts the resonance frequency. Unfortunately, making of quartz
bulb is not reproducible (blown from a quartz tube)
and each bulb is different from another so that the
shifts induced are several hundreds of MHz. This implies that each cavity is to be tuned with a given bulb.
The tuning of the cavity is realized in two steps. The
coarse tuning is achieved by polishing the cavity until

III.

OPERATION SEQUENCE AND SIGNAL
PROCESSING

The clock sequence of HORACE is quite simple and
represented on Fig.7 with typical parameters.

Fig. 7: Typical clock sequence. Long cooling time are used
during diagnostics of cold atoms samples

The main difference from previous version of the
experiment is the detection scheme. Clock signal is no
longer derived from TOF signals but is obtained by
measuring the absorption of cold atoms in each clock
state. This type of detection allows to normalize the
calculation of transition probability by measuring the
population of the two clock states. It has been described in [2] and [3]. Thermal atoms which are present in
the cavity contribute significantly to the absorption signal. So to extract the useful signal due to cold atoms
only we have to substract the thermal background.
This is done with a short sequence of 3 pulses. First
we detect the absorption of cold atoms and thermal
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gives the cold atoms signal and rejects environmental
low-frequency noises such as laser intensity fluctuations.

IV.

CONCLUSION

We have been able to perform both in situ detection
and normalization sequence. We obtained very preliminary Ramsey fringes shown in [4]. Next step will be
to optimize the detection sequence (4 optical pulses, 1
microwave π-pulse) to minimize losses of cold atoms.

Fig. 8: Pulsed sequence of detection by absorption. This
sequence shows the detection of a single population. The
whole detection sequence has been detailed in [3].

background, then we blast the cold atoms using a
blue shifted laser and then we detect the contribution of thermal background only (see Fig.8). The difference of the two absorption measurements (areas)
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Recent results on a pulsed CPT frequency standard
F. Dahes,* T.Zanon, S. Guerandel, E. de Clerc and N. Dimarcq
LNE-SYRTE – Observatoire de Paris 61, avenue de l’Observatoire – 75014 Paris – France
*Electronic address: fariza.dahes@obspm.fr

We recall recent results using pulsed interrogation CPT scheme and report a theoretical study of the hyperfine
coherence relaxation rate which is a limitation to clock stability as well as continuous excitation or pulsed regime
method. The hyperfine coherence relaxation of caesium in a cylindrical cell filled with buffer gas is plotted versus
following experimental parameters: the sealing pressure, cell dimensions and temperature. The coherence relaxation
is minimized at 41rad/s for a sealing pressure of 11 Torr, with a cell radius of 2 cm and a length of 10 cm. Then the
collisional pressure shift of caesium is studied to evaluate impact of the second buffer gas introduced in the cell on
the CPT frequency resonance shift.

1. INTRODUCTION
We have developed a new interrogation technique
using laser pulses inducing coherent population
trapping (CPT).
Coherent Population Trapping (CPT) is a well known
effect already used to produce narrow atomic
resonances below 100 Hz in a three-level atomic
system with buffer gas [1], [2]. The interrogation
method usually involves continuous excitation of two
ground states defining the Raman transition coupled
to a common excited state by two coherent laser
fields. Interference between amplitudes of transition
in the two optical pumping channels cancels both
fluorescence and absorption when the Raman
resonance condition δR=0 is fulfilled.
In this paper, important experimental details and
results are recalled from previous work, in particular
the pulsed interrogation CPT method. Then optimized
experimental conditions are presented from
calculation of hyperfine coherence relaxation rate due
to different types of collisions in the atomic system
with buffer gas.
II. EXPERIMENTAL SET UP
The experimental scheme is shown in Figure 1. Two
coherent laser beams are emitted from two extended
cavity laser diodes, with a frequency offset equal to
9.192 GHz (caesium clock transition frequency). The
two laser sources are phase-locked. This method
allows us: i) independent adjustment of frequency,
intensity and polarization for each laser beam, and ii)
getting two optical frequencies only, without other
sidebands that generate distortion and frequency
shifts on the CPT resonance. The master laser is

frequency locked to the 6S1/2,F=4↔6P1/2,F’=3 D1 line
by saturated absorption in a vapour cell. The slave
laser is phase locked to the master with a tunable
frequency offset. Both beams are superposed on a
polarizing beam splitter cube. One output provides
the reference beat note at 9.2 GHz, and the other is
sent to the atomic cell through an acousto-optical
modulator. Previously, the cell at room temperature
was filled with cesium vapour with 23 Torr N2 buffer
gas which was responsible for a collisionnal shift of
the CPT resonance frequency.
Microwave
synthesis at 9.192
δR
Beat at 9.192 GHz
Current and
Pzt
corrections

Saturated
absorption

Computer

PD

Δ0

PD
M
S

Cs+BG
Optical
pulses
Magnetic shield

Figure1. Two phase-coherent laser beams (M and S) are
emitted in lin-per-lin configuration through a beam splitter
which one output is sent to a cell with caesium and buffer
gases (BG) under a magnetic field, and which other one is
sent to a detector that provides a microwave beat note.

Another relevant buffer gas is added to avoid such a
frequency shift. A 20μT longitudinal static magnetic
field is created by a surrounding solenoid and the
whole physics package is magnetically shielded. With
orthogonal linear polarizations, the laser beams
parallel to the magnetic field make a double-lambda
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configuration [3].
III. PULSED CPT INTERROGATION
To get clock signals with narrow line widths, two
approaches are possible. On the one hand, continuous
CPT interaction can be used at low laser intensity,
since the width of this resonance is linearly dependent
with the intensity, but eventually gives poor S/N. On
the other hand, pulsed CPT interaction at high laser
intensity has been demonstrated to give good S/N,
inspired from earlier work [4], where line widths no
longer depend on laser intensity but scale as 1/(2T).
In our case, cesium atoms in the vapour cell are
interrogated with a CPT pulse sequence [5]. The light
pulse durations are controlled by an acousto-optical
modulator. The time pulse sequence is achieved with
an optical preparation pulse during τ followed by a
free evolution time T in the dark. The intensity
measurement is performed at a time τm after
application of another light pulse.
By combining lin-per-lin polarizations with the
pulsed CPT method, high contrast and narrow width
signals were recorded as in Fig2.[5] We have to note
that two regimes govern the measured transmitted
intensity, and these regimes are determined by the
choice of τm . For short τm, the transient atom-laser
state is being pumped by spontaneous emission in the
so-called dark state. In the transient regime, the
oscillating Raman-Ramsey fringes are modulated by
the Rabi envelope. For long τm, the atom-laser state
evolves to the asymptotic situation where all the
atoms are trapped in the dark state. In this stationary
regime, the Lorentz signal width is determined by
optical saturation.

2b.

2c.
Figure 2.b. Continuous CPT absorption across resonance. The
curve exhibits a Lorentz profile. 2.c. Experimental saturated
Raman-Ramsey fringes obtained with 5 ms preparation time and
5μs measurement time..
A time sequence optimization is given by measuring
the central fringe contrast as a function of the three
durations (τ, τm, T) separately in the sequence [6].
High contrast fringes (up to 14%) with small line
widths (down to 60 Hz) were obtained. The pulse
sequence was optimized for long preparation time
(5ms), high laser intensities (a few μW/cm2) and very
short measurement time. The later the measurement
the upper the hyperfine coherence relaxation and
consequently the decreasing of the signal contrast.
IV. OPTIMIZATION OF PARAMETERS TO
MINIMIZE THE HYPERFINE COHERENCE
RELAXATION RATE

2a.

Free evolution time

Figure 2.a. Gain on signal CPT contrast we obtain by CPT pulse
method (in comparison to continuous excitation) for each γc value.
The contrast decreases by increasing the detection pulse delay.
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It is important to note that the hyperfine coherence
relaxation rate play an important role in a CPT pulsed
regime or a continuous excitation. In the first case this
relaxation decreases the CPT signal contrast and in
the second case it reduces the CPT signal Q-factor. In
this paragraph we present a minimization of
coherence relaxation by an optimization of
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experimental parameters resulting from calculations.
Collision processes
Experiments with alkali-atoms in presence of buffer
gases in the cell allow achieving a Lamb-Dicke
regime. Interest of this confinement is to give the
atoms a diffusion motion. The relaxation of the
coherence ρ12 in the cell can be described by the
following equation:

D = D0
gases

P0
P

v Cs − N 2 σ N 2 + r v Cs − Ar σ Ar PsT
1+ r
P0Ts

(5),

v Cs − N 2 and v Cs − Ar are the mean relative velocity
between cesium atoms and buffer gas atoms, Ts is the
sealing temperature, P0 and T0 are reference pressure
and temperature for which the diffusion constants

ρ12 = D∇ 2 ρ12 − Kρ12 (1),

D0 N 2 and D0 Ar were measured, and r is the

is the diffusion coefficient of the buffer

ratio determined by a specific condition we will
discuss further.
We studied the experimental parameters that
minimize the hyperfine coherence relaxation.
At room temperature a sealing pressure Psmin
minimizes the coherence relaxation rate γtotalmin
(Figure 3.a.) corresponding to the minimum on the
total effects curve, and spin exchange rate has a fixed
value. Care is required to control the sealing pressure
of the cell because of difficulty to prevent impurities
insertions into the cell.

and

P
P0

K = L0ν r σ

is

the

hyperfine

coherence relaxation rate due to the buffer gas
collisions with alkali atoms. L0 is the Loschmidt
coefficient, v r is the relative velocity of the alkali
and the buffer gas atoms, σ is the cross section
collision between alkali and buffer gas atoms, P and
P0 are respectively the total and the reference pressure
of the buffer gas.
A detailed solution of equation (1) and relevant data
are found in ref [7]. By this way the atoms have a
longer interaction time with beams. Without buffer
gases, at room temperature, the hyperfine coherence
would be lost essentially during collision processes
with the cell walls. Three essential collision processes
are in competition to relax hyperfine coherence. The
total relaxation γ Total is given by these three
contributions:

γ Total = γ SE + γ Wall + γ BG

(2),

evaluated versus the operating temperature T, the
sealing pressure Ps, the cell length L and the beam
radius a (fig.5).
From expression for one buffer gas in literature [7]
we derive relaxation rates for two gases:
Spin-exchange relaxation γ SE :

γ SE = ( 86II++14 )σ SE vC −C d C
s

s

s

(3)

I is the nuclear spin of Cs, d Cs is the cesium density
in the cell given by the perfect gas law with the
saturated vapour pressure of cesium given by Taylor
and Langmuir [9];
Wall-relaxation γ Wall

γ Wall =
D=

γ BG = L0

[(

) + (πL )2 ]D

2.405 2
a

D0 N 2 D0 Ar (1+ r ) P0Ts
T
rD0 N 2 + D0 Ar T 3 / 2 Ps

(4)

is the diffusion coefficient

0

for a two-buffer-gas mixing (from Maxwell-Stefan

Relaxation rate (/s)

d
dt

equation), a and L are respectively the beam radius
and the cylindrical cell length;
Buffer-gas relaxation γ BG

PAr
PN 2

3

10

Total effects
2

10

γtotal

BG

min

SE
1

10

15,6 rad/s
W

0 Psmin 40
80
120
Sealing pressure (Torr)

160

Figure 3.a.

BG: buffer gas collisions ; SE : spin exchange
collisions fixed at 15.6 rad/s at room temperature (295.15K) ; W :
wall collisions. The encircled point corresponds to the optimum:
Psmin=27Torr; γtotalmin=80rad/s.

For a cylindrical cell, we can note that elongated cells
are more preferable than flat cells (Figures 3.b and
3.c). Indeed, collision rate with the wall is inversely
proportional to the mean free path l of atoms:
l = L2 +Laa (6)
For a fixed value of a the mean free path l increases
by elongating the cell. Moreover the bigger the cell
radius the bigger the increasing of the mean free path.
As a consequence collision rate is reduced by
elongating cells.
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Radius a = 2cm

Colisionnal shift
L=100 μm

The N2 buffer gas introduces a collisionnal shift of the
CPT resonance frequency. Let us denote this shift by
Δν BG :

L=1mm

(

Δν BG = PN 2 β hfN 2 + δ hfN 2 (T − T0 ) + γ hfN 2 (T − T0 )

L=1cm

(7)

L=10cm

0

100
200
Sealing pressure (Torr)

300

Relaxation rate (rad/s)

R a3.
d iu
b.s a = 2 m m
7
10

10

6

10

5

10

4
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3

10

2

10

1

where

β hfN , δ hfN , γ hfN
2

2

L=1m m
L=1cm
L=10 cm

100
200
S e a lin g p r e s s u r e (T o rr )

300

3. c.
Total relaxation versus sealing
pressure. The necessary sealing pressure to minimize γtotal is smaller
for a cell radius much smaller than the cell length than for a cell
radius of the order of the cell length. For a=2cm and L=10cm, the
optimum is obtained for Ps=11Torr with γtotalmin= 41rad/s. For
a=2mm and L=10cm, the optimum is obtained for Ps=101Torr with
γtotalmin= 260rad/s.

Relaxation (/s)

Finally, by heating the cell even if buffer gas
collisions tend to cross wall collisions (Figure 3. d.),
spin exchange collisions dominate these contributions
at a temperature before this crossing occurs. Thus,
temperature is not a relevant parameter to minimize
coherence relaxation.

Total effects

10

r=

PAr
PN 2

(8)

we can find a theoretical condition on this ratio r to
eliminate the sensitivity in temperature by solving:
∂
∂T Δν BG = 0 (9)
r is then defined by the collisionnal pressure shift
coefficients [8]:

r=

2 PsTs γ 0Ns2 (T0 −T )− P0δ N 2 T0
2 PsTs γ 0Ars (T −T0 )+ P0δ Ar T0

(10)

The γ coefficients have been measured only for
rubidium and that is the reason why in literature the
quadratic temperature dependence is given up in the
calculations for caesium and only the linear
temperature dependence is eliminated by this relevant
pressure ratio condition:
δ N2

2

10

SE

r = − δhfAr (11)
hf

W

BG

1

10

0

3. d.

40
80
Température (°C)

120

Figure 1. d. By increasing temperature, total relaxation
increases dramatically when spin exchange curve crosses buffer gas
and wall relaxation curves.
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are the collisionnal pressure

and T0 is the reference temperature for which
collisionnal shift coefficients were measured [7], [8].
This equation exhibits two terms, linearly and
quadratically depending on the temperature. It is
possible to eliminate sensitivity to temperature by a
relevant choice of a second buffer gas: the idea is to
compensate the N2 collisionnal shift by another buffer
gas shift which pressure coefficient is of the opposite
sign. If we denote the two buffer gas pressure ratio by
r:

Figure 3. b. and c.

3

2

shift coefficients of the alkali-atoms colliding with the
N2 buffer gas PN 2 is the nitrogen pressure in the cell

L=100μm

0

2

where the δ pressure shift coefficients have been
measured by different groups [7]. For rubidium it is
possible to plot the collisionnal shift versus
temperature with rubidium γ values and we assume a
similarity with the case of rubidium atoms in the
same conditions. Indeed, rubidium atoms have been
more studied, and the quadratic pressure shift
coefficients are known [7]. From the following
expression for a two-buffer-gases mixing:

)
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Δν BG =

[ (β 0Ns

2

PsTs
T0

×

) (

)

+ rβ 0Ars + δ 0Ns2 + rδ 0Ars (T − T0 ) +

(γ

N2
0s

)

+ rγ 0Ars (T − T0 )

2

] (12)

the collisionnal shift of rubidium is plotted versus
temperature in figure 6.

pressure of 11Torr, with a cell radius of 2cm and a
length of 10cm.
Finally, a way to avoid sensitivity of collisional
pressure shift to temperature is possible by a relevant
choice of the r ratio between the two buffer gases
pressure, and data existing only for rubidium it is
possible to predict this ratio for this alkali.
Extrapolation can be done if we assume similarity of
caesium case to rubidium.

Déplacements en fréquence (Hz)
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solving the equation ∂∂T Δν BG = 0 , the idea is to

fix the optimal temperature at room temperature and
to find the pressure ratio r condition which minimizes
the sensitivity of ΔυBG to temperature. This pressure
ratio needs complete data of pressure collisional shift
coefficients. In the case of rubidium, the collisional
shift versus temperature curve (Figure 6) shows the
optimum corresponding to a collisional pressure shift
independent on temperature. Such a situation is
expected for cesium but a pressure ratio value is not
predictable in this case because data are missing.
V. CONCLUSION
We have recalled double-lambda scheme and pulsedCPT method efficiency in the clock stability by
increasing CPT signal contrast and decreasing line
width broadening. The optimized pulse sequence is
obtained with a long preparation time (5ms) and a
short measurement time.
Theoretical calculations were realized to optimize
experimental parameters that minimize the hyperfine
coherence relaxation in a cylindrical cell. Coherence
relaxation is minimized (41 rad/s) for a sealing
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We investigate a novel approach to all-optical frequency standards, based on a combination
of the coherent population trapping effect and signal discrimination at the maximum of
absorption of the probe radiation. The physics underlying this approach is dark resonance
splitting caused by interaction of the nuclear magnetic moment with an external magnetic
field. Theoretically it has been shown that this approach under ideal conditions can lead to
an important enhancement of the clock stability. Here we present an experimental
evaluation of the scheme in view its future application in the domain of vapor-cell atomic
clocks. The present results point out that high-performances short-term stability can be
obtained only with a high spectral quality light source. In contrast, for our compact and
low-consumption setup, the shot-noise limited short-term stability calculated is about 10-12
τ-1/2 , which is comparable to those presently measured for typical CPT-based atomic
clocks.
I. INTRODUCTION
Some applications of atomic clocks, for instance in
telecommunications, navigation and positioning, require
stable and small frequency standards. For this reason,
vapor-cell frequency standards have been largely
studied. Most of commercially available standards are
based on optical-microwave double resonance
mechanism, but atomic clocks based on Coherent
Population Trapping (CPT) are a promising alternative
(see 0 and references therein). These two methods have
been compared for Cs [2] and Rb [3] vapor cell. It as
been demonstrated that each excitation scheme has its
own advantages and disadvantages: the general situation
sees the CPT excitation scheme more favorable for the
application in miniaturized frequency standards,
because of the absence of the microwave cavity.
However, for high-performance compact clocks the
better results have been reached with the doubleresonance scheme [4], [5].
The main factor which limits the performance of the
CPT-based atomic clock is the small amplitude of the
CPT signal, which affects the short-term stability. The
widely applied CPT interaction scheme using a twofrequency circularly polarized laser light field, has the
disadvantage of putting most of the atoms into a “trap
state” (or “pocket”) that does not contribute to the clock
signal. To avoid such pockets, different excitation
schemes have been suggested [6]-[12]. In particular,
Taichenachev and co-workers [11] showed that a highcontrast dark resonance can be obtained when copropagating laser waves with parallel linear
polarizations are resonant with the transitions between
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the ground state hyperfine sublevels and excited state
Fe=1. In this case, however, the reference transition is
between Zeeman sublevels with mF≠0. In order to
reduce the influence of external magnetic field
fluctuations, it has been proposed [12] to use the
maximum of absorption between two near degenerate
CPT lines as a frequency reference. The splitting of the
two CPT signals depends on the nuclear g-factor and the
magnetic field strength. In this communication we
report on our model and first experimental results on
this pseudo-resonance scheme. The signal-to-noise ratio
of the CPT pseudo-resonance has been studied to
estimate the short-term stability reachable with this
excitation scheme and the most important noise sources
will be briefly discussed
II. EXCITATION SCHEME
Let us consider a 87Rb gas cell excited by a two
frequency laser field. We chose 87Rb because its D1
line satisfies the condition described in [11]. Moreover,
the wavelength of the 87Rb D1 line is 795 nm and can be
reached with commercial diode lasers. To achieve CPT,
the two laser frequency components are tuned in
resonance with the Fg=1 → Fe=1 and Fg=2 → Fe=1
transitions of the D1 line. Both components are
linearly polarized in the same plane, and a magnetic
field parallel to the laser propagation vector is
applied. In this case the working sublevels
Fg = 1, m = 0 and Fg = 2, m = 0 belong to a “closed
loop” interaction contour, see Fig.1 below. The strong
dependence of the CPT resonance parameters on the
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order Zeeman effect) with respect to the position of the
Fg = 1, m = 0 ↔ Fg = 2, m = 0 clock transition.
Let us consider the line shape dependence on the
magnitude B of magnetic field. If the magnetic field
shift is small (in comparison with single resonance
width) the two dark resonances are unresolved, see
Fig.2, the dotted curve.
For intermediate values of B they are resolved partially,
thus forming a minimum in the transmission spectrum
between them, see Fig. 2, the solid curve. The position
of the minimum coincides with the frequency of the
Fg = 1, m = 0 ↔ Fg = 2, m = 0 clock transition and

Fig. 1. Scheme of optically induced transitions in the
87
Rb atom, case of Fe=1. “Closed loop” involving the
clock (0-0) transition is shown by thick solid lines.
Additional Λ-schemes are shown by dotted and dashed
lines.

can be implemented in a discriminator of an all-optical
frequency standard. This structure formed between two
maxima in the transmission spectrum, is referred to as a
pseudo-resonance [12].

total phase over such a closed contour [13] results to the
absence of CPT on the working sublevel in this
particular case.
However, there are two additional Λ-schemes,
corresponding to quadrupole ( ∆m = 2 ) two-photon
transitions and involving the pairs of Zeeman
sublevels { Fg = 1, m = 1 ,
Fg = 2, m = −1 } and
{ Fg = 1, m = −1 , Fg = 2, m = 1 }, labeled (a) and (b)
on Fig.1, respectively. The splitting between these
ground state Zeeman sublevels in the weak magnetic
field B is [12]:
3g 2 µ 2
2g µ
ω a ,b = ω hfs ± ε I B B + J B2 B 2 ,
h
8ω hfs h
where ω hfs is the hyperfine splitting frequency the
ground state HF components in the absence of the
magnetic field, µ B = eh /(2me c) is the Bohr magneton,
ε = me / m p , me is the electron mass, m p is the proton
mass, g J and g I are the electronic and the nuclear
Lande factor, respectively.
Note that one may erroneously treat these resonances as
magnetically insensitive in the linear approximation if
one does not take into account the magnetic moment of
the nucleus, since the linear Zeeman shifts due to the
electronic magnetic moment for each state in the pair
Fg = 1, m = ±1 , Fg = 2, m = m1 are the same.
Therefore the magnetic field shifts the positions of the
corresponding dark resonances which are close to the
clock transition, due to the nuclear magnetic
momentum. These shifts are symmetric (to the second

Fig. 2. Calculated transmission spectrum of the cell with
the parameters specified in the text. Incident radiation
intensity U 0 = 1 mW/cm 2 and a half of intensity is in
the two resonant laser frequency components. The
dotted curve corresponds to B = 0.05 G, the solid ones
corresponds to B = 0.25 G and the dotted-dashed
curve corresponds to B = 0.8 G.
Further increase of B makes the two dark resonances
fully resolved. As a result the bottom of pseudoresonance dip becomes flat, which is unsuitable for
purpose of a frequency standard (see Fig. 2, the dotteddashed curve).
III. EXPERIMENTAL SETUP
In our realization of the experimental setup,
compactness and the simplicity have been privileged
with respect to other aspects, motivated by the
perspectives for application in atomic clocks. The multifrequency laser spectrum is obtained by direct
modulation of the injection current of a Vertical Cavity
Surface Emitting Laser (VCSEL), emitting at the 87Rb
D1 line (795 nm).
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mode laser light is shown, to be compared with the
spectrum obtained with the modulated VCSEL.
-0.09

-0.09
-0.1

-0.10

Fe=2

-0.11
-0.12

Fe=2

Fe=1

The VCSELs have been largely developed for their use
in optical communications. Even if they have low power
levels and broad spectra, VCSELs are more and more
used in high precision spectroscopy. Remarkable results
in the field of non-linear spectroscopy with VCSEL
have already been achieved working on the hyperfine
resonance of Cs atoms [14], [15]. The VCSEL used in
our experiment has been characterized by means of a
beat signal with an extended cavity diode laser. The
total power emission on the 87Rb D1 line is about 0.3
mW and the line-width is (100 ± 20) MHz. The
characteristic that makes VCSELs interesting for this
kind of experiments is the very high current tuning
coefficient (its value measured for our laser is -143
GHz/mA) which allows to reach phase-modulation
index close to unity at high frequencies (3 to 4 GHz).
The block diagram of the experimental set-up is shown
in Fig. 3. The VCSEL injection current was modulated
at νM = 3.417 GHz via a commercial rf generator
without further amplification. The generator was used as
an analog sweeper. The νM was in turn modulated at
νLock-in, whose signal has been used as reference for
phase-sensitive lock-in detection. The polarization of
the beam emitted from the VCSEL was linear. In order
to enhance the interaction volume, a beam expander was
placed in front of the cell, and the resulting diameter of
the beam was about 0.4 cm. The cell (length and
diameter of 1 cm), containing pure 87Rb and 15 mbar of
N2, was placed inside a µ-metal cylinder, in order to
reduce the influence of spurious magnetic fields. The
longitudinal magnetic field was produced by a solenoid.
The temperature of the cell was stabilized at 60°C. The
light transmitted through the atomic sample was
collected on a photo-diode whose output was sent to the
lock-in amplifier and monitored by an oscilloscope. The
optimal lock-in detection condition has been evaluated
by studying the de-modulated CPT signal as a function
of νLock-in.
A simple way to determine the VCSEL's phasemodulation index is to use the 87Rb absorption lines as
reference. An example is presented in Fig. 4. In the inset
of the Fig. 4, the 87Rb D1 line absorption spectrum
recorded by irradiating the atomic sample with single-
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Fig. 4: The absorption spectrum of the VCSEL without
rf modulation (inset) and at the frequency νM = 2 GHz
with 12 dBm amplitude.
IV. EXPERIMENTAL STUDY OF THE SIGNALTO-NOISE RATIO.
The short-term frequency stability of an atomic
frequency standard can be empirically estimated from
the recorded signal and detection noise features.
Therefore our evaluation of the CPT pseudo-resonance
excitation scheme is based on an analysis and
optimization of the signal-to-noise ratio.
6
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Fig. 3 Experimental Setup.

absorption signal [µA]

-0.13

3

-2
-3

2

quadrature

-4
-5
-50 -40 -30 -20 -10

0

10

20

30

40

50

1
0
-1
-2
-3

phase

-4
-50

-40

-30

-20

-10

0

10

20

30

40

50

Raman detuning [kHz]

Fig. 5: The lock-in in-phase and quadrature signal for a
CPT pseudo-resonance (νLock-in= 35 kHz).
We found experimentally that both the amplitude and
the linewidth of the lock-in signal do not depend on
νLock-in (in the range from few hundred of Hz until few
tens of kHz). It is, however, worth to notice that the
interpretation of the lock-in signal is different
depending on the νLock-in / Γ ratio, where Γ is the linewidth of the spectral feature of interest. In particular
when νLock-in / Γ > 1, as in our case, the contributions to
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signal [nA]
lock-in in-phase

Γpseudo

experiment, signal-to-noise ratios as high as 700 in 1 Hz
bandwidth have been obtained.
1E-9

modulated laser
with 3.417 GHz @ 13 dBm
1/2

Detection noise [A/Hz ]

the detected signal of different laser side-bands are well
separated and both the in-phase and quadrature lock-in
signal are needed to reconstruct the absorption signal
[16]. An example of the experimental lock-in in-phase
and quadrature signals are shown in Fig. 5. However,
only the in-phase signal shows a dispersive shape and
can be used as error signal for the clock reference. For
simplicity, in the following we take into account only
the in-phase signal of the lock-in amplifier.
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Fig. 7: Detection noise measured for the dark signal,
and the interacting laser field tuned to the maximum of
the transition toward Fe=1 for both the un-modulated
and the modulated VCSEL.
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Fig. 6: Experimental dependence of the pseudoresonance on the magnetic field, confirming the model
prediction (Fig. 2). For B < 0.1 G the CPT signals are
degenerate and no pseudo-resonance is observed.
In Fig. 6 the pseudo-resonance lock-in signal is shown
for different strengths of the magnetic field B, 0.1 G < B
< 0.7 G. The pseudo-resonance parameters of interest
for an atomic clock are indicated and are: the amplitude
Apseudo, the line-width Γpseudo, and the central frequency
νpseudo. Typical values are Apseudo ≈100 nA and Γpseudo
≈700 Hz.
The noise on the detector has been measured to point
out the main noise sources. In Fig. 7 the noise of the
detector in the dark is compared with the noise at the
maximum of absorption of the transition towards the
excited level Fe = 1 for the VCSEL not modulated and
modulated with νM = 3.417 GHz at 13 dBm (which
corresponds to a phase modulation index of about 1.8).
The noise level has also been recorded for different
values of laser detuning and no significant difference
has been found. For the time being, the most important
noise contribution is due to the modulation of the laser,
and investigation is in progress in order to understand
and reduce this effect.
From the analysis of the lock-in signal behavior and the
detection noise measurements we found that optimized
signal-to-noise ratio is obtained with νLock-in > 5 kHz
where the detection noise is lower. In our CPT

As the largest possible amplitude of the pseudoresonance is equal to the amplitude of the conventional
CPT signal, this value of the signal-to-noise ratio is the
same for both standard CPT or the optimized pseudoresonance.
The short-term stability of an atomic reference in terms
of Allan deviation can be predicted by the empirical
expression [17]:
−1
0.2
σ Allan ≈
τ 2
Q( S )
N
where Q is the resonance quality factor and S/N is the
signal-to-noise ratio. Table 1 lists the values of σAllan
obtained in this way for both the experimental results
and for the model taking into account the real
experimental parameters or the optimal conditions.
Experiments
Theory (shot-noise limited,
experimental conditions)
Theory (shot-noise limited,
optimal conditions)

σAllan
3x10-11τ-1/2
10-12τ-1/2
10-14τ-1/2

Table 1: Comparison between the σAllan estimated from
the experiment and calculated both for the experimental
parameters and for the optimal conditions (interacting
laser intensity 0.4 mW/cm2, laser linewidth 10 MHz,
beam diameter 1 cm, 5 mbar Ne buffer gas).
The experimentally estimated short-term stability and its
corresponding theoretical prediction are in satisfactory
agreement if one considers that the present detection
noise is 20 times higher than the shot-noise. This
additional noise includes contributions from laser
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V. PSEUDO-RESONANCE CONTRAST VERSUS
LASER DETUNING
For a theoretical analysis of the pseudo-resonance
amplitude dependence as a function of the laser
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detuning, we use the density matrix approach. We take
into account the hyperfine (hf) and Zeeman structure of
the 87Rb D1 line, as well as the exact values of the
probabilities of the optically-induced one-photon
transitions and relaxation of the optically excited states.
Effects of the thermal motion of atoms (Doppler
broadening) and the laser line width Γlaser = 100 MHz
also have been taken into account.
We present our calculations for the experimental
parameters (dimension, temperature of the cell and so
on) used in the experiments. For 87Rb at 60° C the
Doppler width of the D1 line is about 450 MHz. The
values of collisional quenching of the excited state [18]
and of the pressure broadening of the Rb D1 line at 15
mbar of N2 (about 220 MHz [19]) were also used. For
estimation of the relaxation rate Γ of coherences
between the different ground state hyperfine- and
Zeeman sublevels we use the methods described in [20],
[21]. It results to Γ ≈ 90 Hz. The depolarization rate in
ground state is assumed to be equal to Γ .

Absorption Contrast, %
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intensity noise and FM-AM noise conversion in the
vapor cell. However, the most important noise
contribution here stems from the 3.4 GHz modulation
applied to the VCSEL, as can be seen from Fig. 7.
Furthermore, it is worth to notice that the calculated
signal amplitude is slightly bigger than the measured
one (see Fig. 8 below) which also contributes to the
discrepancy in stability given in Table 1.
The predicted stability for the optimal model case
differs considerably from both estimated values
previously discussed for the experimental situation. This
discrepancy is due to the fact that a certain number of
parameters used in the experiment are far from their
values for the ideal case. The comparison between the
models allowed to identify the critical parameters for
the optimization of this excitation scheme for frequency
standard applications. In particular the main difference
between the ideal case and the experiments is related to
the characteristic of the light source: in the ideal case
the light source is composed by two frequencies that
interact separately with the two arms of the Λ-scheme.
In the real case the VCSEL modulated contains, at least,
the carrier, the first and the second-order side-band
frequencies. Among them, only the first order sidebands are used for preparing the CPT pseudo-resonance
signal while the other frequencies (especially the strong
carrier which falls between the two HF transitions)
merely add a bias signal on the detector. Thus these
non-resonant side-bands contribute on one hand to a
reduction of the signal contrast, on the other hand to an
enhancement of detection noise. Moreover, the
excitation of atoms by the carrier and the second order
side-bands can also give rise to further CPT states with
different phase, that represent a loss mechanism with
respect to the reference signal. These contributions are
not simple to quantify because it is not possible to
isolate them from the experimental point of view and,
presently, they are not taken into account into the
model. Another relevant difference between the ideal
case and the real one is the laser linewidth, which for
the VCSEL used is 10 times broader than in the ideal
situation. This difference in the laser linewidth value is
very critical because the contribution of the transitions
towards Fe=2 is not negligible for a broad laser
linewidth even when the laser one-photon detuning
corresponds to the maximum of transition towards Fe=1.
Consequently, the CPT (and pseudo-resonance)
amplitude is strongly reduced. Finally, the CPT contrast
in our experiment is also low because the maximum
power level of the VCSEL in our experiment is limited,
presently 5 times smaller than on the ideal case.
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Fig. 8. Absorption contrast versus the laser detuning
δ L . The upper plot is the result of the numerical
calculation while the lower plot shows the
experimental results.
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Since the splitting of the two hyperfine sublevels of the
*
excited state is ω hfs
≈ 812 MHz, we must also take into
account the hyperfine sublevels of the excited states
with Fe = 2 . That causes the Fg = 1, m = ±1 ↔
Fe = 2, m = ±2

and

Fg = 2, m = ±1

↔

Fe = 2, m = ±2 transitions that partially destroy the

CPT and reduces the dark resonance amplitude.
In this case both resonances (corresponding to the Λschemes shown on Fig. 1 (a) and (b)) are identical and
their positions are symmetrical with regard to zero.
Let us consider the behavior of the dark resonance
amplitude and its absorption contrast as a function of
the laser detuning. Here, we define the Absorption
contrast as the ratio between the amplitude of the CPT
signal (or the pseudo-resonance signal) and the
Doppler absorption under the same conditions. We
provide numerical calculations for the case when the
intensities of both the laser components are equal and
the total laser field intensity in resonance sidebands is U
= 0.15 mW/cm2. The longitudinal magnetic field was
B = 0.8 G. In this case the CPT linewidth was about
800 Hz and the shift induced by the magnetic field
was 4.5 kHz then both resonances are resolved, and
have the same amplitude, the dotted-dashed curve in
Fig. 2. The calculated dependence of the absorption
contrast for CPT resonance as a function of the laser
detuning δ L is shown in Fig.8, together with the
experimental data.
One can see that the absorption contrast amplitude has
two maxima. The maximum for δ L ≈ −100 MHz
corresponds the laser tuned in resonance with the
Fg = 1, 2 ↔ Fe = 1 transitions, and the maximum for

δ L ≈ 900 MHz corresponds the laser tuned in
resonance with the Fg = 1, 2 ↔ Fe = 2 transitions.
VI. CONCLUSIONS
We have studied theoretically and experimentally the
properties of CPT pseudo-resonance. Our theoretically
prediction for the pseudo-resonance parameters under
optimal conditions makes this approach interesting in
view of application in vapor-cell atomic clocks. For the
time being, the experimental estimation for the short
term stability is quite far from the best theoretical
prediction. By comparing the experiments and the
model, it has been shown that, presently, the main
limiting factor to reach an high performance frequency
standard based on this pseudo-resonance mechanism is
due to the requirements in the spectral quality of the
light source. After our analysis it seems that the pseudoresonance mechanism can be interesting for high
performance vapor-cell frequency standards at
laboratory level, where the spectral quality of the light

source can be improved by using a larger and more
elaborated setup, for example two phase-locked laser
and/or filtering of the optical spectrum. However, with
respect to a simple and compact vapor-cell atomic
clocks with low power consumption, as required in
many applications, the currently available laser diodes
do not show the required spectral characteristics (power,
linewidth, etc.) and thus limit the obtainable short-term
stability.
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In this paper we compare two different excitation schemes of rubidium gas-cell frequency
standard. The first scheme is based on the one laser optical pumping and the second scheme
is based on the “two-lasers” optical pumping firstly proposed by J. Deng for light shift
compensation. We present stability estimations for both schemes supposing that the gas cell
has 15 mb of N2 and the laser line width is about 100 MHz. Our calculations do not show
the expected significant improvement of the stability in the case of “two-lasers” scheme.
This result is connected to the broadening of the absorption line. To avoid this broadening
one needs to use a buffer gas pressure around 1 mb and a laser line width of 10 MHz or less.
1. INTRODUCTION

Quantum frequency standards are important for a
variety of applications. There are two essential problems
in this area: 1) the maximum value of stability, that can
be, in principle, obtained and 2) the size of the standard,
which should occupy a reasonable volume. E.g. atomic
clocks, needed for space navigation and positioning,
must have a stability of about 10-14 at ½ day and a
volume about of 1-10 L. These parameters, in principle,
can be obtained with frequency standards, which use an
alkali atoms gas cell as reference element. In this case,
there are two well-known known methods for obtaining
such a stability. The first — the quantum frequency
standard based on optical pumping by laser beam when
the RF field is applied to transition between the two
m = 0 ground state sublevels (working sublevels)
1 = Fg = 1, m = 0 and 2 = Fg = 2, m = 0 , (here Fg
is the total angular momentum in ground state, and m —
its projection). The second way uses the effect of
coherent population trapping (CPT) [1,2,3]. For
optimization of the CPT resonance parameters (width,
amplitude, contrast) we recently proposed new
excitation schemes using laser pumping [4], and a new
pseudoresonance mechanism of all-optical frequency
standard operation [5]. The comparison of these
schemes with traditional ones involving the circularlypolarized laser beam shows a significant improvement
of the dark-resonance parameters. In this work we
analyze different excitation schemes for quantum
frequency standard based on optical pumping.
Short-term frequency stability of a Rubidium
Frequency Standard (RFS) is directly related to the

signal-to-noise ratio (S/N) of the microwave-induced
(6834 MHz) optical signal which is proportional to the
fractional atomic population difference between the two
working levels 1 and 2 of 87Rb. In the present RFSs
this fractional population difference is not maximized.
S/N can be improved by concentrating all of the atoms
in one of the two working levels. Potentially, this could
lead to a significant improvement in the short-term
stability of RFSs.
Traditionally one-laser pumping schemes are used
(see Fig.1.). In these cases atoms are pumped off from
one of the working sublevels and therefore the atomic
population difference between the working levels is
attained. However, in these cases there are always some
“idle” states (“pockets”), which can trap atoms. Atoms
are accumulated in these levels and do not contribute
anymore to the signal formation on the working
transition. It leads to a drastic decrease of the fractional
atomic population difference between two working
levels and, therefore, to a decrease of the stability.
To solve this problem, “two-lasers” pumping can
be used [6]. In this case it is possible to develop such
excitation schemes (see Fig. 2.) that are characterized by
absence of “pockets” and, therefore, a significant
improvement of the fractional atomic population
difference between two working levels is expected.
II. EXCITATION SCHEMES
In this communication we compare two different
excitation schemes: one-frequency pumping scheme
shown on Fig.1 (e), and “two-laser” pumping scheme
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Fig.2. Different “two-laser” excitation schemes on 87Rb
D1-line, characterized by the absence of trap states.
r
r
e
E pump = z ( E1 exp [i (k1 x − ω1t ) ] +
2
+ E2 exp [i (k2 x − ω 2 t ) ]) + c.c.

(1)

One of the components of this field (with frequency
ω 2 ) is tuned on resonance with the Fg = 2 → Fe = 2

Fig.1. Different one-laser excitation schemes on 87Rb
D1-line. Black circles show the working levels, white
circles show “pockets”. Optical induced transitions are
shown by black lines and microwave transition is shown
by arrow (negligible buffer gas broadening).

transition and the second (with frequency ω1 )
component is tuned on resonance with the
Fg = 1 → Fe = 2 transition, both of these transitions
belonging to the D1-line. In this case atoms are not
pumped
out
from
the
working
level
2 = Fg = 2, m = 0 , since the corresponding Clebsch-

using π-polarized light shown on Fig. 2 (c). The second
scheme is characterized by the absence of “pockets”.
Figure 3 shows an implementation of this scheme.

Gordan coefficient and, hence, transition dipole matrix
element is equal to zero. As a result, after a few optical
pumping cycles (excitation followed by spontaneous
relaxation of the optically excited state) atoms will be
accumulated in the working level 2 .

Let us suppose that 87Rb atoms in a cell interact
with the linearly-polarized “two-laser” field (the
pumping field):

When we switch on a radiofrequency (microwave) field
applied to transition 1 → 2 , this field will move the
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populations from level 2 to level 1 , and therefore
the laser field absorption will be increased. If we detune
the frequency ω RF of the radio field from the 2 → 1
transition frequency ω hfs , the population of level 1
will be increased less, and laser field absorption will be
decreased. So the laser field absorption has a maximum
when ω RF = ω hfs , what we call the double radio optical

where H is the static magnetic field, g J is the
electronic Lande factor, µ B is the Bohr magneton, W
is the DROR line width. Another possibility for
avoiding these coherent effects consists in using a laser
with non-correlated components, or two independent
lasers.

resonance (DROR). Typical dependence of the
photodetector signal as a function of the radio frequency
detuning δ RF = ω RF − ω hfs is shown on Fig. 4.

Fig.3. Spatial configuration realizing the scheme shown
on Fig. 2 (c).
It should be noted that “two-laser” pumping
schemes allow not only to collect all the atoms in one of
the working sublevels, but also to avoid the hfs (hyperfine structure) light shift [6], i.e. the light shift
connected with the change of hyperfine splitting
constant in the laser field [7]. The light shift
compensation is attained if the frequency difference
(ω1 − ω 2 ) is equal to the hyperfine 0-0 transition
frequency ω hfs , and the intensities of two frequency
components (or two lasers) satisfy the relation [6]:
U1 / U 2 = 3 / 5 ,

(2)

where U1 and U 2 are the light intensities pumping the
levels of Fg = 1 and Fg = 2 in the ground state

Fig. 4. Calculated transmission spectrum of the cell with
the parameters specified in the text. Incident radiation
intensity U = U1 + U 2 = 0.1 mW/cm2, U1 / U 2 = 3 / 5 ,
Rabi frequency of radio field VRF = 600 s −1 .
III. CALCULATIONS FOR THE GAS CELL
WITH THE TYPICAL PARAMETERS
In this work we use the density matrix approach. We
take into account the real hyperfine (hf) and Zeeman
structure of the involved states as well as the exact
values of the probabilities of the optically-induced onephoton transitions and relaxation of the optically excited
states. Effects of the thermal motion of atoms (Doppler
broadening) as well as the laser line width Γ Laser = 100
MHz have also been taken into account.

respectively.
Note that the scheme shown on Fig. 2 (c) contains two
Λ-schemes. One scheme involves the levels
Fg = 1, m = −1 , Fe = 2, m = −1 and Fg = 2, m = −1 ,
while the other scheme involves the levels
Fg = 1, m = 1 , Fe = 2, m = 1 and Fg = 2, m = 1 .
To avoid the unwanted CPT effect on these schemes the
condition of CPT resonances should not be satisfied, i.e.
this unwanted effect is absent for both these schemes if

ω1 − ω 2 − ω hfs ±

g J µB
H >W ,
2h

(3)

We provide our calculations for the cylindrical gas
cell with the following parameters: radius Rc = 1 cm,
length Lc = 2 cm, temperature T = 50° C, 15 mb of N2
buffer-gas. The radius of laser beam in the gas cell is
Rb = 1 cm.
For 87Rb at 50° C the Doppler width of the D1 line
is about 450 MHz. The real values of collisional
quenching of the excited state [8] and of the pressure
broadening of Rb D1 line (about 220 MHz [9]) were
taken into account. For estimation of the relaxation rate
Γ of coherences between the different ground state
hyperfine- and Zeeman sublevels we use the methods
described in [10,11]. It results to Γ ≈ 150 s −1 . The
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depolarization rate in the ground state was supposed to
be equal to Γ .
The detuning between the two hyperfine sublevels
*
in the excited state is ω hfs
≈ 812 MHz. We must take
into account both hyperfine sublevels of the excited
states with Fe = 1 and Fe = 2 . It causes the lightinduced transition Fg = 2, m = 0

↔

Fe = 1, m = 0 .

On one hand, this transition reduces the population on
the level Fg = 2, m = 0 and therefore reduces the
amplitude of double radio optical resonance. On the
other hand, it leads to the appearing of non-zero shift
of DROR line for zero laser detuning. The
dependence of this shift on the incident laser intensity
and laser detuning is shown on Fig. 5.
One can see that for intensities of both laser
components and δ L ≈ 170 MHz (here the laser detuning
δ L = ω1 − ω1,opt = ω 2 − ω 2,opt , where ω i ,opt is the
frequency of the optical transition Fe = 2 → Fg = i )
the shift disappears for any value of the total laser
intensity.
In Fig. 6 we plot the population difference between
the working sublevels 1 and 2 . This result shows
that the population difference for two-laser optical
pumping and for one-laser optical pumping are
approximately equal. The reason of it is the lightinduced off-resonant transition Fg = 2, m = 0 ↔

Fig. 6. Difference of population between the working
sublevels 1 and 2 for the gas cell with “typical”
parameters versus the total laser field intensity.
In Fig. 7 and Fig. 8 we plot the stability estimations
[8] for the standard based on scheme 1(e) (Fig.7) and on
the “two-laser” pumping scheme 2(c) (Fig.8) versus the
total laser field intensity U for different Rabi
frequencies VRF of radio field. Integration time τ = 1 s.
Fig. 7 and Fig. 8 shows that the best stability for onefrequency as well as for “two-laser” pumping standard
is about 6·10-13 (Allan deviation for 1 s integration
time).

Fe = 1, m = 0 reducing the population difference.

Fig. 5. Shift of the DROR line versus the laser detuning
δ L for different values of laser field intensity U . The
relation of the laser field intensities is U1 / U 2 = 3 / 5 ,
VRF = 600 s-1.
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Fig. 7. Stability (Allan deviation for 1 s integration
time) of the standard based on scheme Fig.1.(e) versus
the total laser field intensity for different values of radio
field Rabi frequency VRF .
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*
transition width plus the laser line width [13], ω hfs
is

the hyperfine splitting in excited state. In our case the
ratio of G1 / G2 ≈ 1/ 6 .

Fig. 8. Stability (Allan deviation for 1 s integration
time) of the standard based on scheme Fig. 2(c) versus
the total laser field intensity U for different values of
radio field Rabi frequency VRF . U1 / U 2 = 3 / 5 .
IV. CALCULATIONS FOR THE GAS CELL
WITH THE “IMPROVED” PARAMETERS
To improve the stability with two-laser pumping and to
display its advantages one need to reduce the offresonant transition Fg = 2, m = 0 ↔ Fe = 1, m = 0 .
As it was shown on [12], the ratio of resonant
transitions W1,2rez ∝ U1,2 ⋅G2 , where U1,2 is the intensity
of the corresponding laser component,
G2 =

m
2π T
+∞

+∞

∫ Y (ω

1

+ ∆ω )d ∆ω

−∞

 mυ z2 
γ '2
dυ z ,
 2
2T  γ ' + (−kυ z + ∆ω ) 2

∫ exp  −

−∞

whereas the ratio of the off-resonant transitions
W1,2off − rez ∝ U1,2 ⋅G1 , where
G1 =

m
2π T
+∞

+∞

∫ Y (ω

1

 υ 
γ'
dυ z
 2
*
2
 γ ' + (ω hfs − kυ z + ∆ω )

∫ exp  − υ

−∞

+ ∆ω )d ∆ω

−∞

2
z
2
T

2

Here m is the mass of Rubidium atom,
k = ω1 / c ≈ ω 2 / c , Y (ω ) — normalized spectral
distribution of the laser field intensity, υ z is the zprojection of the atomic velocity, υT = 2T / m 2 , T —
temperature (in the units of energy), γ ' (about 210
MHz in our case) is half of the pressure-broadened

Fig. 9. Difference of population between the working
sublevels 1 and 2 for the gas cell with the
“improved” parameters versus the total laser field
intensity.
One can see that to reduce the off-resonant
transition Fg = 2, m = 0
↔
Fe = 1, m = 0 one
needs reduce G1 / G2 , i.e. to reduce γ ' , due to
reduction of the collision broadening and the laser line
width.
To investigate the potential of this improvement
we perform the calculations for a cylindrical gas cell
with the following “improved” parameters: radius
Rc = 1.25 cm, length Lc = 1.25 cm, temperature
T = 50° C, 3 mb of Ne buffer-gas. The radius of the
laser beam in the gas cell is Rb = 1.25 cm. We suppose
that the laser line width is equal to 10 MHz. In this
case G1 / G2 ≈ 1/ 80 , i. e. the off-resonant transitions
are sufficiently suppressed.
In Fig. 9 we plot the population difference between
the working sublevels 1 and 2 for this gas cell.
One can see that in this case we can obtain the
sufficient improvement of our DROR parameters
using the two-laser pumping. Figs. 10 and 11 show
the short-term stability estimations for the standard
based on scheme 1(e) (Fig.10) and on the “two-laser”
pumping scheme 2(c) (Fig.11) when we use the gas cell
with the improved parameters. Fig. 10 and Fig.11 show
that the best short-term stability for one-frequency
pumping standard is about 3·10-13 whereas for twofrequency laser pumping standard is about 6·10-14.
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pumping standard seems to be preferable because it is
free of the hyperfine light shift, i.e. the shift caused by
changes in the laser frequency splitting.

Fig. 10. Stability (Allan deviation for 1 s integration
time) of the one-laser pumping standard versus the radio
field Rabi frequency VRF for different values of total
laser field intensity U for the gas cell with “improved”
parameters.

The reason of the equality of the short-term
stability calculated in the shot-noise limit is the bad
collection of all the atoms in one of the working
sublevels due to the large buffer-gas broadening and
large laser line width. To reach the collection of all the
atoms in one of the working level one needs to reduce
the laser line width (to 10 MHz) and the buffer-gas
pressure (to 3 mb or less). Note that the size of cell as
well as the laser beam diameter should not be smaller
than several cm to avoid the large wall relaxation in the
ground state. Our calculations shows that for the gas cell
with the improved parameters one can obtain a
significant improvement of the short-term stability.
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The problems of synthesized rubidium frequency standard creation are considered in the
article. Research results of this rubidium standard are represented

1. INTRODUCTION

The works to improve the characteristics of rubidium
frequency and time standards are carried out in National
Scientific Center "Institute of Metrology". The analysis
of the main paths of improvement of accuracy
characteristics of rubidium standards demonstrates, that
it is necessary to reduce a line width of absorption and
form fluctuation, and also to improve accuracy
characteristic of electronics engineering.

II. THEORETICAL ANALYSIS
Theoretical and experimental reviewing of the factors,
which have an influence on width and fluctuation of
outline absorption line, demonstrates that it is defined
quantum system behavior adequately with suggested
model. The implementation of this system is offered as
the synthesized quantum discriminator, which consists
of number of interacting physical quantum systems, that
results in increasing of reproduction accuracy of
working transition frequency and decreasing of a line
width.
Analysis of main paths of improvement of the precision
characteristics of rubidium standard demonstrates that it
is necessary to reduce fluctuations of the form of an
absorption line, and also essentially improve an
electronics engineering of the instrument.
The linewidth of quantum 0-0 transitions Rb87 in the
absorption cell is defined by the contribution of a
number of effects to Doppler effect and different
collisions with walls of absorption cell and molecules of
cushion gas. Filling the absorption cell by cushion gas
reduces a lead-over linewidth.
The strong impacts lead to two types of interaction:
- magnetic dipole - dipole interaction between a
moment of magnet of a valence electron Rb87 and
moment of magnet of a core of atom of cushion gas;
- spin - orbit interaction, which is conditioned
by interaction of a spin of a valence electron of alcali
metal with a magnetic field, originating with distîrtion

of orbital motion of electrons at collision, and
depending from masses and speeds of clashing atoms.
The conducted calculations have shown, that the
minimum contribution to a width of a line is given by
mixtures of molecular gases of methane (СН4) and azote
(N2) [7]. It is coupled that the free length of a molecule
in 5,6 times is less, than for atom [8]. The designed
dependence of the contribution both Doppler effect, and
influencing of impacts with molecular gases
demonstrates essential decrease of a linewidth for 50%
azote - methanoic mixture.
Application of the absorption cell, filled optimum
mixture (50 % azote - methane) lead to greater
signal/noise ratio, as in such absorption cell because
there is no an reradiation effect, and it lead to increasing
the efficiency of optical pump and increase of a useful
signal, and also smaller lead-over linewidth.
The results of long-time comparations of the the
absorption cell with optimum mixture demonstrate, that
the frequency change during the first five years makes
~3·10-10, and during the subsequent three years ~1·10-10.
In [6,7,9,10] theoretical and experimental reviewing of
processes happening in one of the relevant units of the
quantum discriminator (a filter cell) is conducted. There
is rotined, that the problem of filtering is intimately
coupled to long-time instability because of shift of an
operating frequency producible by light of pump 0-0
transitions of atoms Rb87: each of components of light
of pump (working and filtered), hitting in cell, effects
on an operating level of atoms Rb87, shifting them in
the different sides. Ar is used ss cushion gas in the filter
sell. Application of methane (СН4) as buffer molecular
gas in the filter cell [11], by interaction with one the
disconcerting cut (σ) spins of rubidium has minimum
value in comparison with other gases.

III. EXPERIMENTAL RECEARCHES
The creation of the model of time and frequency
standard have allowed to confirm experimentally
theoretical conclusions: to get long-time frequency
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instability per one day during observation time 271 day
about 5,6·10-13.
Accuracy characteristics of the designed rubidium
standard are following:
-root-mean square two-sample frequency
deviation (allan deviation) during
-100 s - 7·10-13;
-1 day - 5,6·10-13;
-5 day - 2,3·10-13;
-average relative frequency change during one
day - 3,7·10-14.
The experimental researches to improve these
characteristics are carried out.
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1. INTRODUCTION

2. EXPERIMENTAL INVESTIGATIONS

It is well known that the ultimate accuracy of positioning
and timing services provided by the global navigation
satellite systems (GNSS) is essentially defined by the
parameters of the onboard clock used in these systems.
The requirements on those clock are quite contradictory:
• provision for the best frequency stability;
• minimum dimensions and weight;
• minimum power consumption;
• lifetime of 10-12 years;
• tolerance for environmental conditions – temperature,
magnetic field, space radiation, vibro and shock Gforces when launching a space vehicle, and so on.

The goal of the first stage of experimental investigations was the comparison of parameters of signals of
double radio-optical resonance (DROR) in two modes
of atomic discriminator operation: with spectral lamp
and with laser pumping.

The possible candidates for role of onboard atomic frequency standards (AFS) which could be produced industrially in appropriate volumes are:
- atomic beam AFS;
- gas-cell AFS with optical pumping;
- passive hydrogen maser.
Cesium and rubidium AFSs demonstrate high accuracy
parameters in the course of many years’ functioning
aboard GLONASS and GPS satellites. The further improvement of these systems as well as the development
of the European GALILEO generates, however, a need
for improving the onboard AFSs. The rubidium frequency standards (RFS) is advantageously distinguished for
its small size, low power consumption, long lifetime and
high short-term and medium term frequency stability.
The presence of a long-term frequency drift is adequately
predicted and this drift can be compensated by introducing respective regular corrections transferred from the
Earth to the navigation satellite.
One of the ways for improving RFS’s accuracy parameters is to use laser pumping. As shown in several laboratories, the use of a laser diode instead of a discharge lamp
has the potential to improve the short and the medium
term frequency stability of optically-pumped Rubidium
(vapor cell) frequency standards (RFS) [1]. We present
here an on-going investigation held in RIRT in the frame
of an INTAS-CNES collaboration aiming to develop a
new RFS for satellite navigation capable of an instability
below 1·10-12 over 1 s and 1·10-14 at 10’000 s.

In our study we used a breadboard of a commercial
lamp-pumped RFS produced by the Russian Institute of
Radionavigation and Time. Spectral lamp and isotopic
filter were replaced with an external laser diode source.
The atomic discriminator (AD) is stabilized with twostage temperature control which contains an absorption
gas cell (sphere Ø13 mm) filled of Rb87 and Ar-Ne
mixture with a total buffer gas pressure of 17.3 Torr
(PAr = 5.8 Torr, PNe = 11.5 Torr). The cell is placed into
the rectangular microwave cavity (H021) being in the
magnetic field H0 = 0.08 G. The cell temperature was
650 C. The gas cell was irradiated by the optical beam
from a “solitary” laser diode HL 7859 MG (D2-line)
having a line width < 10 MHz, and a power at the gas
cell input of approximately 20 µW. The laser beam (Ø
2.5 mm) could be transmitted through an atomic Rubidium beam for obtaining frequency marks of hyperfine
transitions when pumping from |2> or |1> levels’ relative to the absorption line contour in the cell.
The DROR signal amplitude and noise at the output of
the rubidium AD were measured as a function of the
laser frequency, fL (current, iL). We observed that the
laser frequency corresponding to the maximum SNR
value does not coincide with the peak of the absorption
line contour. It is below and coincides with a frequency
corresponding to the minimum noise. According to our
data the best stability is observed when tuning the laser
frequency to the value corresponding to the point with
the minimum noise.
The task at this stage was to study DROR signal and
dependence of the conversion of laser-frequency modulation into intensity modulation (FM-AM) at the atomic
absorption line in operating AD on used optical transition for pumping |F=2> or |F=1> the ground state levels,
laser intensity and laser detuning from the peak of the
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Fig. 1. Block diagram of a setup with the breadboard of a rubidium atomic frequency standard with a laser source:
QO - quartz oscillator, Int – integrator, SD - synchronous detector, Mod – modulator, Amp – amplifier, SV - selective
voltmeter, Osc – oscilloscope, CS - current source, T – thermoregulator, FLL - frequency-lock loop, DL - detection
laser, ABT - atomic beam tube, VD - gas-cell discriminator, CU - control unit, H - Etalon (H – generator), Comp –
comparator, Print – printer.
absorption line. Our purpose was to define with a possible accuracy a value of laser frequency detuning corresponding to the minimum of the conversion noise
(maximum SNR value). The next step would consist in
defining an acceptable method of laser frequency stabilization at the point of the minimum noise. Note that a
simple idea to stabilize the LD using the atomic beam
fluorescence was not suitable due to the non-coincidence
of the minimum noise frequency with the frequency of
non-indignant (2-2’) transition in the atomic beam.
These investigations and the measurements of SNR and
frequency stability were performed using an experimental setup which block diagram is given in Fig. 1.
The main setup’s assemblies are as follows:
1 – physical package containing an gas cell within microwave cavity; 2 – electronic circuits of the frequency standard; 3 – control unit; 4 - units for measurements and
control over the AD output signal (two-channel oscillograph; selective voltmeters for such frequencies as 163
Hz (Fm) and 15.8 kHz (fmL); 5 – additional gas cell containing Rb87 without buffer gas (T = 220 C); 6 – unit for
recording a Doppler absorption line’s contour; 7 – attenuator, opaque and semi-opaque mirrors for putting a laser
emission to the main and additional gas cells; 8 – laser
module (HL 7859 MG diode, micro-objective, microcooling); 9 – system for passive and active stabilization
of the laser frequency; 10 – atomic beam tube for obtaining frequency marks of hyperfine transitions and their
positions relative to Rb87 pure vapor absorption contour.
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The determination of a laser’s frequency detuning at
which one can observe a disappearance of conversing
the laser’s frequency noise to the amplitude one, was
performed using the method of additional known noise
[1]. As a noise carrier which level can be changed and
controlled a signal component at the AD output at the
weak frequency modulation of the laser current, S (1fmL
=15.8 kHz), was used. S(1fmL) = 0 point corresponds to
laser’s frequency detuning, ∆νL0, at which the noise at
the AD’s output is minimum. This point does not coincide with that of maximum signal, but has a shift different for pumping cases from |2> and |1> levels. When
observing a DROR signal, S(1Fm = 163 Hz), describing
an absorption line contour in the operation cell when
changing the laser frequency the oscillogram has
shown not only a change in the amplitude noise, but
also in the frequency noise which causes the amplitude
one. The point of the AD’s minimum noise accurately
corresponded to the disappearance on the oscillograph
traces of laser frequency modulation (fmL) and amplitude noise. The same pattern was observed at 2Fm,
when closing the AD’s frequency lock loop. Using this
technique, within limits of the current source’s adjustment accuracy, a laser frequency was being set, i.e. a
required detuning ∆νL0, when measuring the AFS
breadboard stability.
A value of ∆νL0 was defined in relation with the peak of
the absorption line in the additional cell 5 without buffer
gas which was not broadened by collisions and optical
pumping.
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The examples of obtained dependencies for pumping
variant from |1> level are presented in Figs. 2, 3. Here
S(1Fm = 163 Hz) is a DROR signal describing an absorption line contour in the operation cell when changing the
laser frequency.
The obtained values are: ∆νL0 ≈ - 100 MHz for pumping
from |2> level, ∆νL0 ≈ 0 in average for pumping from |1>.
For these two variants the DROR signal is about equal.
110

Pumping
1 > - 2 >

When theoretically estimating the instability, along
with the data given above, one has used the experimental data on fluctuations of the constant magnetic field,
gas cell temperature, laser emission intensity, microwave field phase as well as the data on the inherent
instability of a crystal oscillator frequency. The spectral
power density (SPD) of these fluctuations was adopted
as follows:
A
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Fig. 2. Dependence of DROR signal on laser’s frequency
detuning from the peak of the absorption line.
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Fig. 4. Calculated frequency stability of breadboard of
RFS with laser pumping.
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For further analysis, Fig. 5 presents contributions of
each of these destabilizing factors into the resulting
RFS’ frequency stability. The given data show that it is
difficult to separate an effect of various fluctuations on
short-, medium-, and long-term frequency stability.
Nevertheless, one can separate the main instability
sources specific for each time domain.
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Fig. 3. Dependence AD’s output signal at the laser‘s
modulation frequency 15.8 kHz on LD detuning.
The RFS’s SNR and short-term stability were measured
using the HL 7859 MG laser with non-stabilized frequency – the laser was functioning in the free regime. At
present, short-term stability measurement in RFS breadboard is: σy(10 s) = (2-4)·10-12. The results of estimation
such parameters as SNR and stability (Allan deviation)
are: SNR = 6400, W = 520 Hz, figure of merit M = 12,
σy(τ) = (2.4)·10-12 τ-1/2.
Fig. 4 presents a theoretical estimate for frequency stability of the RFS breadboard with laser pumping.
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Fig. 5. The contributions of various fluctuations into
resulting stability: 1 – crystal oscillator, 2 – phase fluctuations of microwave field, 3 – shot noise of AD, 4 –
constant magnetic field, 5 – power of microwave field,
6 – gas cell temperature, 7 – laser power, 8 – resulting
frequency stability.
3. SHORT-TERM FREQUENCY STABILITY
As is seen in Fig. 5, the main contribution to the shortterm frequency stability is caused by inherent stability
of crystal oscillator frequency and phase fluctuations of
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the microwave field. The significant contribution to the
short-term frequency instability can be caused by the
stray transformation of the microwave phase fluctuations.
This transformation is a consequence of the technique for
obtaining an error signal based on the phase modulation
of the microwave field with the subsequent synchronous
detection [2-4]. This effect results in the appearance of
the additional noise in the crystal oscillator’s controlling
voltage with a spectral density [2]:

S add (Ω) = 0,5 2 KS D2 [S δ (Ω) +

],

+ 0.25 Sδ (Ω − 2Ω M ) + 0.25 Sδ (Ω + 2Ω M )

(2)

A(t ) = A(δ + ∆)Π[t , nT + θ , (2n + 1)T / 2] +

[

]

(

)

(

(3)

)

where Π t , τ1,τ 2 = δ 0 t − τ1 − δ 0 t − τ 2 , Т – modulation period, δ 0 (t − τ ) - unit function:

0
1

t<τ
t≥τ

δ 0 (t − τ ) = 

While expanding A(t) to a series according to the degrees
of small detuning, δ, near δ = 0, we obtain:

A(t ) = {A(∆) + δ (t )S + }Π[t , nT +θ , (2n +1T / 2)] +

{

}[

+ A( −∆) + δ (t ) S − Π t , (2n +1)T / 2 +θ , (n +1)T

where S + =

∂A(δ + ∆ )
∂δ

δ =0

, S− =

]

,

∂A(δ − ∆ )
∂δ

δ =0

For a symmetric line of the atomic resonance S+=S-=SD,,
where SD – slope of the amplitude-frequency characteristic of the AD, A(∆)=-A(-∆). After the synchronous detec-
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[

U out (t ) = k a k d S Dδ (t ) Π t , nT + θ , (2 n + 1)T / 2

]

(4)

where ka and kd – transfer ratios of the error signal
amplifier and synchronous detector. As regards previous expressions, one implies the summation over n.
While expanding (4) to the Fourier series, we have:
U out (t ) = k a k d S D δ (t ){(1 − ϑ ) +

+

where K – transfer ratio from the AD output to the controlling component of the crystal oscillator,
Sδ (Ω) – SPD of white frequency noise of the microwave
field. The direct way to reduce the effect of stray fluctuations transformation on the passive ASF’ frequency stability is to use a double rejecter crystal filter connected to
the crystal oscillator’s output and tuned to ν0 ± 2fm frequencies, where ν0 – crystal oscillator’s frequency and fm
– frequency of microwave field’s phase modulation. This
technique is, however, difficult for realization, since it
requires using precise high-quality crystal resonators
with temperature stabilization and low frequency drift.
The more suitable technique for neutralization a stray
fluctuations transformation is to use a square wave frequency modulation of the microwave field with quasistationary error signal’s samples which start is shifted by
duration of the transient process, θ, against the time of
frequency switching. In this case, the error signal at the
AD output is

+ A(δ − ∆)Π[t , (2n + 1)T / 2 + θ , (n + 1)T ]

tion of the variable signal part using a reference signal
of the rectangular form, we obtain a following signal:

(−1) n +1 sin nπϑ
cos 2nΩ M t
n
π n =1
2

∞

∑

}

where ϑ = 2θ / T , ΩM = 2π/T – angular modulation frequency.
Autocorrelation function and SPD of the synchronous
detector output signal are equal to, respectively:

{

Rdet (τ ) = k c2 Rδ (τ ) (1 − ϑ )2 +

+

sin 2 kπϑ
cos 2kΩ M t}
π 2 k =1 k 2
2

∞

∑

{

S det (Ω) = k c2 (1 − ϑ ) 2 Sδ (Ω) +
+

(5)
(6)

sin kπϑ
[Sδ (Ω + 2kΩ M ) + Sδ (Ω − 2kΩ M )]
π k =1 k 2
1

2

∞

∑

2

}

where k c = k a k d S D , Rδ (τ ) and S δ (Ω) - autocorrelation function and SPD of microwave field’s frequency
fluctuations. The SPD of the additional noise at the AD
output generated by the stray transformation of crystal
oscillator’s frequency fluctuations is, in this case, equal
to:
2 N 2 S D2 CQO ∞ sin 2 kπϑ
=
S ADadd (Ω) =
∑
k =1
k2
π2
(7)
= N 2 S D2 C QOϑ (1 − ϑ )
Expression (7) shows that the lower ϑ value, the lower
is the intensity of the additional noise. By reducing a
modulation frequency, ΩM , one can significantly reduce the effect of the stray transformation of microwave field’s frequency fluctuations.
In such a way, the negative effect of the stray transformation of frequency fluctuations can totally be removed in practice, and the RFS’ short-term stability
will be defined by the crystal oscillator’s inherent stability and level of phase fluctuations of a frequency
synthesizer which transforms a crystal oscillator frequency into the atomic transition frequency. The
achieved progress in the parameters of up-to-date crystal oscillators [6] and frequency synthesizers [2] enables one to support high short-term frequency stability.
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4. BUFFER GAS MIX

The long-term frequency stability is defined by a presence of atomic transition frequency’s shifts. The clock
transition frequency corresponding to the stable point of
frequency standard frequency-lock loop is equal to:

ω0 = ω H + ∆ω BG + δ els

(8)

where ω H - hyperfine frequency value with the account
for influence of the constant magnetic field within the
gas cell area; ∆ω BG - frequency shift of the hyperfine
transition due to the buffer gas effect; δ els - effective
light frequency shift of the clock atomic transition caused
by influence of the pumping light intensity.
The frequency of the clock atomic transition depends on
following external parameters: environmental temperature; microwave field power; strength of constant magnetic field; phase modulation index of microwave field
and integral intensity of light emitted by the light source.
Of the largest values can be differential parametric frequency shifts caused by changes of the pumping intensity
and temperature of gas cell. The differential light shift
can be defined by the following way:
DJ =

J ∂ (∆ν els )
∂J

ν0

(9)

The temperature frequency shift of the clock atomic transition characterized by the temperature differential parametric frequency shift is a result of four components
caused by a change of the effective light shift due to the
change of the temperature of gas cell, as well as the
change of the collisional frequency shift, ∆ν BG , due to
the cell temperature change. The effect of temperature on
the frequency of the atomic gas cell frequency standard is
realized in two ways. On one side, flicker fluctuations of
operating temperatures gas cell result in long –term frequency fluctuations of the clock atomic transition. On the
other side, changes in the external temperature due to the
finite value of the isolation factor of the thermalstabilization of the gas cell results in corresponding frequency shifts of the clock atomic transition. As far as
changes in environmental temperature are, as a rule, slow,
it is convenient, as mentioned above, in order to estimate
a total temperature differential parametric frequency shift,
to introduce coefficient of thermostating, kTc , being
coefficient of transferring a temperature change to the
object being thermostated (cell). Then a total temperature
differential parametric frequency shift can be defined as
follows:
 ∂∆ν BG ∂∆ν els 
∂∆ν 0
(10)
= kTc 
+
DT =

∂Tc 
∂Text
 ∂Tc
where Text - external temperature.

The largest contribution is caused by DT component
related to the dependence of the frequency shift of the
clock atomic transition due to collisions of rubidium
atoms with buffer particles on the cell temperature. As
experimental investigations has shown [7], a frequency
shift of the clock atomic transition due to the buffer
mix can be approximated as follows :

∆ν BG = ∑ N i k BTc (γ i + δ iTc )

(11)

i

where N i - volume concentration of the i-th buffer mix
component, k B - Boltzmann’s constant, γ i and δ i coefficients of the hyperfine frequency shift due to the
i-th buffer gas [7], Tc -mix temperature. Experimental
values of γ i and δ i coefficients for various buffer
gases are given in Table 1.
Table 1
Experimental values of the coefficients of the hyperfine
frequency shifts for various buffer gases
Buffer gas

γ, Hz/torr

δ, Hz/(torr ·°C)

N2

848.2±2.0

- 1.0369±0.004

Ne

702.2±2.0

- 0.9988±0.004

Ar

- 7.439±0.03

- 0.16025±0.001

CH4

- 760.0±2.0

0.8886±0.003

Kr

- 908.3±3.0

1.0652±0.004

Then a parametric temperature frequency shift due to
the buffer mix is equal to

∂∆ν BG
= N M k B ∑ xi (γ i + 2δ iTc )
∂Tc
i

(12)

where N M - volume concentration of the buffer mix,
xi = N i / N M - fractional concentration of the i-th mix
component.
Let us assume for a moment that remaining components of the total differential temperature frequency
shift described by (11) are equal zero. Then, to provide
a zero value of the collisional temperature frequency
shift, (13), the equality should be satisfied:

∑ xi (γ i + 2δ iTc ) = 0

(13)

i

The specified value of the frequency shift, (11), and the
zero value of the temperature frequency shift, (12), are
realized in the cell manufacture using the calibration of
cell against frequency. One of manufactured cells in-
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stalled on the vacuum-pumping out setup [7] is placed to
the dismountable atomic discriminator of the measurement frequency standard which frequency is compared to
the frequency of reference standard. The gas cells are
being filled with selected buffer gases until a frequency
shift, (11), reaches the specified value, and a value of
temperature frequency shift becomes zero with an accuracy of the measurement error. In the course of cell
manufacture the technological errors of manufactured
cells against frequency occur due to the warm-up of cells
when thermally unsoldering those from the vacuum setup.
This error is proportional to the frequency shift caused by
the buffer mix, ∆ν BG , and cell temperature increment

stability of RFS is defined by technological capabilities
of gas cell manufacture with a specified buffer gas mix.
For example, in order to reach a value of (1-5)·10-14/
degree for the RFS temperature frequency coefficient
with a static temperature control coefficient of the order
0.01, the temperature frequency coefficient caused by
the buffer mix should be of order (1-5)·10-12/ degree,
thus requiring to develop a sophisticated technology for
the gas cell manufacture, especially in a case of smallsize cells.
Table 2
Parameters of two-component mixes for cell
temperature of 328 K

when warming up, δT :

δν = ∆ν BG

δT

(14)

Tc

Therefore the mix parameters should be selected in a way
that frequency shift, ∆ν BG , and temperature coefficient
would be of minimum value. The best mixes are such
ones that provide at the same time the satisfaction of (13)
condition and conditions when the total shift coefficient
of the buffer mix, α M , is equal zero :
α M = ∑ xi (γ i + δ iTc ) = 0

(15)

X1

X2

αM, Hz/torr

N2+Ar

0.3835

0.6165

160.357

N2+CH4

0.5116

0.4884

31.189

N2+Kr

0.5527

0.4473

31.204

Ne+Ar

0.6530

0.3470

228.615

Ne+CH4

0.7601

0.2399

176.366

Ne+Kr

0.7889

0.2111

181.870

Mixture

i

The simultaneous satisfaction of these conditions is possible when

∑ xi γ i = ∑ xi δ i = 0
i

(16)

i

Unfortunately, no one of multi-component mixes composed of investigated gases satisfied this condition. More
over, the numerical calculations show that the smallest
value of the frequency shift, ∆ν BG , corresponds to twocomponent mixes for which, taking into account an additional condition, ∑ xi = 1 , we obtain:
i

γ 2 + 2δ 2Tc

(γ 1 − γ 2 ) + 2Tc (δ1 − δ 2 )

γ 1 + 2δ1Tc

x2 =
(γ 1 − γ 2 ) + 2Tc (δ1 − δ 2 ) 

x1 = −

(17)

Table 2 gives parameters of such mixes for cell temperature of 328 K.
The N2+CH4 and N2+Kr mixes have the smallest value of
the shift coefficient, α M . These mixes have also an additional advantage: the nitrogen presence in the cell provides the effective quenching of the resonance fluorescence, thus improving the optical pumping efficiency.
So, for a finite value of the efficiency of the temperature
control of the gas cell oven, a temperature frequency
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5. MULTI-PARAMETRIC OPTIMIZATION OF
RAFS WITH LASER PUMPING

The objective for RFS multi-parametric optimization is
an estimation of optimal standard’s parameters providing the best frequency stability.
Numerical calculations show that a figure of merit dependence on temperature and length of gas cell Tc, Lc,
pressure of buffer mix Pc, power and frequency detuning of laser emission Jinput, ∆FL , Rabi frequency R12
and frequency deviation of low frequency square wave
modulation of microwave field ∆ quantities is of extremal nature.
We can use a mean Allan variance as a criterion for
complex optimization of RFS over the predefined
measurement time interval:

Ξ=

1 τ2
∫ σ (τ , F , D1 , D2 ,K, Ω 0 )dτ
τ 2 − τ 1 τ1

(18)

In the same time the interval [τ1, τ2] is usually quite
broad, so, to level off weights of short-term and long
term frequency stability, it is advisable to use log-log
scale and define a generalized figure of merit of RFS as
a criterion for complex optimization given by the following expression:

Z (τ 1 ,τ 2 ) =

1

logτ 2

∫ log[σ (τ )]d (logτ )
log(τ 1 / τ 2 ) logτ 1

(19)
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This criterion is a surface under the − log[σ (τ )] curve in
function of log τ over [τ 1 ,τ 2 ] specified time interval. In
order to perform calculations, the computer program
OPTIM.CPP was developed written in C++ System. The

∂I (ν , z )
= − N A I (ν , z ) ∑
∂z
m,µ

rˆ r
8amµ ln 2ν mµ µ de m

lines; ν mµ , ∆ν Dmµ - resonance frequency and Doppler
broadening of optical lines; N A - concentration of rur̂
bidium atoms; µ der m - matrix element of electrical
dipole moment; ε 0 - electrical constant; ñ - light velocity; z - distance along the axis of the gas cell.
For numerical solving these integro-differential equations gas cell was being divided into ‘n’ layers of sufficiently small elongation along the light propagation direction. Within such a layer pumping rates, light shift
and absorption coefficient can be considered constant
quantities. For each layer such values were computed as
local values of pumping rates W1( k ) and W2( k ) , light shift

δ lfs(k ) and absorption coefficient, k a(k ) , being a coeffi-

cient at I (ν , z ) in the right part of (20). The population
values required for calculation of absorption coefficient
are solutions of kinetic equation system. The spectral
distribution of light intensity at the k-th layer’s output
being an input value for the (k+1)-th layer is found from
the solution of (20) for optically thin layer:

[

]

(21)

where ∆z - thickness of the k-th layer. The integral light
intensity on the photodetector is equal to
J (δ , t ) = S c ∫ I out (ν , δ , t )dν

(22)

where I out (ν , δ , t ) - spectral distribution of light intensity on the photodetector, S c - surface square of the gas
cell from which the light is collected to indicate an
atomic resonance signal.
Let us define an atomic discriminator figure of merit in
a following way:
F=

(23)

S AD
1
 2


TM
ek PD  ∫ J (δ , t )dt  
0



2

[(g1 − 1)σ µµ + σ 11 ] ∞

ε 0 hc∆ν Dmµ π

where amµ , bmµ - parameters of Voigt contour of optical

I ( k +1) (ν , δ , t ) = I ( k ) (ν , δ , t )exp − k a( k ) (ν , δ , t )∆z

program core is a kinetic equations system in the
Vanier-Audoin’s form for optical pumping. This system was complemented with the equation for optical
emission transfer:

∫

0

(

)

exp − y 2 dy

(bmµ − y )

2

+ a m2 µ

(20)

where S AD - slope of atomic discriminator gainfrequency curve, k PD - photodetector efficiency, e electron charge, TM - period of low-frequency phase
modulation of the microwave field. The denominator in
the (23) is a spectral density of the photocurrent shot
noise. Let us define the S AD slope in a following way:

S AD =


d ek PD td +TM
 ∫ J (δ , t )g SD (t )dt 
dδ TM  td


(24)

where t d - phase shift of the synchronous detector reference signal against the modulating signal phase corresponding to the maximum value of figure of merit;
g SD (t ) - reference signal of the synchronous detector
with unit amplitude.
This program OPTIM.CPP comprises a subprogram for
global optimization which performs search of a set of
optimal values of RFS parameters providing a maximum value of the RFS generalized figure of merit
through a technique of coordinate-by-coordinate lift.
This technique involves a cyclic procedure for searching optimal value of each parameter using the “golden
cut” method with remaining parameter values obtaining
during the previous step. Within each cycle optimal
values of the microwave excitation parameter and deviation of microwave field frequency are found and
values of differential parametric frequency shifts of the
clock atomic transition are also calculated.
The following dimensions of the gas cell were selected:
length of 15 mm, diameter of 15 mm. The N2 + Kr mix
was selected as a buffer mix. The parameters of spectral densities as regards fluctuations of gas cell temperature, constant magnetic field, phase fluctuations of
microwave field, power of the microwave field and
parameters of crystal oscillator’s inherent instability
were selected based on capabilities of the up-to-date
electronics.
Fig. 6 presents measurement results for a spectral density of laser emission power fluctuations for value of
injection current 58.9 mA. The regression analysis of
experimental data by analytical expression
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S ∆J / J (Ω) =

A B
+ +C
Ω2 Ω

(25)

gives the following values of constants : A = 7.38·10-7,
B = 1.63·10-7, C = 1.8·10-9 for Il = 52.9 mA.

tion as ineffective ones. The optimization was performed in assumption about negligible value of FMAM conversion.
Table 3 gives optimization results for these variants.
One can see that the achievable stability level looks
much the same for all schemes. The distinction is only
observed in optimal values of atomic discriminator’s
parameters. Fig. 7 shows a stability curve when pumping by D2 -line using |F=1>→ |F=1’> transition.
1,00E-12

1,00E-13

1,00E-14

Fig. 6. SPD of low frequency fluctuations of laser light
intensity for operation value of injection current

1,00E-15

100

Depending on laser emission polarization and used
atomic transitions, 15 variants for pumping schemes are
possible for multi-parametric optimization of RFS. The
schemes with “pockets” were excluded from considera-

101

102

τ, s

103

104

105

Fig. 7. Frequency stability RFS with laser pumping as
result of multi-parametric optimization.

Table 3
The multi-parametric optimization results of the RFS depending on laser emission polarization and used atomic
transitions for pumping
PN 2 / PKr

Pc, Torr

Tc, K

∆FL, MHz

PL, W/m2

∆Fmod, Hz

Z

D1-line, σ, (1-2’)

1.347

8.0

333.0

- 85.1

5.0

640.4

13.956

D2-line, σ, (1-2’)

1.273

8.1

335.6

- 157.9

0.1

139.5

13.913

D2-line, σ, (2-3’)

1.273

10.5

335.5

- 195.4

0.075

157.5

13.570

D1-line, π, (1-2’)

1.3

13.2

342.5

- 82.7

5.0

1175.8

14.040

D2-line, π, (1-2’)

1.3

19.2

343.0

- 139.7

0.4

326.9

13.958

D2-line, π, (2-3’)

1.252

22.9

330.9

- 193.4

0.095

149.2

13.949

D1-line, linear, (1-1’)

1.262

25.0

333.0

594.6

0.095

88.5

13.720

D1-line, linear, (1-1’)

1.257

17.1

331.0

- 154.7

0.1

108.3

13.860

D1-line, linear, (2-1’)

1.242

25.2

327.0

594.1

0.14

127.7

13.913

D1-line, linear, (2-2’)

1.247

22.2

327.7

- 194.3

0.14

129.3

13.927

D2-line, linear, (1-1’)

1.3

27.9

344.0

- 145.4

0.29

332.0

13.992

D2-line, linear, (1-2’)

1.242

6.4

327.2

- 145.7

0.14

200.5

14.064

D2-line, linear, (2-1’)

1.309

4.9

345.0

638.0

9.7

1469.4

14.090

D2-line, linear, (2-2’)

1.237

8.8

325.0

100.0

0.25

190.4

14.08

D2-line, linear, (2-3’)

2.262

10.6

332.7

- 180.9

0.18

192.0

14.008

Variant
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6. CONCLUSION

In the case of a rubidium standard with laser pumping,
a minimum value of the temperature-frequency coefficient should be provided for a gas cell to achieve
high medium-term and long-term frequency stability.
In this case, the best buffer mix is that of N2 +Kr. The
existing techniques for neutralization the stray transformation of microwave field phase fluctuations
eliminate this effect totally in practice. All possible
schemes for laser pumping demonstrate roughly the
same capabilities as regards the realization of a high
frequency stability of the order 1.5·10-13 over 1 s and
1·10-14 over 1 day.
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Preliminary results of investigation of the high-stable Rubidium atomic beam
frequency standard with laser pumping/detection for space application
A. Besedina1, A. Gevorkyan1, G. Mileti2, V. Zholnerov1, and A. Bassevich1
1
2

“The Russian Institute of Radionavigation and Time” PJSC, 2 Rastrelli sq., St.-Petersburg 191124, RUSSIA,
E-mail: office@rirt.ru
Observatoire Cantonal de Neuchâtel, rue de l’Observatorie 58, CH-2000 Neuchâtel, Switzerland
E-mail: gaetano.mileti@ne.ch
We present our study on a 87Rb atomic beam frequency standard with laser pumping and
detection performed in the frame of an INTAS-CNES collaboration and in view of
designing and realizing a spaceborne atomic clock with instability of ~ 10-14 per day.

1. INTRODUCTION
In order to enhance the GPS system parameters and in
the frame of GALILEO system deployment, several
studies were undertaken on the design of spaceborne
clocks with short-term instability (2-4) ·10-12 · τ-1/2 based
on optical pumping and detection of cesium beam using
single-frequency laser diodes with narrow radiation line
[1-5]. The present piece of work represents a further
investigation in RIRT in order to create a spaceborne
frequency standard for GLONASS providing the
instability of ≤ 1·10-14 per day [6-9].
The main distinctive feature of the developed
breadboard is the choice of 87Rb isotope as a working
substance in which the optical pumping efficiency of
working sub-levels can be nearly three times greater
than in 133Cs atom with significantly greater efficiency
of optical detection [9]. In the atomic beam tube the
most effective configuration of laser excitation is used:
two-laser system with pumping on the 2-2’σ transition
(with excluding the CPT effect) and detection on the
cyclic transition 2-3’. The technology of performing the
physical package and discriminator as a whole,
optimization of pumping and detection processes in the
Rb beam allowed to obtain the high figure of merit and
short-term instability at the level of ~ 1.4·10-12 τ-1/2.
In the future we intend to improve the electronic system
and investigate more carefully the noise sources in order
to achieve better long-term stability.
II. OPTICALLY PUMPED RUBIDIUM ATOMIC
BEAM DISCRIMINATOR
The atomic beam Rb discriminator (ABD) with laser
excitation is based on a modified spaceborne Rubidium
atomic beam tube (ABT), solitary laser diodes and
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original electronic control system. The setup with Rb
atomic beam discriminator comprises:
a) a Rb atomic beam tube with a system for generating a
microwave excitation signal, thermo-stabilized source
of the intense atomic beam, three optical chambers and
possibility to adjust a constant stable magnetic field
within the pumping and detection chambers over a
range of (0-2) G;
b) two laser sources which contain a single-frequency
laser diode (LD), microobjective, microcooling, thermosensors;
c) two laser discriminators with their frequency lock
loops (FLL): electronic systems for passive and active
stabilization of the laser parameters and recording
optical signals;
d) the equipment of the industrial spaceborne Rb
traditional atomic beam tube standard in order to use the
ABD in the frequency standard regime;
e) optical monochromator and video checking device.
The availability of optical bench with monochromator
and video checking device allows to check the laser’s
spectrum and simplifies its adjustment to the singlefrequency oscillation regime at the operating mode. The
possibility to slowly scan the laser current enables one
to observe a contour of each hyperfine line of the beam
fluorescence and to check their resolution.
The Rb atomic beam discriminator specific feature is its
realization in the simplest version - just as from viewpoint of design, so also as regards circuitry realization:
a) the ABT has a simple photon collection system with a
single photodiode (PD), without lens system; it is,
however, possible to use a version with two PD and
signal adding;
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b) standard industrial Si-PD are used (with selection of
parameters);
c) single-frequency lasers with a narrow line (<10 MHz)
are used, without system for line narrowing (optical
feedback or electronic feedback);
d) LD frequency is directly tuned using fluorescence
signals of the atomic beam, without additional devices
with external cells of intra-Doppler absorption;
e) the structure of laser devices’ breadboards allows to
replace each component;
f) the electronic systems were adapted from those of an
industrial traditional Rb beam frequency standard.
The block-diagram of the Rb atomic beam discriminator
with laser excitation and the frequency standard is given
in Fig.1.
2.1 Optically-Pumped Rubidium Atomic Beam Tube
The breadboard of the ABT with laser pumping and
detection is based on industrial sample of ordinary Rb
ABT used on first stage of GLONASS deployment.
Design aspects of the optically pumped rubidium ABT
and its main components are as follows. It contains a
multichannel source of intense atomic beam, a microwave coaxial–cylindrical quartz cavity (lres = 16 cm)
coated with copper based on oscillation type of TE01n , 3
optical chambers with shielded solenoids producing a
constant magnetic fields B for optimization of pumping
and detection processes and built-in Si-photodiodes with
a surface of ∼ 0.8 cm2 each for detecting the resonance
fluorescence of the atomic beam. The detection chamber
contains two photodiodes placed as close to the beam as
possible – at a distance of 6.5 mm from the atomic beam
axis - and located outside the vacuum system. The Cfield is directed along the atomic beam and generated
also by a solenoid. It allows more uniform magnetic
field in the interrogation regions. The microwave cavity
and its solenoid are shielded by the 3 – layer magnetic
shield with a demagnetization system. The regions of
cavity ends contain coils for compensation C-field
inhomogeneities. The circular apertures of < 8 mm in
the cavity ends define the interaction zones of the
atomic beam. The loaded capacity of the cavity is ~ 700.
The microwave power insertion with enhanced coupling
is used, thus providing at Qcav = 700 a small change in
the microwave power within a cavity over a temperature
range and a reduction of the frequency pulling effect. As
a result, the ABT frequency-temperature coefficient is
reduced. The ABT is adequately gettered, evacuated
using one 0.5 l/s ion pump, and manufactured with
titanium, windows - of leikosapphire. The blackening of
internal atomic beam tube surfaces is performed
(excluding optical windows and cavity). A total atomic

flux in the detection zone is about 5·1011 at/s. The ABT
parameters are: length 44 cm, ∅80 mm; weight 6.5 kg;
the typical oven temperature is Toven = 145°C.
In the pumping and detection regions, laser beams are
linearly polarized and intercept the atomic beam at right
angles. The ABT currently uses D2 line (780 nm): the
(2-2’σ) pumping transition for the atomic preparation
and the best (2-3’) cycling transition for the detection.
2.2 Laser Devices
The laser devices are mounted directly on the envelope
of the ABT. Several solitary LD (λ ≈ 780 nm, D2 line)
with different spectral properties were tested for beam
pumping and detection. The laser modules contain the
LD, microobjective, microcooling, and thermosensors.
The structure of modules breadboards allows to replace
each component. The operation regime: continuous,
single-frequency. The generation power for the main
LD mode is 2÷3 mW. For the lasers from Hitachi and
Mitsubishi manufacturers the line’s width is < 10 MHz.
For other lasers – up to 40 MHz. The laser beam cross
section is 3÷5 mm, collimation ~ 10-2.
2.3 Lasers’ Electronic Frequency Control Systems
The study purposed for creating optimized laser systems
for 87Rb discriminators and low-noise systems for
optical signal registration has been performed.
Electronic systems for stabilizing lasers’ parameters and
recording optical signals comprise the following parts.
1) Controlled current sources (0 ÷ 110 mA) with a
current stability of 5·10-6 for detection laser and 1·10-5
for pumping laser. The circuit of the current source
includes a system for protecting the LD from possible
laser current surges, reverse voltage occurrence,
interference and static charge influence, current excess
against its operating value as well as possible use in the
optical line scanning regime (at frequency of 17 Hz) and
high-frequency sinusoidal modulation (fmod = 15.8; 15.0
kHz) in the laser’s frequency lock loop regime. The
specific feature of the FLLs is the fact that, as reference
signals, they use weak resonance optical signals
(10…500 nA) from the ABT photoreceiver at
frequencies up to 40 kHz without the loss of the signal
level. As a result, a photoreceiver device (PRD) should
have high sensitivity, low noise level and be
interference-immune. One of the main parameters of a
current source over control is a current fluctuation level
at modulation frequency of 167 Hz which is equal to:
144 nA/Hz1/2 for the pumping laser source and 19
nA/Hz1/2 for the detection laser source. For operating
currents of (30–75) mA, the instantaneous peak-to-peak
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Fig. 1. Block diagram of a breadboard of the Rb atomic beam frequency standard with laser pumping. QO - quartz.
oscillator, Synt – synthesator, FM – frequency meas., Int – integrator, SD - synchronous detector, Mod – modulator,
Amp – amplifier, ORU - optical recording unit , SA - spectrum analyzer, SV- selective voltmeter, Osc – oscilloscope,
CS - current source, T – thermoregulator, PL - pumping laser, DL – detection laser, ABT - atomic beam tube.
fluctuations of the laser frequency caused by current
source fluctuations do not exceed 1 MHz/Hz1/2; in this
case, lasers’ frequency stability is equal to approximately 2.6·10-9/Hz1/2 and 3.6·10-10/Hz1/2, respectively. The
current drift is less than 5 µA/hour, the temperature drift
is ∼ 2 µA /°C.

0.09 mA, the accuracy of setting the operating temperature in this device is better than 0.001°C.

2) Reversing systems of laser diode thermocontrol with
an accuracy of specified temperature maintenance of ~
0.02 °C/degree for one-stage regulation. The thermoregulator operates in the reversing regime against the
environmental temperature (20±10)°C. The operating
temperature range, ∆T, is (+10…+35)°C. The transient
period for the operating temperature value is < 5 min.

4) Optical recording units with the photo-receiving device including I-V – converter. The unified PRDs are
providing a constant sensitivity of the photo-receiver up
to frequencies of ≥ 2fm = 35 kHz and placed in the
pumping region (FLL of pumping laser) and in the
detection region (FLL of detection laser; registration of
the magnetic resonance signal, error signal). The signalto-noise ratio (SNR) at Fmod = 167 Hz is measured using
selective voltmeter (Fmod = 167 Hz, ∆f = 6.3 Hz) and
spectrum analyzer (∆f = 3 Hz).

The accuracy of setting a specified temperature value is
∼ 0.001°C. For improving the stability of maintaining
the operating temperature under conditions of changing
environment temperature, the thermostat is developed
with two-stage regulation comprising an additional
internal copper envelope. The main parameters are as
follows: stability of maintaining the temperature is
Tenvelope = (5-9)·10-3 oC/degree for the internal copper
envelope, ∆Tlaser = (8-16)·10-4 oC/degree for the laser
diode when a change of the environmental temperature
∆Tenviron = 1 ÷ 6°C. The current drift does not exceed
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3) Two laser’s active FLL systems using atomic beam
fluorescence lines with the laser current modulation and
possibility to change a modulation index over a wide
range.

5) Reference signals generator (167 Hz – a frequency of
sinusoidal modulation of microwave signal; 15.8 kHz,
15.0 kHz – modulation frequencies for lasers’ current
Fs=2> -F’> and Fs =1> -F’> transitions’ hyperfine
components obtained when scanning the injection current of lasers within pumping and detection regions.
6) Scan generator for slow scanning a laser current
(with a frequency of 17 Hz).
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III. EXPERIMENTAL RESULTS
3.1 Fluorescence Spectrum of the optical transitions in
the 87Rb atomic beam and CPT effect
The investigations were performed using singlefrequency lasers and LDs from Mitsubishi, Hitachi,
Sharp and other Russian manufacturers of 780 nm
wavelength (D2 line). Fig.2 presents typical contours of
fluorescence lines from Fs=2> -F’> and Fs =1> F’> transitions’ hyperfine components obtained when
scanning the injection current of lasers within detection
regions.

σ - light component and simultaneously decrease the
influence of coherent population trapping (CPT) effect.
Fig. 3 presents the spectra of Fs = 1> - F’> hyperfine
components obtained in cases of zero amplitude of
additional magnetic field B within pumping region and
with B ~ 0.8÷1.2 G. One can see the effect of CPT on
the resolution of (1-1’) and (1-0’) hyperfine components during pumping from Fs =1> level when using
the light of σ – polarization.
1-0’

2-3’
F’=3
267 MHz
2
52P3/2

157 MHz
1

72 MHz

1-1’

0

1-0’
1-1’

780 nm
14 5 1

5 52

2
52S1/2

1-2’

1-2’

6834 MHz
F=1

a)

2-2’
2-1’

1-0’
1-1’
1-2’

6834 MHz

IL,

νL,

Fig. 2. Spectrum of the optical transitions in the 87Rb
atomic beam (detection region). Laser HL 7859 MG.
IL = 58.3 mA, σ – polarization, B ≈ 0.
S2-3’ ≈ 0.5 µA, S2-2’ ≈ 10 nA
The investigation of 87Rb beam pumping and detection
efficiency on various hyperfine transitions has been
performed as well as the influence of the laser intensity
and the constant magnetic field strength in optical
regions on these processes. The results of breadboard
studies confirm the conclusion of our work [9]. When
using a D2 line, the most efficient scheme for this
discriminator’s breadboard is that of pumping at (2-2’)
transition with σ or (σ, π) – mixed polarization. In the
last case (2-2’, π) component equally pumps |2,0> and
|1,0> sublevels without influence on the difference of
populations. However, due to creation (σ, π) configuration the interaction time between atoms and light
increases that leads to compensation of the decrease of

b)

Fig. 3. Spectra of Fs = 1> - F’> hyperfine components
obtained within pumping region with additional field
B > 0.8 G (a) and B = 0 (b). Laser ML 44114 R-01.
IL = 65 mA, (σ, π) – polarization, S1-0’ ≈ 0.18 µA
The strongest influence of this effect takes place with
respect to (1-0’) transition, and this is also confirmed by
B field dependences within a pumping region (Fig.4).
S1>, a.u.
600

1- 0’

400

1-1’

200

1-2’
0

νL

0

0.3

0.6

0.9

B, G

Fig. 4. Dependence of the Fs = 1> -F’> hyperfine
components as a function of the amplitude of the B field
in the pumping region.
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The influence of the CPT effect within a pumping
region on the intensity of detection signal at the Fs= 2 –
F’=3 transition and amplitude of the microwave signal
at the detection region is shown in Fig. 5. Bopt ≥ 0.8 G.
Sdet, a.u.
a
c

15

10

5
b
0

0.

1.0 G

Bop

Fig. 5. Detection signal at the Fs= 2 – F’=3 transition vs
the magnetic field strength Bop within a pumping
region:
a – in the absence of pumping, Iop=0;
b – with optical pumping by wide-band laser, Iop ≠ 0;
c – amplitude of the 1st harmonic of the “0-0” transition’s signal at the Fmod of the microwave field.

The obtained pumping efficiency as regards Fs =2> and
Fs = 1> levels achieves now (96÷99)% depending on
the laser linewidth. The large value of a non-pumped
atoms’ signal with atomic shot noise at the detection
zone defines mainly a noise level when detecting a
magnetic resonance and SNR using the laser with a
wide linewidth, ∆νL > 30 MHz . It is explained by the
frequency fluctuations of the pumping laser. The
contribution of the noise of the stray non-resonance
irradiation is by 6 times lower. The inherent PRD noise
in the recording channel at the Fmod = 167 Hz is a thirdby-value limiting noise when measured a value of
discriminator SNR and is by 1.6 times lower than the
level of second noise. This noise decreases the
discriminator SNR by ~ 20% and when improving a
pumping efficiency and lowing the influence of nonresonance irradiation would be a main limiting factor.
3.2 Rb atomic beam discriminator with narrow-band
lasers
Study of the laser line width effect on parameters of
atomic beam and laser discriminators has shown that the
problem of realization of a high-stable optically pumped
Rb atomic beam frequency standard could be solved by
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using narrow-band laser diodes after optimization with
respect to all parameters of discriminators.
Of all variants using various hyperfine transitions for
pumping (2-2’, 2-1’; 1-2’, 1-1') and cycling detection
(2-3’; 1-0’) the best results were obtained in the
following case: pumping on (2-2’) transition within the
additional magnetic field (B ~ 0.8 G) using ML
44114R-01 laser with (σ, π) - polarization relative to the
B field; detection – on (2-3’) transition with HL 7859
MG laser, (σ, π). The detection on (2-1’) transition
decreases the signal at the ABD output by ~ 100 times.
The hyperfine structure of these transitions is shown in
Fig.2 (insertion). Both lasers were stabilized by using
the fluorescence signals of the atomic beam in pumping
and detection zones. Note that with this method the
detection laser’s stabilization is only realized in the
presence of the magnetic resonance signal and with the
second photo-receiver device placed within a detection
region. The lasers line width was measured to be below
10 MHz.
The preliminary results have shown that pumping with a
narrow-band laser improved the spectral resolution of
(2-2’), (2-3’) components as well as (1-1’) and (1-0’),
decreased noise and increased SNR in the channel of
pumping laser’s frequency lock loop. With a selected
pumping scheme, the difference in ׀1> and ׀2> levels’
populations achieved 99 %. It reduced the total noise
level in the detection zone. In this case when detecting a
magnetic resonance the SNR was defined by the
effective atomic shot noise as was expected according to
[10]. In whole, it resulted in the stability improvement.
The saturation was achieved at the (2-3’) transition
within a detection region using a narrow-band laser. The
largest atomic gain (β ≈ 190 phot/at) was obtained when
detecting with HL 7859 MG laser, (σ, π).
The measured width of Ramsey’ resonance line with a
modulation depth being close to the optimal value,
depending on measurement conditions (laser’s type, IL),
was of ~ (680-710) Hz. The shape of Ramsey’s line is
shown in Fig. 6.
The signal-to-noise ratio within 1 Hz band obtained at
fluorescent cyclic detection of the Ramsey resonance
with the linewidth of 680÷710 Hz achieves (1-1.5)·104.
3.3 Short-term instability of the Rb atomic beam
frequency standard breadboard
When measuring the SNR and frequency instability of
the AFS, the following parameters of atomic beam
discriminator were checked and measured (Fig.1):
• LD operating point (laser current iL, T) and environmental temperature, Troom ;
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Preliminary results of the short-term instability
measurements in 87Rb atomic beam standard are given
in Fig. 7.

S, a.u.

100

80

IV. CONCLUSION

60

A breadboard of the 87Rb atomic beam frequency
standard with laser pumping and detection has been
developed. The device is based on a modified 87Rb
atomic beam tube with using solitary laser diodes
(without external grating) and the original electronic
control systems.
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Fig. 6. Contour of Ramsey’s line in the Rb ABT
• Smcw (1Fmod = 167 Hz) – ABD output signal amplitude
at the modulation frequency of the microwave
excitation signal;
• N – noise at the ABD output being measured at the Fm
= 167 Hz within a band of the selective voltmeter ∆f =
6.3 Hz when the microwave signal frequency is tuned to
the resonance center and the modulation Fm is switched
off; SNR = Smcw / N1Hz.
• SL(2fmod = 31.6 kHz) – amplitude of the 2nd harmonic
in the frequency lock loop of the pumping laser.
When recording the stability, the amplitude of the ABD
output signal is also measured at the frequency 334 Hz.
This signal is taken from the second PRD being in the
frequency lock loop of the detection laser.

The best results have been obtained using the D2 line in
the following configuration: laser pumping on 2-2’, (σ,
π) transition within the additional magnetic field (B >
0.8 G); and laser detection on (2-3’) cycling transition.
The most “atomic intensification” of about 190 photons/
atom have been achieved. Preliminary measurements of
the SNR in the 87Rb atomic beam standard breadboard
show the level of SNR (∆f = 1 Hz) ≈ (1.0-1.5)·104, W ≤
710 Hz. The best results for short-term instability
measurements in 87Rb atomic beam standard are: σy(τ) ~
1.4·10-12 τ -1/2 , 10 < τ < 104 s (Allan Deviation).
The estimates based on measurements results obtained
using the different of ABD parameters show that in the
shot noise limiting we can achieve in this device such
parameters as follows: SNR ≈ 1.5·105, feature of merit
M ≈ 220 and σy(τ) ≤ 1.5·10-13 τ-1/2.
The obtained data and estimates could be improved with
reduced the stray light flux and enhanced electronic
devices.
The obtained results are promising and meet the requirements of spaceborne frequency standard concerning the
metrological parameters.

Allan Deviation

1.4⋅10-12τ-1/2

σ(τ)

10

-13

10

100

Average Time
τ, sec

Sigma

10
20
40
80
160
320
640
1280

3.1·10-13
2.6·10-13
2.1·10-13
1.6·10-13
1.2·10-13
8.5·10-14
5.6·10-14
4.8·10-14

1000

Average Time, τ (s)
Fig. 7. Short-term instability of the 87Rb atomic beam frequency standard.
(Shown is according to a noise type close to a white-frequency noise)
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These results confirm the conclusion of our work [9]
relatively the advantages of using the 87Rb isotope as a
working substance as the alternative of 133Cs atoms
when developing a high-stable small-size atomic beam
frequency standard with laser pumping.
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Long Term Study of the H-Maser Clocks at the Royal Observatory of Belgium
F. Roosbeek* and P. Defraigne
Royal Observatory of Belgium
Avenue Circulaire, 3 – 1180 Brussels - Belgium
*Electronic address: f.roosbeek@oma.be
Two hydrogen masers are in operation in the time lab of the Royal Observatory of Belgium.
One is a CH1-75 operational since 1991 and the other one is a CH1-76 operational since the
1999. This second one is used to provide a frequency needed by the active HM CH1-75 for
the cavity auto-tuning. The stability of the masers since their putting in operation is studied.

I. TIME LAB OF THE ROYAL OBSERVATORY
OF BELGIUM
One of the missions of the Royal Observatory of
Belgium (ROB) is to integrate Belgium into
international space and time reference systems through
“determination of Time”, and precise positioning. The
time scales where the ROB is involved are: UTC(ORB),
local realization of UTC, TAI (basis of the legal time)
and IGS Time scale IGST (IGS is the International GPS
Service), which is provided in quasi-real time.
The time lab of the Royal Observatory of Belgium is
presently equipped with 5 clocks: 3 HP5071A Cesium
clocks with standard tubes (CES4, CES5 and CES6, see
Picture 1) and 2 H-Maser clocks (1 active CH1-75 and
one passive CH1-76, respectively MAS1 and MAS2,
see Pictures 2 and 3). The UTC realization UTC(ORB)
is obtained from the 5 Mhz frequency provided by the
active H-Maser clock (CH1-75) of which the cavity
auto-tuning is realized using the 5 Mhz frequency of the
passive H-Maser (CH1-76). The maximum difference
between UTC and UTC(ORB) is kept below 60
nanoseconds (ns).
As contribution to the TAI, the Royal Observatory of
Belgium sends presently the data of 4 clocks (3 cesium
clocks and the active Hydrogen Maser) to the BIPM.
Furthermore, the ROB time laboratory contains GPS
receivers which are used for both the time transfer
(remote clock comparisons) and geodesy.
The monitoring of the clocks is realized by a
comparison of their behavior with respect to
UTC(ORB). The clocks are located in temperature
stabilized basements, where the temperature is stable at
the 0.1°C level.
The time lab has been installed in a new temperature
stabilized room in April 2002. Figure 1 gives a diagram
of the time lab.

Figure 1. Diagram of the Time Lab.

II. EVENTS AND BREAKOUTS OF MASER
CLOCKS SINCE NOVEMBER 2001
In the following tables, we give the special events and
breakouts of our maser clocks since November 2001,
which corresponds to the switch from CES5 to MAS1
for the realization of UTC(ORB).
Table 1 shows the manual frequency changes applied to
MAS1 in order to be kept as close as possible to UTC.
Table 2 shows the periods when MAS2 was not
functioning. During that time, MAS1 was working
without cavity autotuning.
Table 3 shows the periods when MAS1 was not
functioning. During that time, UTC(ORB) was realized
by CES5.
Note that all these breakouts, listed in tables 2 and 3, are
due to electronic problems in the clocks.
Finally, Table 4 shows special events that have occurred
since November 2001 and that could influence the
quality of MAS1.
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TABLE I.

MAS1 FREQUENCY CHANGES

Modified Julian Day

Frequency change (x 10-14 s/s)

52240

-1

52278

-2

52305

-2

52374

+3

52389

-3

52450

-4

52460

-5

52466

+1

52491

-4

52507

-4

52519

-18

52529

+19

52537

+5

52597

-1

52624

-2

52655

-2

52774

-1

52787

-2

52872

+1

52904

-1

53017

-2

53261

-1
TABLE II.

SPECIAL EVENTS

From

To

Event

01 Apr 2002
(52365)
16 Apr 2002
(52383)
23 May 2002
(52417)
09 Sep 2003
(52891)
20 May 2005
(53510)

01 Sep 2002
(52518)
19 Apr 2002
(52383)
25 Jun 2002
(52450)
10 Sep 2003
(52892)
now

1 PPS out of order
New Time Lab
Microphase stepper
activated
Air conditioning out
of order
Decrease in the
MAS1 generation
power resulting in
CAT system off

III. COMPARISONS

MAS2 STOPPED

From

To

01 Dec 2001
(52244)
25 May 2002
(52419)
07 Nov 2003
(52950)

01 Mar 2002
(52334)
01 Sep 2002
(52518)
05 Mar 2004
(53069)

TABLE III.

TABLE IV.

A. UTC-UTC(ORB)
The following graph (Figure 2) shows the differences
between our reference clock (CES5 or MAS1) and UTC
since July 1994.
We have intentionally removed data before July 1994,
corresponding to the period when our reference clock
was a rubidium one. We have used blue dots when the
reference clock was CES5 and red dots when it was
MAS1. The jump around MJD 51525 corresponds to a
reset of UTC(ORB). Note also that due to a failure of
MAS1 between MJD 52823 and MJD 52852, CES5 has
been used as reference clock during that time.
The black curve is the sample set that we have chosen
for studying the frequency stability when our reference
clock was CES5. This corresponds to the period
between mid-September 1997 and mid-December 1999
when no change was operated on the microphase
stepper controlling CES5. The corresponding Modified
Allan Deviation is given on Figure 3.

MAS1 STOPPED (ELECTRICAL PROBLEM INDUCING
FREQUENCY CHANGE)
From

To

03 Jul 2003
(52823)

01 Aug 2003
(52852)

Figure 2. Differences between our reference clock (CES5 or MAS1)
and UTC since July 1994.
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Figure 3. Modified Allan Deviation of Fig. 2

Figure 6. UTC-MAS1 since August 2003, when MAS1 was the
reference clock for UTC(ORB).

Figure 4. UTC - MAS1 when our reference clock was CES5
(between July 1994 and mid-March 2001).
Figure 7. Modified Allan Deviation of Fig. 6

Figure 5. The same graph after removing a quadratic regression

B. UTC-MAS1
These graphs have been obtained by differencing the
values of UTC - UTC(ORB) given by the BIPM and the
values UTC(ORB) - MAS1, available locally at the
ROB.
The first graph (Figure 4) shows the values of UTC MAS1 when our reference clock was CES5 (between
July 1994 and mid-March 2001). No clock reset was
applied to MAS1 during that time. The same graph after
removing a quadratic regression is shown on Figure 5.
The second graph (Figure 6) shows the values of UTCMAS1 since August 2003, when MAS1 was the
reference clock for UTC(ORB). We have chosen this
period in order to enlighten the effect of the cavity autotuning (CAT) done by our MAS2. The blue dots
correspond to periods without CAT while the red dots
correspond to periods with CAT. Note that, from MJD
53510, MAS1 gives larger variations due to a decrease
in the Maser generation power. The corresponding
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Modified Allan Deviation is given on Figure 7. Note
that, because during that time MAS1 was the reference
clock for UTC(ORB), some manual frequency changes
have been applied in order to follow UTC. These
changes have been removed before computing the
Modified Allan Deviation.

with the CAT activated, while the second one doesn’t
have it. The corresponding Modified Allan Deviation
are given on Figure 9.
Note that we choose the option to correct the time series
for the day boundary jumps before computing the Allan
deviations.
D. MAS1 - MAS2
We have also analyzed the short term stability of MAS2
by means of MAS1. We have compared the two maser
clocks with a frequency and phase comparator A7 from
QuartzClock during one month, starting from 25 July
2005. The sample step used in the measurements was 1
point every 30 seconds.
The resulting graph after removing a quadratic
regression and the Modified Allan Deviation are given
on Figure 10 and 11.

Figure 8. IGST - UTC(ORB) since June 2002.

Figure 10. MAS1 – MAS2 after removing a quadratic regression

Figure 9. Modified Allan Deviation of Fig. 8

C. IGST - UTC(ORB)
Comparisons with UTC, with 1 point every 5 days give
information about the long term stability of our maser
clocks. For getting information about the short term
stability, we make comparisons with the IGST time
scale, for which the differences between IGST and
UTC(ORB) are given every 30 seconds.
The Figure 8 shows the values IGST - UTC(ORB) since
June 2002. During a breakout of MAS1, between MJD
32823 and MJD 52852, CES5 was used as UTC(ORB).
This is shown in blue dots on the graph.
For studying the short term stability of MAS1, we have
chosen two weeks on the graph: GPS week 1310 and
GPS week 1250. the first one corresponds to a period
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Figure 11. Modified Allan Deviation of Fig. 10
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IV. CONCLUSION
MAS1 is used for the realization of UTC(ORB) since
November 2001. During that time, it has been stopped
only 1 month, in July 2003. Failures affecting MAS2
have also resulted in running MAS1 without cavity
auto-tuning (CAT) at certain epochs (see table 2). Due
to a decrease in the MAS1 generating power, it is also
operating without CAT since 20 May 2005.
As we can see on Figure 9, the short term stability of
MAS1 is not significantly modified when the CAT is
running or not. On the contrary, on Figure 7, we see
clearly the improvement of the CAT on the long term
stability.
Finally, when we compare Figure 3 with Figure 7, we
see that UTC(ORB) is more stable when it is realized by
MAS1 with CAT than with CES5 with a standard tube
(by a factor ~10 at 10 days averaging time and a factor
~3 at 100 days averaging time).
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On Secondary Representations of the Second
P. Gill* and F. Riehle**
* National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 0LW, UK
** Physikalisch-Technische Bundesanstalt, Braunschweig, Germany
*Electronic address: patrick.gill@npl.co.uk
The emergence of microwave and optical frequency standards with accuracies
close to those of caesium primary frequency standards has led to the concept of
secondary representations of the second. The recently-formed Joint Working
Group of the CCL / CCTF has now recommended as secondary representations to
the CCTF / CIPM one microwave radiation in 87Rb and three optical radiations in
199
Hg+, 88Sr+ and 171Yb+. This paper describes the rationale, evolution and
development of criteria for acceptance of a radiation as a secondary
representation, together with a review of the JWG assessment and
recommendation of the four radiations already proposed.
I. INTRODUCTION
The year 2005 marked the 50th anniversary of
the atomic clock, originally introduced by Louis
Essen. Some twelve years after this introduction,
the Conference Generale des Poids et Mesures
(CGPM) adopted as a new definition of the SI
unit of time, the second, in terms of the transition
between hyperfine levels in the ground state of
caesium. This definition has proved to be a
durable one, with subsequent development of
commercial caesium beam clocks for a wide
variety of time and frequency applications such
as satellite navigation. In addition the primary
caesium frequency standards themselves have
evolved considerably from Essen’s original
device. Contemporary primary standards now
apply time-separated 9.2 GHz microwave
Ramsey interrogation pulses to probe cold Cs
atoms launched upwards in a 1-m fountain, and
as they fall back under gravity. These cold atom
fountain primary standards have demonstrated
fractional uncertainties better than 1 part in 1015
over a day’s averaging, with corresponding
timing accuracy of ~ 100 picoseconds per day.
There are to date, six Cs fountain primary
standards operational at national metrology
institutes (SYRTE, PTB, NIST, IEN, NPL and
NMIJ) and which make a significant contribution
to steering TAI. Additionally, with the
emergence of high accuracy optical frequency
standards based on cold atoms and cold trapped
ions, the fountains currently provide the ultimate
reference for highest accuracy femtosecond comb
measurements of optical frequencies.
However, the international metrology community
has long debated the potential of optical
frequency standards to out-perform microwave
standards in the long run. The reason for this is
the much higher frequency of the optical
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standard, with a typical value approaching 1015
Hz, is some 105 higher than the Cs frequency.
With achievable linewidths in the 1 Hz range,
whether dictated by interrogation time or natural
decay time, this gives rise to significantly
improved signal to noise, and hence reduced
instability (σ) according to the equation:

σ (τ ) =

1
2πv NTintτ

where ν is the clock transition frequency, N is the
number of atoms or ions, Tint is the Ramsey
interrogation time and τ the sampling time. With
such improved stability in the optical relative to
the microwave standards, this allows quicker and
more rigorous assessment of the atomic optical
clock’s reproducibility with respect to
environmental parameters such as electric and
magnetic field variations, and hence potentially
more accurate sub-division of the second.
II. IMPROVEMENTS IN OPTICAL
FREQUENCY STANDARDS
The recent improvement in optical frequency
standards can be contrasted against that for the
primary microwave caesium clocks in figure 1.
Over the past several years, optical standards
based on cold atoms and cold trapped ions have
benefited significantly from the advent of the
self-referenced femtosecond comb [1, 2], with
result that the rate of improvement for the optical
standards is now such that comb measurement of
optical frequencies will very soon be limited by
the Cs microwave standard itself. It is anticipated
that optical frequency uncertainties will likely
demonstrate reproducibilities below that of
caesium, raising the prospect of an optical
redefinition of the second in the future.
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Figure 1: Improvements in atomic frequency standards

However, once the optical uncertainty becomes
Cs-limited, the metrology community is faced
with a position where optical standards are
unable to demonstrate lower uncertainty until
such time as a redefinition might occur, even
though they may be shown to be more
reproducible by eg comparing two optical
systems directly. This projected difficulty led to
an initial proposal from NIST to the 2001 CCTF
to consider the establishment of secondary
representations of the second [3], where such
representations, whether optical or microwave,
could be used to realise the second, provided that
their accuracy was close to the Cs uncertainty.
Obviously, their uncertainty could be no better
than the Cs primary uncertainty. However, it was
considered that the establishment of these
representations would help with the detailed
evaluation of reproducibility at the highest level,
and significantly aid the process of comparing
different standards in the preparation of a future
redefinition.

Against this background, a Joint Working group
(JWG) of the CCL/CCTF was set up in Sept.
2003, reporting to the Presidents of the CCTF
(Prof Leschiutta) and CCL (Dr Chung). The
JWG comprised members from BNM-SYRTE,
IEN, NMIJ, NIST, NPL, NRC, PTB and
VNIIFTRI under the chairmanship of F Riehle
and P Gill. The preliminary terms of reference of
the JWG were to
• Ask for proposals from the NMIs for
microwave and optical frequency standards
to adopt as secondary representations.
• Meet to review the associated uncertainty
budgets for these proposals.
• Evaluate the validity of the proposal and
make recommendation to the CCTF for the
addition of particular standards to the list of
secondary representations.

III. SECONDARY REPRESENTATION
CANDIDATES

The Mise en Pratique Working Group of the
CCL
(MePWG)
already
maintains
a
recommended radiation list for the realization of
the SI metre and other frequency metrology
applications [4]. There are some 22 radiations
listed, including cold atom and trapped ion
optical standards, gas-cell stabilized lasers and
even discharge lamps, and the accuracies
associated with this diverse list span several
orders of magnitudes. This raised a number of
issues, including:
• Relationship between SR and MeP lists?
• Common values and uncertainties?
• Whether / how to integrate the two lists?

The perceived range of alternatives as Secondary
Representations included microwave standards
such as Rb, 171Yb+ and 199Hg+ microwave
transitions, and a variety of single cold trapped
ion clock transitions in 88Sr+, 199Hg+, 171Yb+, Ca+
and cold atom transitions in Sr, Yb, Ca and Hg.
All these systems were potentially capable of
demonstrating reproducibilities better than Cs,
but of course, as Secondary Representations,
would remain limited in uncertainty by Cs.

IV. SECONDARY REPRESENTATION /
MISE EN PRATIQUE RELATIONSHIP

283

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

Proceedings of the 20th EFTF, 2006
Secondary representations of second (recommended)

Opt comms

Rb Cs

0

CH4

C2H2 YAG

200

Realisation
of metre

Sr+ HeNe
Yb+
Sr Ca YAGx2

400
600
FREQUENCY (THz)

Hg+ H

800

1000

Figure 2: Example of a unified list of recommended radiations

As a result, the CIPM 2003 adopted a single list
approach which should be periodically updated,
where certain radiations could be
• approved by the CCTF as secondary
representations of the second
and others
• accepted by the CCL as suitable for
realization of the metre.

VI. RECOMENDED Rb MICROWAVE
STANDARD

The consequences of this approach were that
there would be no ambiguity in recommended
frequency values, and that it strengthened the
metre definition linking time and length
measurement. However, it was recognized that
the particular needs of the length and time
communities were orthogonal in the sense that
iodine-stabilised lasers, for example, were not
well suited to time keeping requirements, and,
conversely, microwave clocks were not at present
so practical for length metrology.

The 6.8 GHz cold Rb microwave fountain
standard was reported to the JWG in 2004 by
SYRTE, with a quoted uncertainty of 1.2 parts in
1015, and subsequently confirmed in 2005 [5],
with an uncertainty of 1.6 x 10-15. As a result, the
JWG recommended it as a secondary
representation with a frequency value of

V. CRITERIA FOR ADOPTION AS A
SECONDARY REPRESENTATION

with a relative standard uncertainty of 3x10-15.
This was accepted by the CCTF and is awaiting
ratification by the CIPM.

On the basis that a future CCTF will look to the
list of secondary representations for a new
definition of the second, the following criteria
for adoption of a proposed radiation were
derived:
1. “The SI value of the unperturbed frequency
of a quantum transition suitable as a
secondary representation of the second must
have an uncertainty that is evaluated and
documented so as to meet the requirements
adopted for the primary frequency standard
for use in TAI”
2 “This uncertainty should be no larger than
about a factor of 10 of the primary standards
of that date that serve as the best realizations
of the second”
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The implications of these criteria are such that
only frequency standards with currently
attributed accuracies of around 1 part in 1014 or
better, should be considered. Thus it can be seen
that these requirements are significantly more
stringent than those relevant to incorporation into
the MeP.

ν (Rb) = 6 834 682 610.904 324 Hz

VII. PROPOSED OPTICAL RADIATION
CANDIDATES
A number of possible optical frequency standard
candidates were considered at the JWG meeting
in September 2005. These are listed in Table 1.
As can be seen from the Table, only three
radiations were considered by the JWG to be
appropriate for recommendation to the CCTF as
secondary representations at this time. These
were the 2S1/2 F=0 - 2D5/2 F=2 quadrupole
transition in 199Hg+ at 282 nm, the 2S1/2 - 2D5/2
quadrupole transition in 88Sr+ at 674 nm and the
2
S1/2 F=0 - 2D3/2 F=2 quadrupole transition in
171
Yb+ at 436 nm.
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System
199

Hg+
Sr+

NIST
NPL, NRC

Yb+
Ca

PTB
PTB, NIST

88
171

40

87
27

Studied at

Sr

Tokyo, JILA

Al+

NIST

Quoted
uncertainty
0.94 Hz
1.5 Hz / 15 Hz
Difference 0.6 Hz
2 Hz
3.4 Hz / 5.3 Hz
Difference 8 Hz
15 Hz / 20 Hz
Difference 85 Hz
1.1 Hz

MeP uncertainty

Conclusion

3 Hz (3 in 1015)
3 Hz (7 in 1015)

Recommended
Recommended

6 Hz (9 in 1015)
8 Hz (1.6 in 1014)

Recommended
Consider at next
JWG meeting
Consider at next
JWG meeting
Presentation
only

85 Hz (1.7 in 1013)
Not considered due to
lack of published data

Table 1. Radiations considered at Sept 2005 JWG meeting

~ 40 H z
T p ro be = 2 0 m s

~ 6 .5 H z

T p ro be = 1 2 0 m s
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F=1
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a n d d etec tion
tra n sition s
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1 /2
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C loc k tra n sition @
f o ≈ 1 .0 6 x1 0 1 5 H z
Δ f m eas. /f 0 ≈ 1 .5 x1 0 -1 5
(τ = 1 5 – 6 0 s)

Δ f 2 8 2 (H z )
Figure 3: 199Hg+ 282 nm quadrupole clock transition

VIII. 199Hg+ 1.06 PHz CLOCK
TRANSITION
199

+

The Hg quadrupole transition at 282 nm
(1.06 PHz) proposed by NIST has a lifetime of
~ 90 ms and corresponding natural linewidth
of ~ 1.7 Hz. Figure 3 shows the partial energy
level structure for the 199Hg+ ion, together with
the respective cooling and clock transitions.
Also shown are the observed clock transition
transform-limited linewidths for 20 ms and
120 ms interrogation pulses.
The most recent absolute frequency
measurement of this 199Hg+ 282 nm quadrupole
transition [6] gives the value
1 064 71 609 899 144. 98 (0.94) Hz
which is in excellent agreement with the
weighted mean of all measurements since
2001, which has the value

1 064 721 609 899 145.05 (0.74) Hz
The stability of the transition at the 10-16 level
for ~ 100 second averaging times has been
verified comparison with the 267 nm 27Al+
clock transition by means of femtosecond
comb comparison. Given the fact that this
transition was only under study at NIST, the
JWG accepted the MePWG recommendation
that for its consideration as a secondary
representation, the uncertainty should be
increased to 3 Hz. As a result, the JWG
recommended the 199Hg+ 282 nm quadrupole
clock transition to the CCTF as a secondary
representation with a value

ν (199Hg+ ) = 1 064 721 609 899 145 (3) Hz
which applies to the unperturbed quadrupole
transition
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IX. 88Sr+ 445 THz CLOCK TRANSITION
The 88Sr+ quadrupole transition at 674 nm
(445 THz) was proposed as a secondary
representation by both NPL and NRC. It has a
lifetime of ~ 0.4 s and corresponding natural
linewidth of ~ 0.4 Hz. Figure 4 shows the
partial energy level structure for the 88Sr+ ion,
together with the respective cooling,
repumping and clock transitions.
+1/2
-1/2

2P
1/2

422 nm
cooling
laser

1092 nm
repumping
laser

2D

2D

mJ
5/2

3/2

+5/2
+3/2
+1/2
-1/2
-3/2
-5/2
+3/2
+1/2
-1/2
-3/2

674 nm
clock transition
(natural linewidth
0.4 Hz)
+1/2
-1/2

2S
1/2
88

+

Figure 4: Sr 674 nm quadrupole clock transition

The most recent absolute frequency
measurement [7] at NPL gave the value
444 779 044 095 484.6 (1.5) Hz
in comparison with the measurement value
from NRC [8]
444 779 095 484 (15) Hz.
There is excellent agreement between the
measurements made on independent systems at
the two laboratories, but recognising the order
of magnitude difference in stated uncertainties
between the laboratories, the JWG accepted
the MePWG recommendation to increase the
uncertainty by a factor of 2. As a result, the
JWG recommended the 88Sr+ 674 nm
quadrupole clock transition to the CCTF as a
secondary representation with a value

ν (88Sr+) = 444 779 044 095 484.6 (3.0) Hz
which applies to the unperturbed quadrupole
transition and the centre of the Zeeman
multiplet.
X. 171Yb+ 688 THz CLOCK TRANSITION
The 171Yb+ quadrupole transition at 436 nm
(688 THz) was proposed as a secondary
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representation by PTB. It has a lifetime of ~
40 ms and corresponding natural linewidth of
~ 3.1 Hz. Figure 5 shows the partial energy
level structure for the 171Yb+ ion, together with
the respective cooling, re-pumping and clock
transitions.

Figure 5: 171Yb+ 436 nm quadrupole clock transition

The most recent absolute frequency
measurement at PTB [9] gave the value
688 358 979 309 307.65 (2.14) Hz.
Combining this value with earlier frequency
measurements yielded a mean frequency less
than 0.3 Hz different from this value. Two-trap
comparisons were carried out immediately
prior to the measurement. The results of those
comparisons [10] are consistent with a
difference of 3.8 (6.1) x10-16 between the two
ytterbium standards. However, since the 171Yb+
quadrupole standard was under investigation at
PTB only, the MePWG considered it prudent
to increase the uncertainty by a factor of ~ 3 to
6 Hz, and the JWG recommended the 171Yb+
436 nm quadrupole clock transition to the
CCTF as a secondary representation of the
second with a value

ν (171Yb+) = 688 358 979 309 308 (6) Hz
which applies to the unperturbed quadrupole
transition.
XI. POSSIBLE CONTRIBUTION OF
SECONDARY REPRESENTATIONS TO
TAI
Currently, the CCTF working group on
primary frequency standards is considering the
standardisation of formats for the reporting of
primary frequency measurements to BIPM.
This comprises three components:
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Publication of experimental details and
full uncertainty budget in peer-reviewed
scientific journal.
• A report to BIPM detailing the results
obtained in a particular reporting period.
• Results reported as frequency offsets from
a clock contributing to TAI , and including
uncertainty budget and references.
Data is then published in Circular-T within the
section for primary frequency standards. With
this protocol in mind, two possible levels of
contribution of microwave or optical clock
secondary representation data to TAI have
been suggested by BIPM as:
1. A report to BIPM of secondary
representation clock measurements against
clocks already contributing to TAI (eg
NPL’s 88Sr+ optical frequency standard
against the NPL HM1 hydrogen maser).
This data could then be itemised within
circular-T as an offset from TAI, for
information only.
2. Use of the secondary representation data
reported by the NMIs to contribute to the
steering of TAI in the same way as for
primary frequency standards.
Thus, following CCTF and CIPM acceptance
of a particular secondary representation, it is
anticipated that the reporting only option
itemized in 1 would apply for an initial period,
with the introduction of 2 after a suitable
period of reporting, as confidence in the
reported representation data builds.
•

XII. EVOLUTION OF UNIFIED
RECOMMENDED RADIATION LIST &
CCL/CCTF WORKING GROUP
Mindful of the need for a unified
recommended radiation list which caters for

CCL

CCTF

2001
WG: MeP

WG: Secondary repres.
of the second

CCL
2003 on
WG: MeP

CCTF
JWG CCL/CCTF
Sec. repres. of second

CCL
2006 ?

CCTF
JWG CCL/CCTF
on reference frequencies

Figure 6: Evolution of respective CC working groups

both requirements of CCTF secondary
representations and CCL practical realizations,
the 2005 JWG meeting has proposed a revised
title for the unified list, and also a
consolidation of working groups. This aims to
ensure a future co-ordinated approach to the
construction and updating of the recommended
list, without duplication of effort and potential
and potential contradictory decisions regarding
frequency values and uncertainties. The name
for the recommended radiation list proposed
by the JWG to the CCTF is
“Recommended radiations, including
practical realisations of the metre, and
secondary representations of the second”
The proposed name for the consolidated
working group is
Joint Working Group of the CCL/CCTF on
Reference Frequencies
to replace the MePWG and JWG. The
proposed Terms of Reference for the new WG
are:
1. To recommend to the CCL, radiations for
the practical realisation of the SI metre.
2. To recommend to the CCTF, radiations
acceptable as secondary representations of
the SI second.
3. To maintain a list of recommended
frequency standard values and associated
wavelength values for applications
including the above.
.
XIII. NEXT STEPS AND SUMMARY
These proposals for a new combined list,
combined WG and Terms of Reference were
accepted by the September 2005 meeting of
the CCL, and will be considered by the
September 2006 meeting of the CCTF, in
parallel with the JWG recommendations for
the proposals of the three optical radiations as
secondary representations. In addition, the
existing JWG will next meet immediately prior
to the CCTF 2006 meeting and consider
further proposals and updated values for
existing proposals. Decisions reached by the
CCTF will then form the basis of
recommendations to the CIPM 2006.
In the meantime, national measurement
laboratories are encouraged to prepare fully
documented
proposals
for
secondary
representations of the second for consideration
by the CCTF, both in 2006 and by future
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CCTF meetings. In addition, work is scheduled
to start on the preparation of a Metrologia
article itemising the full and updated
recommended radiations list (rather than an
electronic update) for publication after CIPM
2006.
With the approval of these JWG proposals, it
is believed this will form an enduring basis for
the incorporation of high accuracy optical and
microwave clocks into the frequency standards
infrastructure of the international metrology
community, and establish their capability for
the future. It is anticipated that this will
provide significant support in the deliberations
for a future possible redefinition of the SI
second.
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Blackbody radiation shift of the

27

Al+ 1 S0 → 3 P0 transition∗

T. Rosenband,† W. M. Itano, P. O. Schmidt,‡ D. B. Hume,
J. C. J. Koelemeij,§ J. C. Bergquist, and D. J. Wineland
National Institute of Standards and Technology, 325 Broadway, Boulder, CO 80305
The differential polarizability, due to near-infrared light at 1126 nm, of the 27 Al+ 1 S0 → 3 P0
transition is measured to be ∆α = 4π0 × (1.6 ± 0.5) × 10−31 m3 , where ∆α = αP − αS is the
difference between the excited and ground state polarizabilities. This measurement is combined
with experimental oscillator strengths to extrapolate the differential static polarizability of the clock
transition as ∆α(0) = 4π0 ×(1.5±0.5)×10−31 m3 . The resulting room temperature blackbody shift
of ∆ν/ν = −8(3) × 10−18 is the lowest known shift of all atomic transitions under consideration for
optical frequency standards. A method is presented to estimate the differential static polarizability
of an optical transition, from a differential light shift measurement.

The blackbody radiation shift [1] is a significant
shift in all room temperature atomic frequency standards, as can be seen in Table I. It ranges from
|∆ν/ν| ≈ 2 × 10−14 for 133 Cs to |∆ν/ν| ≈ 8 × 10−18
for 27 Al+ , as reported here. In order to reach a systematic uncertainty of |∆ν/ν| < 10−18 , the transitions with a large room temperature blackbody shift
may require a cryogenic operating environment, while
27
Al+ merely requires knowledge of the room temperature background with 5 K uncertainty.
We begin with a brief explanation of the blackbody
shift, followed by an estimate of the shift in 27 Al+
based only on published oscillator strengths. The uncertainty in this estimate motivated us to measure the
differential polarizability of the clock transition due to

TABLE I: Room temperature blackbody shifts and uncertainties of various species in use, or under consideration,
as atomic frequency standards. Where no uncertainty is
given, it is unknown. The 199 Hg+ optical transition is
not listed, because this standard operates at 4.2 K, where
the blackbody shift is reduced by 107 from the room
temperature value.

species

transition

Al+
In+
Yb+
Sr+
Ca
Yb
Sr
Cs

1

S0 →3 P0
S0 →3 P0
2
S1/2 →2 D3/2
2
S1/2 →2 D5/2
1
S0 →3 P1
1
S0 →3 P0
1
S0 →3 P0
F= 4 →F= 3
1

|∆ν/ν| × 10−18 reference
8(3)
< 70
580(30)
670(250)
2210(50)
2400(250)
5100(120)
21210(260)

this work
[2]
[3]
[4]
[5]
[6]
[7]
[8]

near-infrared light. This measurement allows a determination of the blackbody shift with reduced uncertainty.

A.

The blackbody shift results from off-resonant coupling of thermal blackbody radiation to the two states
comprising the clock transition. The scalar polarizability αa of an atomic state a driven by an electric
field at frequency ω is
αa (ω) =

supported by ONR and NIST
address: trosen@nist.gov
‡ Present address: Institut für Experimentalphysik, Universität
Innsbruck, Austria; Supported by the Alexander von Humboldt
Foundation
§ Present address: Institut für Experimentalphysik, HeinrichHeine-Universität Düsseldorf, Germany; Supported by the
Netherlands Organisation for Scientific Research (NWO)
† Electronic

e2 X
fi
,
me i ωi2 − ω 2

(1)

with summation over all transitions connecting to
state a with resonant frequency ωi , and oscillator
strength fi . For monochromatic radiation E0 cos ωt,
this polarizability results in a dynamic Stark shift of
∆Ea = − 41 E02 αa (ω). The clock transition is subject
to a blackbody radiation shift of
Z ∞
−1
ω3
∆ν =
∆α(ω) h̄ω/k T
dω,
(2)
3
3
B
40 π c 0
e
−1
where we integrate over the power spectral density of
the blackbody electric field, and ∆α(ω) = αP (ω) −
αS (ω) is the difference between excited and ground
state polarizabilities. Here, we first estimate the
differential static polarizability ∆α(0). This result
is used to estimate the differential polarizability at
blackbody frequencies ∆α(ω) for ω ≈ 2πc/(10 µm).

B.
∗ Work

Blackbody shift

The case of

27

Al+

The transitions from the 1 S0 and 3 P0 states that
have been included in our estimate are listed in Table II. Oscillator strengths are taken from the NIST
Atomic Spectra Database [9] where available, and from
the Opacity Project [10] otherwise. From this we calculate for the 3 P0 state αP (0) = 4π0 × 3.65(73) ×
10−30 m3 . For the 1 S0 state αS (0) = 4π0 ×3.68(78)×
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200
−1 × Frequency shift [Hz]

10−30 m3 . Thus, ∆α(0) = 4π0 ×(−0.03±1.0)×10−30
m3 . The room temperature blackbody spectrum
(Erms = 830 V/m) is centered at 10 µm wavelength.
This corresponds to a frequency ω in Eq. (1), which is
50 times lower than the lowest transition frequency ωi .
We may use the static polarizability without loss of ac1
2
∆α(0)Erms
= (0.00±0.06)
curacy, and find ∆ν = − 2h
Hz, or fractionally ∆ν/ν = (0 ± 6) × 10−17 , since
ν ≈ 1.1 × 1015 Hz. In order to operate Al+ as a
frequency standard with fractional frequency uncertainty below 6 × 10−17 , the blackbody shift must be
calibrated experimentally.

150

100

50

0
50
100

0

50
−50

C.

Near-infrared Stark shift measurement

Ideally, we would measure the shift of the clock
transition due to a known intensity of 10 µm radiation, since the room temperature blackbody field is
centered at this wavelength. However, the windows
of our experimental apparatus are opaque to wavelengths longer than 3 µm. Instead, we measure the
Stark shift due to near-infrared radiation, and use this
measurement to estimate the blackbody shift.
The output of a fiber laser (600 mW with ±200 mW
fluctuations) at 1126 nm was focussed onto an Al+ ion,
and switched on and off at regular intervals. A stable
ULE reference cavity was simultaneously locked to the
1
S0 → 3 P0 transition, via an acousto-optic frequency
shifter, and the frequency shift due to the Stark shifting beam was tracked and recorded. These measurements were repeated for various lateral (x,y) displacements of the Stark shifting beam, as shown in Figure
1, in order to estimate the beam waist (w0 = 100 ± 10
µm).
The resulting differential polarizability is
∆α(2πc/(1126 nm)) = 4π0 × (1.6 ± 0.5) × 10−31
m3 , limited in accuracy by power fluctuations of the
Stark shifting laser.

D.

Extrapolation to zero frequency

The following relates this measurement to the differential polarizability at 0 Hz, by expanding Eq. (1)
in small parameters. Two facts specific to Al+ are
used.

2. The strongest transitions contributing to the
sum in Eq. (1) are near each other (λ ≈ 170
nm).
Let δi ≡ (ω/ωi )2 . For the 1 S0 and 3 P0 states in
Al+ , δi < 0.03, when ω = 2πc/(1126 nm). Expanding
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x−axis beam displacement [µm]

FIG. 1: Clock transition Stark shift vs. beam position.
A Gaussian beam profile fit yields w0 = 100 µm for the
beam waist, with a peak shift of -190 Hz.

Eq. (1) in powers of δi yields
α(ω) = α(0) +

e2 X fi
(δi + δi2 + ...).
me i ωi2

(3)

Thus, the differential polarizability between the 1 S0
and 3 P0 states is
∆α(ω) = ∆α(0) +

e2 X fi
(δi + δi2 + ...),
me i ωi2

(4)

where we sum over all transitions connecting to the
1
S0 and 3 P0 states. Positive oscillator strengths are
used for the transitions connecting to 3 P0 , and negative oscillator strengths are used for the 1 S0 transitions.
Now let δ0 ≡ (ω/ω0 )2 , where ω0 = 2πc/(171 nm),
and let i ≡ δi − δ0 . This value of δ0 is chosen because
the strong transitions all lie near 171 nm. Then
∆α(ω) −
∆α(0) =

1. All strong transitions connecting to either clock
state are in the deep UV (λ < 186 nm).

0

y−axis beam displacement [µm]

e2
me

fi
i ωi2 (i

P

1 + δ0

+ δi2 + ...)

.

(5)

All of the terms after the summation sign are small,
as can be seen in Table II. For the strongest transitions i is small, because all strong transitions are near
171 nm. For the weaker transitions fi /ωi2 is small. To
test the merits of this estimate, we propagate the uncertainties σfi (see Table II) in the various fi via Eq.
(5), which results in an uncertainty in ∆α(0) of
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σ∆α(0)

v
u
2
X  σf
e2 /me u
i
2 + ...) .
t
(
+
δ
=
i
i
1 + δ0
ωi2
i

(6)

Note that our choice of δ0 minimizes the uncertainty
σ∆α(0) . Numerically we find σ∆α(0) = 4π0 × 1.7 ×
10−33 m3 ≈ 0.01 × ∆α(2πc/(1126 nm)). Thus, ∆α(0)
can be deduced from our measurement of ∆α(ω) at
1126 nm with an additional uncertainty of 1 %. Eq.
(5) yields ∆α(0) = 4π0 × (1.5 ± 0.5) × 10−31 m3 .
E.

Estimate of blackbody shift

Since the frequency of blackbody radiation (centered at 10 µm wavelength) is closer to 0 Hz than
the frequency of the applied 1126 nm radiation, we
expect to relate ∆α(0) to ∆α(2πc/(10 µm)) with
even less uncertainty than our estimate of ∆α(0) from
∆α(2πc/(1126 nm)). As before, we can propagate the
errors σfi through the result. The calculation follows
from Section D and Eq. (2), and we simply write the
room temperature result as
∆ν = −

4 4
πkB
T
(∆α(0) × 1.00024),
600 h̄4 c3

(7)

or numerically, ∆ν = −0.008(3) Hz.
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We have measured the differential polarizability of
the 27 Al+ 1 S0 → 3 P0 clock transition at 1126 nm. We
have also found expressions relating the differential
polarizabilities at various drive frequencies, in which
the effect of uncertainties in the oscillator strengths
is minimized. In particular, ∆α(0) is found from
∆α(2πc/(1126 nm)) with 1 % added fractional uncertainty, while allowing conservative uncertainties of
20 % or larger in the oscillator strengths. From ∆α(0)
we calculate the blackbody shift with negligible added
uncertainty. The fractional room temperature blackbody shift ∆ν/ν = (−8 ± 3) × 10−18 is substantially
lower for the 27 Al+ 1 S0 → 3 P0 transition than for
other atomic frequency standards currently under development (see Table I). The uncertainty in this value
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TABLE II: Transition wavelengths (λi ) and oscillator strengths (fi ) used to estimate ∆α(0). Transitions are in descending
order of fi magnitude. Negative oscillator strengths are used for transitions connecting to the 3s2 1 S0 ground state.
Fractional uncertainties σfi /|fi | were taken from the NIST Atomic Spectra Database [9] where available, and doubled.
Where no uncertainty is available, a fractional uncertainty of 1 is assumed. δi = (ω/ωi )2 where ω = 2πc/(1126 nm),
ωi = 2πc/λi , and i = δi − (171/1126)2 . The sixth column lists the summands of Eq. (5) truncated after δi3 .

fi

σfi /|fi |

-1.830000
0.903000
0.612000
0.129000
0.059000
0.018000
0.016556
0.005922
0.004078
-0.003020
0.002889
0.001889
0.001656
-0.001100
-0.001090
-0.001050
0.001050
0.001019
-0.000998
-0.000948
-0.000858
0.000708
0.000613
-0.000567
0.000501
0.000398
0.000124
0.000116
0.000083
0.000059
0.000043
0.000032
0.000001
SUM
UNCERTAINTY

0.20
0.20
0.50
0.20
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
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λi
[nm]
167.079
171.944
176.198
185.593
118.919
104.789
120.919
105.460
98.598
93.527
98.905
95.263
95.429
71.470
74.118
69.949
93.341
93.241
68.994
68.353
67.902
91.980
91.916
79.448
91.041
90.997
70.040
65.800
63.690
62.480
61.710
61.190
80.860

δi

i

0.0220
0.0233
0.0245
0.0272
0.0112
0.0087
0.0115
0.0088
0.0077
0.0069
0.0077
0.0072
0.0072
0.0040
0.0043
0.0039
0.0069
0.0069
0.0038
0.0037
0.0036
0.0067
0.0067
0.0050
0.0065
0.0065
0.0039
0.0034
0.0032
0.0031
0.0030
0.0030
0.0052

-0.0010
0.0003
0.0014
0.0041
-0.0119
-0.0144
-0.0115
-0.0143
-0.0154
-0.0162
-0.0153
-0.0159
-0.0159
-0.0190
-0.0187
-0.0192
-0.0162
-0.0162
-0.0193
-0.0194
-0.0194
-0.0164
-0.0164
-0.0181
-0.0165
-0.0165
-0.0192
-0.0196
-0.0199
-0.0200
-0.0201
-0.0201
-0.0179

e2 f i
me ωi2 (i

+ δi2 + δi3 )
[4π0 ×m3 × 10−33 ]
2.005625
1.546615
2.762716
1.541754
-0.701593
-0.202074
-0.196866
-0.066807
-0.043385
0.030381
-0.030830
-0.019393
-0.017030
0.007625
0.007995
0.007035
-0.010539
-0.010214
0.006541
0.006120
0.005480
-0.006985
-0.006048
0.004612
-0.004885
-0.003876
-0.000835
-0.000701
-0.000477
-0.000328
-0.000233
-0.000170
-0.000009
6.609223
1.685575

from

to

ref.

3s2 1S0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s2 1S0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s2 1S0
3s2 1S0
3s2 1S0
3s3p 3P0
3s3p 3P0
3s2 1S0
3s2 1S0
3s2 1S0
3s3p 3P0
3s3p 3P0
3s2 1S0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0
3s3p 3P0

3s3p 1P1
3s3d 3D1
3p2 3P1
3s4s 3S1
3s4d 3D1
3s5d 3D1
3s5s 3S1
3s6s 3S1
3s6d 3D1
3s4p 1P1
3s7s 3S1
3s7d 3D1
3s8s 3S1
3s7p 1P1
3s6p 1P1
3s8p 1P1
3s9s 3S1
3s8d 3D1
3s9p 1P1
3s10p 1P1
3s11p 1P1
3s10s 3S1
3s9d 3D1
3s5p 1P1
3s11s 3S1
3s10d 3D1
3p5p 3P1
3p6p 3P1
3p7p 3P1
3p8p 3P1
3p9p 3P1
3p10p 3P1
3p4p 3P1

[9]
[9]
[9]
[9]
[9]
[9]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
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Yb+ single-ion optical frequency standard at 688 THz

Chr. Tamm*, B. Lipphardt, H. Schnatz, R. Wynands, S. Weyers, T. Schneider, E. Peik
Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
*Electronic address: christian.tamm@ptb.de
Two 171Yb+ single-ion optical frequency standards operating at 688 THz (436 nm) are
compared in order to investigate systematic frequency shifts in the sub-Hertz range. In the
absence of externally applied perturbations, a mean relative frequency difference of
3.8(6.1)⋅10-16 is observed. This agreement is comparable to that of the most accurate
comparisons between cesium fountain clocks. Using a femtosecond frequency comb
generator based on a Er3+-doped fiber laser, the frequency of the 171Yb+ standard is
measured with a relative systematic uncertainty of 3.1⋅10-15 and a statistical uncertainty of
0.6⋅10-15.

I. INTRODUCTION
A single laser-cooled ion in a radiofrequency trap is a
nearly ideal reference for an optical frequency standard.
For a number of atomic systems, one expects that
systematic shifts of the atomic transition frequency can
be reduced to the 10-18 range [1], which would improve
by more than two orders of magnitude on the best
available cesium fountain frequency standards. Optical
frequency conversion techniques based on femtosecond
comb generators permit the realization of practical
single-ion frequency standards with output frequencies
in the optical and microwave range.
Here we report recent investigations on the 688 THz
171
Yb+ frequency standard which is based on the
2
S1/2(F=0) – 2D3/2(F=2, mF=0)
electric-quadrupole
transition at 436 nm [2]. This system and single-ion
optical frequency standards based on 199Hg+ and 88Sr+
are presently under review at the BIPM as potential
secondary representations of the SI second [3,4].
In order to overcome the accuracy and stability
limitations associated with measurements relative to a
microwave frequency reference, we compare two 171Yb+
standards directly and observe their frequency
difference with and without externally applied
perturbations. The tensorial quadratic Stark shift and the
quadrupole shift caused by static electric fields are
investigated by determining the frequency difference for
various orientations of the applied static magnetic field.
In the absence of perturbations caused by external static
electric fields, we find no evidence of magnetic field
orientation dependent shifts larger than the statistical
comparison uncertainty of 6⋅10-16.
These observations enabled absolute measurements of
the 171Yb+ reference transition frequency with a
systematic uncertainty contribution of the 171Yb+
standard that is significantly smaller than in previous
measurements [5,6]. In the recent measurements,

long continuous averaging intervals of up to 36 h were
realized with the use of a Er3+-doped fiber laser comb
generator [7], thus significantly reducing the statistical
measurement uncertainty associated with the instability
of the Cs fountain reference. The results of the new
measurements are consistent with our previous results
and yield the 171Yb+ transition frequency with a
statistical uncertainty of 0.6⋅10-15 and a systematic
uncertainty of 3.1⋅10-15.
II. EXPERIMENTAL SYSTEM
The experiments use two radiofrequency (rf) Paul traps
of identical design with ring electrode diameters of
1.4 mm. The ion is confined by an approximately
cylindrically symmetric pseudopotential with an axial
depth of 17 eV. In order to compensate any electric
stray field at the location of the ion, compensation
voltages are applied between the trap endcaps and to
two additional electrodes. They are adjusted so that a
laser cooled ion does not change its position by more
than 2 µm when the trap potential is lowered to less than
0.25 eV. The remaining stray field induced
displacement of the ion under normal operating
conditions is then calculated to be less than 100 nm.
The ion is laser cooled to the Lamb-Dicke regime by a
frequency doubled diode laser emitting at 371 nm.
Metastable levels that are populated during laser cooling
are depleted by diode laser radiation at 935 nm and at
639 nm. The reference transition which has a natural
linewidth of 3.1 Hz, is probed by the frequency doubled
radiation from a 871 nm diode laser. Its short-time
frequency stability is derived from a temperature
stabilized, seismically isolated high-finesse cavity. The
171
Yb+ reference transition can be resolved with a
linewidth of 10 Hz [6]. A detailed description of the
optical excitation scheme and of the spectroscopy of the
reference transition is given in [8,9].
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The setup of the comparison experiment between two
Yb+ traps is shown in Fig. 1. Two independent
frequency shift and servo systems are employed to
stabilize the probe beam frequencies to the line centers
of the reference transitions in the two trapped ions. In
order to minimize servo errors due to drift of the probe
laser frequency, second-order servo algorithms are used
[10]. For averaging times larger than the servo time
constants (≈10 s), the optical frequencies probing the
two ions can be regarded as independent and determined
solely by the respective atomic transition frequencies.
The servo frequency difference ∆ = f(AOM2) –
f(AOM1) is recorded once per second.
The ions are interrogated every 90 ms by 30 ms pulses,
so that the atomic resonance signals have essentially
Fourier-limited linewidths of approximately 30 Hz. The
resonant excitation probability is about 0.6. The relative
instability of ∆ measured by the Allan standard
deviation under these conditions is shown in Fig. 2. The
observed instability of ∆ is dominated by the quantum
projection noise in the interrogation of the two ions. The
dynamic response of the servo systems leads to a
maximum of the Allan deviation at τ ≈ 50 s. For longer
averaging times τ > 100 s, the Allan deviation decreases
as τ -1/2. The observed stability of ∆ is independent of the
temporal overlap of the probe pulses applied to the two
ions, and it is not the result of an exact matching of the
time constants of the two servo systems. It thus appears
that the stability of ∆ is a meaningful measure for the
stability of the individual standards. The experimental
results are in good agreement with numerical
simulations of the servo action which assume quantum
projection noise as the only noise source [10].
171

Allan deviation σy(τ)

Fig. 1: Schematic of the experimental setup for comparison of two
171
Yb+ optical frequency standards. Two acusto-optical modulators
(AOM) are used to independently shift the frequencies of the two
probe beams interacting with the ions. A mechanical shutter blocks
the cooling lasers while the probe beams interrogate the ions.
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Fig. 2: Allan deviation of the relative frequency difference ∆/ν
between two 171Yb+ single-ion optical frequency standards at
ν=688 THz.
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Fig. 3: Frequency difference ∆ between the traps as a function of
applied electric field gradient ADC for various orientations of the
magnetic field in trap 1 and trap 2. The numbers in brackets label the
combinations of magnetic field orientations (trap 1, trap 2), and the
underlines indicate in which trap the field gradient is applied. The
orientations 1, 2, 3 are approximately orthogonal sets, while
orientation 4 is perpendicular to the symmetry axis of the trap. The
error bars denote the statistical uncertainty of the individual frequency
comparisons and the lines are the results of linear regressions.
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III. QUADRUPOLE SHIFT
In most of the presently investigated single-ion optical
frequency standards, a significant systematic uncertainty
contribution can arise from the interaction of the atomic
electric quadrupole moment with the gradient of the
electric stray field. In order to eliminate the quadrupole
shift, one can take advantage of the fact that it averages
to zero over three mutually orthogonal directions of the
magnetic quantization field [11,12]. Alternatively, the
shift can be eliminated without changing the magnetic
field orientation by averaging over the Zeeman and
quadrupole shifts of all magnetic sublevels [13]. Both
schemes also eliminate the tensor part of the quadratic
Stark shift because it has the same dependence on
magnetic field orientation and magnetic quantum
number.
In order to investigate the quadrupole shift of the 171Yb+
reference transition, a static field gradient ADC is applied
in one trap by superimposing a static (dc) voltage on the
rf trap drive voltage of one trap. The resulting transition
frequency shift is measured relative to the other trap
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operating without dc voltage. Fig. 3 shows the
frequency differences observed for various magnetic
field orientations in both traps. The data shown are
corrected for differences in the quadratic Zeeman shift,
which was kept in the range of 0.1...0.5 Hz. The field
orientations 1, 2, 3 are approximately orthogonal to each
other with estimated uncertainties of 20° (trap 1) and
10° (trap 2). In order to determine the electric
quadrupole moment θ(2D3/2) of the upper level of the
171
Yb+ reference transition (for the 2S1/2 ground state,
θ=0), the magnetic field orientation was adjusted to be
perpendicular to the trap axis, so that the quadrupole
shift assumes a local maximum. The corresponding
measurement is labeled (1,4) in Fig. 3. From this, the
quadrupole moment is determined as θ(2D3/2) =
9.32(48)⋅10-40 Cm2, in good agreement with the
result θ(2D3/2) = 9.754⋅10-40 Cm2 obtained in recent
atomic-structure calculations [14].
IV. QUADRATIC STARK SHIFT
The quadratic Stark shift of the 171Yb+ reference
transition has contributions from the scalar
polarizability of the ground state, αS(2S1/2), and from the
scalar and tensorial polarizabilities of the 2D3/2 state,
αS(2D3/2) and αT(2D3/2). In order to determine ∆αS =
αS(2S1/2) - αS(2D3/2) and αT(2D3/2), we determine ∆ for
the case that in one of the traps a variable offset is added
to the compensation voltage applied between the trap
endcap electrodes. In this case, the ion is displaced by a
distance ∆z from the trap center so that it is subject to
the quadratic Stark shift caused by the rf trap field at the
displaced position. The polarizabilities ∆αS and
αT(2D3/2) can then be inferred from measurements with
different orientations of the magnetic field.
The results of these measurements are shown in Fig. 4.
The data shown are corrected for differences in the
quadratic Zeeman shift. The data taken at ∆z ≠ 0 are

also corrected for the calculated second-order Doppler
shift which amounts to –0.35 Hz at ∆z = 1.1 µm. At
β=90° no significant shift is observed, indicating an
accidental cancellation of the scalar and tensorial shift
contributions at this angle. From the experimental
data, we obtain ∆αS = -6.9(1.4)⋅10-40 Jm2V-2 and
αT(2D3/2) = -13.6(2.2)⋅10-40 Jm2V-2. The experimental
results are close to the polarizabilities inferred from
theoretical oscillator strengths that are scaled with
experimental lifetime data. These calculations yield the
polarizabilities ∆αS = -5.20(16)⋅10-40 Jm2V-2 and
αT(2D3/2) = -12.13(13)⋅10-40 Jm2V-2 [15].
V. AGREEMENT BETWEEN TRAPS
Figure 5 shows measurements of the frequency
difference ∆ for ADC = 0 and ∆z = 0 in both traps. The
weighted mean difference of all eight measurements is
<∆> = 0.26 Hz and the average statistical uncertainty is
0.42 Hz. The contribution of the quadratic Zeeman shift
to the systematic uncertainty of the measurements is
smaller than 0.05 Hz. Using a stray field compensation
procedure as described above, the uncertainty
contribution from quadratic Stark shift and second-order
Doppler shift is below 0.01 Hz [16]. The blackbody ac
Stark shift expected from the measured polarizability
∆αS is –0.37(5) Hz at 300 K. Additional ac Stark shifts
due to ambient heat sources and laser stray light are
estimated to be smaller than 0.2 Hz. The uncertainty
contribution resulting from servo errors is smaller than
0.1 Hz [10].
A χ2 test indicates that within the statistical uncertainty
of the data shown in Fig. 5, there is no evidence of
frequency shifts that depend on the orientation of the
magnetic quantization field [16]. This permits the
conclusion that stray field induced quadrupole shifts
were smaller than 0.5 Hz under the conditions of the
measurement. For an uncertainty estimate on the
observed mean frequency difference <∆> = 0.26 Hz, it

2
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0
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∆ (Hz)

∆(Hz)

β=32°
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0.0
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-1 .0
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(1,2)

1 .0

∆ z (µ m )

Fig. 4: Frequency difference ∆ between the traps as a function of the
displacement ∆z of the ion in trap 2 from the saddle point of the rf trap
potential. β denotes the angle between trap axis and magnetic field as
inferred from the quadrupole shift measurements shown in Fig. 3. The
lines are least-squares fits of parabolas centered at ∆z = 0. The
horizontal bar in the lower part of the Figure denotes the uncertainty
range of the position ∆z = 0 which remains after the compensation of
the electric stray field.
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Fig. 5: Frequency difference in the absence of external perturbations,
showing the measurements presented in Fig. 3 at ADC = 0 (1-6) with
two more data points added. The data were taken within two days and
are displayed in temporal order. The solid line is the weighted average
of the data and the dashed lines mark the average statistical
uncertainty of the data points.
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The results of the absolute frequency measurements are
listed in Table 1. The obtained statistical measurement
uncertainties uAi are dominated by the white frequency
noise of the Cs fountain reference. The systematic
uncertainty contribution of the Cs fountain uB(Cs)
reflects the state of a new uncertainty evaluation of
CSF1 at the time of the measurements. The systematic
uncertainty of the 171Yb+ standard, uB(Yb+), is
dominated by the contribution from the stray-field
induced quadrupole shift. Here an uncertainty 1 Hz is
assumed which is approximately a factor of two larger
than the statistical uncertainty of the frequency
comparison measurements shown in Fig. 5.
The new frequency measurements from 2005 are in
excellent agreement with our earlier results [5,6]. The
individual results contribute to the mean frequency ν
with weights proportional to (uAi2 +uB2(Cs) +uB2(Yb+))-1.
Excluding the earlier measurements from the weighted
average would shift the frequency value by 0.3 Hz only.
The total 1σ uncertainty of the inferred value of ν of u =
2.2 Hz that is noted in Table 1 is calculated as u =
(uA2 + uB2(Cs) + uB2(Yb+))1/2 where uA = (Σi(uAi)-2)-1/2
= 0.4 Hz. The corresponding relative statistical and
systematic uncertainties are uAν-1 ≈ 0.6⋅10-15 and
(uB2(Cs) + uB2(Yb+))1/2ν-1 ≈ 3.1⋅10-15 , respectively. It
should be noted that the frequencies given in Table 1
refer to measurements performed at room temperature.
Extrapolating to zero temperature the frequency value
would have to be corrected for the blackbody shift, i.e.,
increased by 0.37(5) Hz.

would appear justified to regard the scatter of the data as
random. Nevertheless, as it is difficult to determine the
contribution of systematic shifts to the scatter of the
data points, we estimate the uncertainty of <∆> as the
average statistical uncertainty of the data points.
The observed relative frequency difference between the
two 171Yb+ standards of <∆>/ν = 3.8(6.1)⋅10-16 is
comparable to the best result found in a comparison of
cesium fountain clocks [17], which are the most
accurate clocks at present. This agreement represents an
improvement by more than 2 orders of magnitude over
previous comparisons between single-ion frequency
standards [18].
VI. ABSOLUTE FREQUENCY MEASUREMENT
For the absolute frequency measurements, the second
harmonic of the probe laser frequency is stabilized to
the reference transition of a trapped 171Yb+ ion. A part
of the 871 nm probe laser output is passed through a
8 m fiber link to produce a beat signal with the
frequency-doubled output of a Er3+-doped fiber
frequency comb generator [7]. The comb generator is
referenced to the 100 MHz signal of a hydrogen maser
that is continuously compared with the primary cesium
fountain frequency standard CSF1 of PTB.
Four absolute frequency measurements with continuous
averaging times of up to 36 h were conducted during
2005. The 171Yb+ trap serving for the frequency
measurements was operated without externally applied
perturbations and with a constant orientation of the
magnetic quantization field. A comparison between the
two traps was carried out immediately before one
absolute frequency measurement interval and yielded
results consistent with the measurements shown in
Fig. 5.
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νi = 688 358 979 309 000 + xi Hz; i: number of measurement
i

Starting Date

xi (Hz)

uAi (Hz)

uB(Cs) (Hz) uB(Yb+) (Hz)

1
2
3
4

5.7.2005
6.7.2005
9.8.2005
10.8.2005

307.84
307.51
307.49
307.07

3.43
0.46
1.01
0.64

1.82
1.82
1.82
1.82

1.05
1.05
1.05
1.05

Weighted mean including earlier results (Ref. 5):
ν[

171

+ 2

2

Yb , S1/2(F=0) – D3/2(F=2)] = 688 358 979 309 307.7(2.2) Hz

Table 1: Summary of the results of the absolute frequency measurements of the 171Yb+ standard performed in 2005. The transition frequencies νi
are corrected for the quadratic Zeeman shift present during the measurements. The measurements were carried out with the ion trap operating at
room temperature. The νi values are not corrected for the blackbody shift (see text). The 1σ statistical uncertainties of the measurements are
denoted with uAi. The systematic uncertainty contributions (1σ) of the 171Yb+ standard and of the cesium fountain reference are respectively
denoted with uB(Cs) and uB(Yb+). All uncertainty data are scaled to the frequency of the 171Yb+ standard (688 THz).
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An optical frequency standard based on the 2S1/2—2F7/2 transition in 171Yb+
S. A. Webster,* A. Stannard, K. Hosaka, and P. Gill
National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 0LW, UK
*Electronic address: stephen.webster@npl.co.uk
The 2S1/2 (F = 0) – 2F7/2 (F = 3, mF = 0) transition at 467 nm in a single, trapped,
laser cooled ion of 171Yb+ has the potential to be an extremely accurate optical
frequency reference. Systematic shifts have been evaluated and are currently
dominated by the ac-Stark shift. However, this is not expected to be the case as
probe laser linewidth is reduced. A heterodyne measurement of the probe laser
shows it to have a width of 20 Hz on a 1 minute timescale. The atomic spectrum
on the other hand, has been found to have a broadened width of 200 Hz. Using
heterodyne detection of light reflected from the trap electrodes, Doppler shifting
due to vibration of the trap is identified as the additional source of broadening.
I. INTRODUCTION

II. SYSTEMATIC SHIFTS

The term scheme for 171Yb+ is shown in Figure
1. The 2S1/2 (F = 0) – 2F7/2 (F = 3, mF = 0)
transition at 467 nm is being developed as an
optical frequency standard. The upper state is
extremely long-lived with a lifetime on the
order of years [1]. Subsequently, the natural
linewidth of the absorption is ~ nHz, and as
such will never limit the width that can be
observed, which will instead be limited by the
linewidth of the probe laser in the frame of the
ion. The advantage of using the odd isotope is
that it has an mF=0 – mF=0 transition which is
free from the first-order Zeeman effect.

It has been possible so far to measure two of
the systematic shifts for this atomic system as
shown in Figure 2.

Figure 1. Term scheme for 171Yb+.

298

Figure 2a) AC-Stark and b) second-order Zeeman shifts of
the 2S1/2 (F = 0) – 2F7/2 (F = 3, mF = 0) transition. Straight
line fits to the data give shifts of 0.11(1) kHz/mW and
1.72(3) mHz/(µT)2 respectively [2]. This data was taken
with an absorption width of 300 Hz, a spot size of 15 µm
and interrogation time of 0.3 s. A power of 1mW gives a
50 % excitation probability.

QUIT

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006
The ac-Stark effect is due to the off-resonant
interaction of probe light with strongly allowed
transitions from the S- and F-states and is
linearly dependent on intensity. The intensity
required to drive the transition at a given rate
is dependent on the spectral intensity at the
transition frequency in the frame of ion. With
an observed absorption width of 300 Hz, the
intensity required is relatively high and the acStark is the largest systematic shift. However,
as this width is reduced, it will be possible to
excite the transition with the same probability
at a reduced total intensity. Further, it will also
be possible longer to use longer interrogation
times, again allowing for a reduction in
intensity. One can therefore project, that, with
an absorption width of 0.1 Hz, an interrogation
time of 10 s and spot size of 1 mm, the shift
will be ~1 mHz/mW. At this level it will no
longer be the dominant systematic effect.
The second order Zeeman shift is currently
significant due to the presence of a relatively
large B-field of 200 µT, which is used to
prevent population trapping on the cooling
transition. Recently, an additional coil has
been added that will allow the B-field to be
switched to a low value during the probe pulse.
Operating at a field of 1 µT, the resulting shift
will be –2 mHz.
Other systematic effects that have been
calculated, but which are not yet at a
measureable level, are detailed in Table 1. The
quadrupole shift has been evaluated assuming
a common dc offset potential of 1V on upper
and lower electrodes of the trap and a
quadrupole moment of –0.22ea02 calculated
using the Cowan code [3]. The uncertainty in
the shift may be further reduced by either
averaging over three orthogonal states of the
B-field [4], or by averaging over Zeeman
components of the transition [5]. The
Blackbody shift is evaluated using oscillator
strengths calculated by Biemont et al. [6], and
scaled using experimental data where available
[7]. The uncertainty is dominated by the
uncertainty in the calculated polarizabilities.
Further reduction will be possible with a
measurement of the dc-Stark shift [8].
Shift
Quadrupole
Blackbody
DC-Stark
2nd-order Doppler

Value / Hz
0 (± 0.4)
-0.15 (± 0.08)
-0.04 (± 0.04)
0 (± 0.05)

Table 1. Other systematic shifts at their current level of
evaluation.

III. PROBE LASER AND ATOMIC
SPECTRA
The laser used to probe the octupole transition
is a frequency-doubled Ti:Sapphire at 467 nm.
Light at the fundamental wavelength (934 nm)
is frequency-stabilised to a high-finesse FabryPérot etalon using the standard frequency
modulation technique [9]. Feedback is to an
external double-passed AOM, and with this a
servo bandwidth of 250 kHz is achieved,
which is sufficient to suppress the residual
noise from the laser to a level where it no
longer dominates the frequency noise of the
stabilised light. Rather, this is determined by
the frequency stability of the cavity. This has a
finesse approaching 200,000 (FWHM of the
fringe is 8.41(1) kHz) and is construced from
ultra-low expansivity glass. With a two-layer
temperature control, the frequency drift is
typically ~0.1 Hz/s, above a long-term
isothermal drift of 50 mHz/s. The cavity is
kept within a vacuum chamber which is
situated on a passive vibration isolation
platform within an acoustically isolating box.
Two nominally identically cavities were set-up
with light independently stabilised to each one.
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Figure 3. Heterodyne beat between light locked to two
independent cavities, a) 1 s acquisition, linewidth
(FWHM) = 4.7 Hz, b) average over 1 minute, linewidth
(FWHM) = 18 Hz.
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An experiment was then done to determine the
level of broadening introduced by the trap
itself, as shown in Figure 5. Light was either
reflected directly off the electrodes or off a
mirror attached the vacuum chamber housing
the trap. The measured heterodyne beat for
both cases is shown in Figure 6.

a)

0.7
0.6

Amplitude / mV

A heterodyne beat between the light stabiltised
to each cavity is shown in Figure 3. The shortterm linewidth is
5 Hz, however, on
averaging for 1 minute this broadens out to
20 Hz. The atomic absorption spectrum
measured over a similar timescale is shown in
Figure 4. The observed width is 200 Hz, an
order of magnitude greater than one would
expect if it were due to the probe laser alone.
Clearly, another broadening mechanism is
present.
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Figure 4. Absorption spectrum on 2S1/2 (F=0)—2F7/2 (F=3,
mF=0) transition. FWHM = 180±10 Hz, 20 Hz resolution.
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IV. TRAP VIBRATION

Figure 5. Schematic for heterodyne measurement of trap
vibration. An AOM shifts the frequency of the light in the
path to and from the trap. This is combined with a
reference beam on a photodiode and the heterodyne beat
detected.
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Following stabilisation, light is transmitted to
the ion across a path of approximately 5
meters, including a 2 m section of optical fibre.
Any relative movement between the frame of
reference of the ion (defined by the trapping
potential) and the cavity will introduce a
Doppler shift. A heterodyne measurement,
using light reflected back along the majority of
the transmission path, showed the broadening
on the carrier to be
1 Hz with some small
(<10 % intensity) sidebands, at 10-100 Hz
from the carrier. This could not therefore
account for the observed broadening of the
atomic transition.
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Figure 6. Heterodyne beat between reference beam and
light reflected off a) trap electrodes, b) mirror attached to
vacuum chamber and c) with the vacuum chamber
supported from below.

A broad pedestal is observed having a width of
around 200 Hz with a narrow carrier and
sidebands at the UK mains frequency visible
above it. This corresponds well to the atomic
spectrum, and one can conclude that trap
vibration is the source of broadening. The
mounting of the vacuum chamber was
improved with the addition of mechanical
support from below, resulting in a much
reduced width. It is now expected that a
narrower width will be observed on the atomic
transition.
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Polarisabilities and blackbody shifts in Sr+ and Yb+
S. N. Lea,∗ S. A. Webster, and G. P. Barwood
National Physical Laboratory (NPL), Hampton Road, Teddington, Middlesex TW11 0LW, UK
The polarisabilities and blackbody Stark shifts of transitions in 88 Sr+ and 171 Yb+ which are used
as optical frequency standards are calculated. Where data is available, oscillator strengths derived
from experimental lifetime measurements are used in place of theoretical values.

I.

II.

INTRODUCTION

FORMALISM

The accepted frequency values of atomic optical frequency standards follow the definition of the SI second
in refering to an unperturbed atom at T = 0 K [1].
Most trapped ion standards operate near room temperature. A frequency correction has to be applied
to account for the Stark shift due to interaction with
blackbody radiation. With the demonstration of techniques for nulling the electric quadrupole shift [2–4], it
is likely that the uncertainty in the blackbody Stark
shift will soon be the dominant contribution to the
error budget for a number of these standards. This
uncertainty arises from uncertainties in (i) the temperature of the blackbody radiation experienced by
the ion and (ii) the atomic polarisabilities.
This paper presents calculations of the polarisabilities and blackbody Stark shifts of three transitions
used as the basis of optical frequency standards: the
5s 2 S1/2 − 4d 2 D5/2 electric quadrupole (E2) transition at 674 nm in 88 Sr+ , used at NRC [2] and
NPL [3]; the 4f14 6s 2 S1/2 − 4f14 5d 2 D3/2 E2 transition at 436 nm in 171 Yb+ , used at PTB [5]; and
the 4f14 6s 2 S1/2 − 4f13 6s2 2 F7/2 electric octupole (E3)
transition at 467 nm in 171 Yb+ , also used at NPL [6].
Previous estimates of the blackbody Stark shifts of
the transitions used at NPL make use of calculated oscillator strengths [3, 7]. Comparison of experimental
values of the 2 S1/2 −2 P1/2,3/2 resonance transition lifetimes in Sr+ and Yb+ with lifetimes obtained from the
calculated oscillator strengths reveals discrepancies of
up to 15%. With the inclusion of this experimental
data, better values of the polarisabilities can be obtained. For 171 Yb+ , measurements of the quadratic
Stark shift of the 436 nm E2 transition at PTB have
provided experimental polarisability data which provides a further check on the calculations [5].
In this paper the polarisabilities are calculated for
the static (dc) case which is appropriate to an estimation of the blackbody Stark shift. However, the calculation can be readily adapted to the dynamic case,
required for evaluation of ac Stark shifts due to radiation at optical frequencies. A similar approach to
calculation of the polarisabilities for a wider range of
ions has been presented by Warrington [8].

The scalar polarisability αsc (γ, J) of a state |γ, Ji
gives rise to a scalar quadratic Stark shift in an external electric field E,

∗ Electronic

the term in curly braces being a Wigner 6-j symbol.
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∆Wsc = − 12 αsc (γ, J)E 2 ,

(1)

and the tensor polarisability αten (γ, J) gives rise to a
tensorial shift,
∆Wten = − 41 K(J, MJ )(3 cos2 θ −1)αten (γ, J)E 2 , (2)
where
K(J, MJ ) =

3MJ2 − J(J + 1)
J(2J − 1)

(3)

and θ is the angle between the direction of the external E-field and the quantisation axis of the ion trap
defined by an applied magnetic field.
Following the formalism of Angel and Sandars [9,
10], the polarisabilities can be calculated in second
order perturbation theory by a summation over all allowed electric dipole (E1) transitions to states |γ ′ , J ′ i.
For the static (dc) field case,
dc
αsc
(γ, J) =

e2 X f (γJ → γ ′ J ′ )
me ′ ′
ω2
γ J

¸1
e2 30J(2J − 1)(2J + 1) 2
me
(2J + 3)(J + 1)
¾
½
X
′
f (γJ → γ ′ J ′ )
1 1 2
×
(−1)J −J
, (4)
′
J J J
ω2
′ ′

dc
αten
(γ, J) = (−1)2J

·

γ J

where f (γJ → γ ′ J ′ ) is the oscillator strength and ω
the angular frequency of the transition. For 171 Yb+ ,
the tensor polarisability of the hyperfine state |γ, J, F i
is defined as
αten (γ, J, F ) = K ′ (I, J, F )αten (γ, J).

(5)

The numerical factor K ′ (I, J, F ) is given by
½
¾
J 2 J
K ′ (I, J, F ) = (−1)I+J+F
F I F
¸1
·
(2F + 1)F (2F − 1)(2J + 3)(2J + 1)(J + 1) 2
×
,(6)
(2F + 3)(F + 1)J(2J − 1)
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III.

POLARISABILITIES OF

88

Sr+

The polarisabilities are calculated at three levels of
complexity: including only the dominant transitions;
adding transitions to higher-lying states; and adjusting the oscillator strengths in the light of experimental
lifetime data.
1.

Using oscillator strengths tabulated by Brage et al.

This calculation uses oscillator strengths tabulated by Brage et al. [11] for the transitions making the dominant contribution to the polarisabilities. The calculation of the ground state polarisability includes only the oscillator strengths of the
5s 2 S1/2 − 5p 2 P1/2,3/2 resonance lines, whilst for the
4d 2 D5/2 state, the oscillator strengths of the transitions to 5p 2 P3/2 and 4f 2 F5/2,7/2 are included. Neglecting transitions to higher-lying states results in an
underestimate of the scalar polarisabilities (all terms
have the same sign) and an error in the tensor polarisability of the 4d 2 D5/2 state (terms due to J ′ = 5/2
states have opposite sign to terms due to J ′ = 3/2, 7/2
states). The results are given in column 1 of table II.
2.

Adding higher-lying states

Biémont et al. have performed pseudo-relativistic
Hartree-Fock (HFR) calculations of the radiative lifetimes of higher-lying states in 88 Sr+ [12]. These calculated lifetimes can be used to provide oscillator
strengths for transitions to the 5s 2 S1/2 and 4d 2 D5/2
states if the branching ratios are known. Even without this knowledge, reasonable approximations can be
made. For the 5s 2 S1/2 state, the approximation made
is that the (n > 5)p 2 P1/2,3/2 states decay only to the
ground state, neglecting transitions to higher S-states
and to D-states. The latter approximation is justified
since transitions with ∆L = +1 are generally weaker
than transitions with ∆L = −1. For the 4d 2 D5/2
state, transitions to (n > 5)p 2 P3/2 states and also
to (n > 4)f 2 F5/2 states, which decay preferentially
to 2 D3/2 states, are neglected. However, transitions
to (n > 4)f 2 F7/2 states are included, neglecting their
decays to higher 2 D5/2 states. Overall, this approximation will overestimate the scalar polarisabilities.
Including oscillator strengths derived from the lifetimes of states up to n = 10, the values given in column 2a of table II are obtained. These results hardly
differ from the simple case. A grosser overestimation
is to include the transitions to (n > 4)f 2 F5/2 states
in the calculation for the 4d 2 D5/2 state, yielding the
values in column 2b. The results are a little different
but hardly significantly so, indicating the robustness
of the approximations made in method 1. The oscillator strengths of these higher-lying levels contribute

TABLE I: Comparison of calculated [12] and experimental [12, 13] lifetimes of levels contributing > 1% to the dc
scalar polarisability of the 5s 2 S1/2 and 4d 2 D5/2 states in
88
Sr+ . The fractional (percentage) contribution of each
level to the dc scalar polarisability is also indicated.
Energy
cm−1

Level
2

dc
% of αsc
τcalc
2
S1/2 D3/2 ns

τexp
ns

23715 5p 2 P1/2 33.49
7.71 7.43(5)
24517 5p 2 P3/2 65.61 80.72 6.96 6.65(5)
60992 4f 2 F5/2
0.68 3.17 3.09(6)
60992 4f 2 F7/2
14.10 3.23 2.97(5)
71066 5f 2 F7/2
2.24 5.33
76553 6f 2 F7/2
1.00 8.53
other levels
0.90 1.26

only 0.8% to the 5s 2 S1/2 state polarisability and 2.5%
to the scalar polarisability of the 4d 2 D5/2 state.
3.

Using experimental lifetimes

Biémont et al. [12] also quote experimental lifetimes for the 5p 2 P1/2,3/2 and 4f 2 F5/2,7/2 states, summarised in table I. The P-state lifetimes quoted are
weighted means of 4 (2 P1/2 ) and 5 (2 P3/2 ) measurements, dominated by those of Pinnington et al. [13].
The F-state lifetimes are solely from the latter work.
These can be used to scale the calculated oscillator
strengths according to
fexp = (τcalc /τexp )fcalc ,

(7)

where it is assumed that the calculated branching ratios for the decay channels from the upper state of
the transition are correct. Since the calculation of the
oscillator strength for each decay channel depends on
the overlap integral with the lower state of the transition, it is not clear that this is a good assumption.
However, for the states in question the branching ratios for decay channels other than the transition of
interest are small. For the 5p 2 P1/2,3/2 states the calculated lifetimes given by Biémont et al. give oscillator strengths a few percent larger than those used in
method 1, as expected given that the branching ratios
to the D-states have been neglected. The oscillator
strength used in method 1 has then been scaled by the
ratio of Biémont’s calculated lifetime to the weighted
mean experimental lifetime. The oscillator strength is
assigned an uncertainty corresponding to that of the
lifetime. The affected oscillator strengths are for the
5s 2 S1/2 − 5p 2 P1/2,3/2 and 5d 2 D5/2 − 5p 2 P3/2 transitions. A similar modification to the F-state oscillator strengths affects the 5d 2 D5/2 polarisabilities by a
small amount. Here the lifetimes are calculated from
the oscillator strengths quoted by Brage et al. (taking into account both decay channels for the 4f 2 F5/2
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TABLE II: Static (dc) polarisabilities of the states 5s 2 S1/2 and 4d 2 D5/2 states in 88 Sr+ , in units of 10−39 J V−2 m2 , for
the three calculations discussed in the text. The final line gives the polarisability of the 5s 2 S1/2 − 4d 2 D5/2 transition,
used to calculate the blackbody Stark shift. The values used by Madej et al. [14], based on calculations similar to these
performed by the NRC group and by Warrington, are also given.

1
dc 2
αsc
( S1/2 )

Calculation method
2a
2b
3

1.387

dc 2
αsc
( D5/2 )
dc 2
αten ( D5/2 )

0.737 0.775 0.803
−0.671 −0.684 −0.652

dc 2
dc 2
αsc
( S1/2 ) − αsc
( D5/2 )

0.650

state). This gives lifetimes somewhat larger than
in Biémont’s calculation so the ratio of this calculated lifetime and the experimental lifetime is used.
The polarisabilities in column 3 of table II are calculated including the (n > 5)p 2 P1/2,3/2 states and the
(n > 4)f 2 F7/2 states as above, the results agreeing
well with the simple case.
In conclusion, the final line of table II gives the
scalar polarisability of the 5s 2 S1/2 − 4d 2 D5/2 transition. The values range between 0.598 and 0.650 ×
10−39 J V−2 m2 , with the value obtained using experimental lifetime data lying in the middle of this range.
It therefore seems reasonable to take this range as representing a 95% (2σ) confidence range, enabling the
uncertainty in the blackbody Stark shift at 297 K to
be reduced from 0.08 Hz [3] to 8 mHz (relative uncertainty 2 × 10−17 ).

IV.

POLARISABILITIES OF

171

Yb+

The calculation presented here extends that of Webster et al. [7]. The atomic structure of YbII is considerably more complex than that of a true alkali-like ion
such as SrII, because of the existence of levels arising
from the excitation of an electron from the 4f shell in
addition to levels arising from excitation of the valence
6s electron alone. The principal configurations which
need to be taken into account to calculate the polarisabilities of the 4f14 6s 2 S1/2 and 4f14 5d 2 D3/2 states are
4f13 5d6s and 4f13 5d2 . For the 4f13 6s2 2 F7/2 state, the
principal configurations are 4f13 6s6p and 4f13 5d6p.
The 4f13 5d2 and 4f13 5d6p configurations are examples of doubly-excited configurations (f-shell hole plus
two valence electrons), as is the 4f13 6s2 2 F7/2 state,
which can, exceptionally, be described in LS-coupling,
as the two valence 6s electrons form a closed shell.
The energy levels have been calculated by Fawcett and
Wilson [16] and classified in the LSJLSJ-coupling
scheme, e. g. 4f13 5d6s 2 F7/2 [3 D3/2 ]3/2 , where the first
LSJ term represents the state of the f-shell hole, the
second, bracketed, LSJ term represents the state of
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1.401

0.626

0.598

1.461(8)
0.835(6)
−0.723(9)
0.626(10)

Ref. [14]
1.40(6)
0.8(2)
−0.7(2)
0.6(2)

the pair of valence electrons and the final subscript
represents the total angular momentum of the state.
Biémont et al. have calculated oscillator strengths
and lifetimes for all the relevant transitions and energy
levels [15]. Levels making a fractional contribution
greater than 1% to the dc scalar polarisabilities are
listed in tables III and IV, with their calculated and,
if available, experimental lifetimes.
The calculation of the polarisabilities is summarised
in table V. The values in the column headed ‘Theory’ are obtained using solely the theoretical oscillator strengths. The values in the column headed
‘Lifetimes’ are obtained by scaling the calculated oscillator strengths by the ratio of the calculated and
experimental lifetimes, as for 88 Sr+ . The assumption is made that the branching ratios calculated by
Biémont et al. are accurate. The uncertainty ascribed
to these modified values is obtained by propagating
the uncertainties of the measured lifetimes and ascribing an uncertainty of 20% to the oscillator strengths
to states for which there is no experimental lifetime
data. There is good agreement between experimental and calculated lifetimes for the even parity states
contributing to the polarisability of the 4f13 6s2 2 F7/2
state (table IV) but agreement is only at the 20% level
for the odd parity states (table III). There is no experimental lifetime data available for two states which
contribute at the 2% level to the polarisability of the
4f14 6s 2 S1/2 state.
Also included in table V are values for the difference of the 2 S1/2 and 2 D3/2 scalar polarisabilities
and the 2 D3/2 tensor polarisability derived from measurements made at PTB of the dc Stark shift of the
435 nm quadrupole transition [5]. One way to interpret these measurements is to note that 95.5%
dc 2
of the value of αsc
( D3/2 ) is due to the oscillator
strengths of the transitions to the 4f14 6p 2 P states
and thus one can be confident of the polarisability calculated using the experimental lifetime data,
dc 2
whereas 25% of the value of αsc
( S1/2 ) is due to the
oscillator strengths of transitions to states other than
dc 2
4f14 6p 2 P1/2,3/2 . The value of αsc
( D3/2 ) calculated
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TABLE III: Fractional (percentage) contributions of levels contributing > 1% to the dc scalar polarisability of the
4f14 6s 2 S1/2 and 4f14 5d 2 D3/2 states in 171 Yb+ , together with comparison of calculated lifetimes (from Biémont et
al. [15]) with experimental lifetimes.
dc
Energy
Level designation
% of αsc
τcalc
−1
2
2
cm
(Fawcett & Wilson [16]) S1/2 D3/2 ns

27062
28758
30392
32982
33654
34575
44941
45737
46903
47005

τexp
ns

4f14 6p 2 P1/2
28.43 86.75 8.60 8.07(9)
4f13 5d6s 2 F7/2 [3 D3/2 ]3/2 2.39
149.11
4f14 6p 2 P3/2
46.56 8.73 7.23 6.15(9)
4f13 5d6s 2 F7/2 [3 D5/2 ]3/2 1.02
157.40 196(20)
4f13 5d6s 2 F7/2 [3 D3/2 ]1/2 2.44 1.52 32.10 39(3)
4f13 5d6s 2 F5/2 [3 D1/2 ]3/2 7.90
29.39 28.6(4)
4f13 5d2 2 F7/2 [3 F3/2 ]3/2
2.92
14.46 20.3(3)
4f13 5d6s 2 F7/2 [1 D3/2 ]3/2 1.79
27.70 30.9(6)
4f13 5d2 2 F7/2 [3 F3/2 ]1/2
2.04
12.15
4f13 5d6s 2 F5/2 [1 D1/2 ]3/2 2.50
19.02 19.7(5)
other levels
2.01 3.00

[17]
[17]
[18]
[18]
[19]
[19]
[20]
[20]

TABLE IV: Comparison of calculated and experimental lifetimes of levels contributing > 1% to the dc scalar polarisability of the 4f13 6s2 2 F7/2 state in 171 Yb+ . Calculated lifetimes from Biémont et al. [15]. The fractional (percentage)
contribution of each level to the dc scalar polarisability is also indicated.
dc
Energy
Level designation
% of αsc
τcalc
−1
2
cm
(Fawcett & Wilson [16])
F7/2
ns

48900
49301
49498
56376
57765
58824
59090
61215
63234
63727
64598
65200

4f13 6s6p 2 F7/2 [3 P1 ]7/2
4f13 6s6p 2 F7/2 [3 P1 ]9/2
4f13 6s6p 2 F7/2 [3 P1 ]5/2
4f13 5d6p 2 F7/2 [1 P1 ]5/2
4f13 6s6p 2 F7/2 [1 P1 ]9/2
4f13 5d6p 2 F7/2 [3 F2 ]5/2
4f13 6s6p 2 F7/2 [1 P1 ]7/2
4f13 5d6p 2 F7/2 [3 F2 ]9/2
4f13 5d6p 2 F7/2 [3 D1 ]5/2
4f13 5d6p 2 F7/2 [3 D1 ]9/2
4f13 5d6p 2 F7/2 [3 D1 ]7/2
4f13 5d6p 2 F7/2 [1 D2 ]9/2
other levels

1.48
2.87
2.07
7.99
24.86
5.92
22.18
2.71
3.11
1.69
1.32
1.44
22.36

31.80
29.18
28.82
3.76
2.80
3.73
2.40
4.11
2.67
2.94
3.06
2.83

τexp
ns

3.78(7)
2.87(11)
3.59(7)
2.31(10)

[20]
[20]
[20]
[20]

TABLE V: Calculated static (dc) polarisabilities of the 4f14 6s 2 S1/2 , 4f14 5d 2 D3/2 and 4f13 6s2 2 F7/2 states in 171 Yb+ , in
units of 10−39 J V−2 m2 . The values calculated by Warrington, quoted in [5], and measured at PTB [5] are also given.
Polarisability

Theory Lifetimes Warrington Experiment

dc 2
αsc
( S1/2 )
dc 2
αsc
( D3/2 )
dc 2
αten ( D3/2 , F =
dc 2
αsc
( S1/2 )

−

0.880
2)

dc 2
αsc
( D3/2 )

dc 2
αsc
( F7/2 )
dc 2
αten ( F7/2 , F =

3)

0.963(10)

1.386 1.483(13)
−1.147 −1.213(13)

−1.15

−1.36(22)

−0.506 −0.520(16)

−0.44

−0.69(14)

1.073 1.077(25)
−0.020 −0.008(20)

dc 2
dc 2
αsc
( S1/2 ) − αsc
( F7/2 ) −0.193 −0.114(27)

305

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

TABLE VI: Blackbody Stark shifts at 297 K, in Hz, from the polarisabilities quoted in tables II and V. The value in
italics for the E3 transition is obtained by combining the PTB measurement of the polarisability of the E2 transition
with the calculated (‘lifetimes’) values of the 2 D3/2 and 2 F7/2 state polarisabilities (see text).
Ion
88
171
171

This work
Warrington Experiment
Theory Lifetimes Refs. [5, 14] Ref. [5]

Transition

Sr+

5s 2 S1/2 − 4d 2 D5/2

0.313(8)

Yb+ 4f14 6s 2 S1/2 − 4f14 5d 2 D3/2
Yb

+

4f

14

2

13

6s S1/2 − 4f

6s

22

−0.254

F7/2 −0.097

using the 4f14 6p 2 P lifetimes can be used to extract
dc 2
an value of αsc
( S1/2 ) = 0.79(14) × 10−39 J V−2 m2
from the PTB measurement. Combined with the caldc 2
culated value of αsc
( F7/2 ), which can be considered
robust as there is good agreement between the experimental and theoretical lifetimes (table IV), a value of
dc 2
dc 2
αsc
( S1/2 )−αsc
( F7/2 ) = −0.29(14)×10−39 J V−2 m2
is obtained for the polarisability of the E3 transition.
V.

BLACKBODY STARK SHIFTS

The blackbody Stark shift is calculated in the static
(dc) approximation. In this approximation, the blackbody Stark shift of a transition between a ground state
g and an excited state e is
∆νBB (g − e) =

¤
1 £ dc
dc
αsc (g) − αsc
(e) hE 2 i,
2h

(8)

where hE 2 i is the average (rms) value of the blackbody
radiation field,
hE 2 i =

4σ 4
T = 66.5 V2 cm−2 at T = 297 K,
ǫ0 c

(9)

σ being the Stefan-Boltzmann constant. The blackbody radiation is isotropic and hence the tensor component of the Stark shift averages to zero.
This dc approximation is valid so long as the fraction of the blackbody field which is resonant with any
E1 transition to either of the states g or e is negligible.
If this is not the case, there will be an ac contribution
to the polarisabilities proportional to the spectral intensity of the radiation within the transition bandwidth. For 88 Sr+ , the lowest frequency transition entering the calculation is the 4d 2 D5/2 −5p 2 P3/2 transition at 1033 nm, which gives rise to 97% of the polarisability of the 4d 2 D5/2 state. For the E3 transition
in 171 Yb+ , the lowest frequency transitions making a
significant contribution to the polarisabilities are the
the resonance lines at 369 nm and 329 nm but for
the E2 transition there is a significant contribution to
the polarisability of the 2 D3/2 state from transitions
at 2.44 µm and 1.34 µm. Inspection of a tabulation
of the integral from 0 to λT of the spectral distribution of the blackbody radiation [21] shows that, at
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0.314(5)
−0.261(8)
−0.057(14)

0.3(1)
−0.22

−0.35(7)
−0.15(7)

T = 297 K, only 1.6 × 10−5 of the radiation is at
wavelengths shorter than 2.7 µm, this fraction falling
to less than 10−7 at 2.0 µm. The ac scalar polarisabilities differ from the dc scalar polarisabilities calculated
below by no more than a few % for 2 µm radiation,
i. e. an overall contribution at the parts-in-109 level.
The fraction of the blackbody radiation resonant with
the resonance lines is still lower, offsetting the rather
large modification to the ac scalar polarisabilities at
these frequencies. This issue has also been considered
by Warrington [8].
Table VI summarises the blackbody Stark shifts at
297 K for three transitions under discussion, using the
static polarisabilities quoted in tables II and V. As
discussed in section III, for the 674 nm E2 transition
in 88 Sr+ , there is good agreement between various approaches to the calculation of the polarisabilities, enabling the uncertainty in the blackbody Stark shift
at 297 K to be reduced from 0.08 Hz [3] to 8 mHz
(relative uncertainty 2 × 10−17 ).
The atomic structure of 171 Yb+ is very much more
complicated than that of a true alkali-like ion such
as 88 Sr+ . Consequently, the theoretical calculation of
oscillator strengths is more involved and many more
transitions have to be taken into account in evaluating
the state polarisabilities. In the light of the relatively
poor agreement between values for the polarisability
of the 2 S1/2 state in particular, greatest confidence has
to be placed in the values of the blackbody Stark shifts
derived from the PTB measurement: −0.35(7) Hz at
297 K for the E2 transition at 435 nm and −0.15(7) Hz
at 297 K for the E3 transition at 467 nm. The latter
figure is presented in italics in table VI. In both cases,
the 0.07 Hz uncertainty corresponds to a fractional
frequency uncertainty of 1 × 10−16 .
The uncertainty in the blackbody Stark shift due to
an uncertainty in the ambient temperatue uT is a factor of 4uT /T smaller than the magnitude of the shift;
this uncertainty can be comparable to the uncertainty
in the magnitude of the shift. The coefficient for 88 Sr+
at 297 K is 4 mHz K−1 (1 × 10−17 K−1 ); for 171 Yb+ ,
the coefficients are −5 mHz K−1 (−7 × 10−18 K−1 ) for
the E2 transition and −2 mHz K−1 (−3 × 10−18 K−1 )
for the E3 transition, using values derived from the
PTB measurements. To achieve an uncertainty at the
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1 × 10−17 level, the temperature of the blackbody radiation experienced by the ion must be known and
stable at the 1 K level (around 297 K). This is potentially a challenging experimental requirement: apart
from the uniformity and stability of the temperature
of the vacuum system enclosing the ion trap, local
heating effects due to the rf trapping field at the trap
electrodes may result in a large uncertainty in the temperature and isotropy of the blackbody radiation field
experienced by the ion.
It would clearly be highly desirable for the PTB
measurements to be repeated and refined and for similar measurements to be made for the 467 nm electric octupole transition and, indeed, for 88 Sr+ , providing experimental verification of these calculations.

Equally, more work is required to establish the actual
radiation temperature experienced by the trapped ion.
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We are in procedure to develop the optical frequency standard using the 43Ca+ S-D
transition, whose frequency uncertainty is mainly determined by the quadratic Zeeman shift
and the electric quadrupole shift. This paper gives a proposal to eliminate these both
frequency shifts without changing the magnetic field direction.

1. INTRODUCTION
Optical frequency standards based on narrow line
width transitions in trapped ions have been studied for
accuracy and stability higher than microwave standards.
Some prototypes using 199Hg+ [1,2], 171Yb+ [3,4], 115In+
[5], and 88Sr+ [6] ions have been developed and their
uncertainties have been estimated. Each species has its
own advantages, and the total performance is
determined not only by the inherent properties but also
experimental advantages. NICT Atomic Frequency
Standard Group is on procedure to develop an optical
frequency standard based on the 43Ca+ (2S1/2 F = 4 m =
0) - (2D5/2 F = 6 m = 0) transition. Lifetime of the 2D5/2
state is 1.2 s, that gives a very high line-Q value [7]. It
has the advantage of the development, that is, laser
cooling (397 nm), repumping (866 nm) and probing
(729 nm) can be performed by using only fundamental
waves of compact laser diode. Although the natural
abundance of this odd isotope is low (0.14 %), a recent
report demonstrated generation of pure single 43Ca+ ion
from natural sample by using resonant photo-ionization
with two violet diode lasers [8].
The uncertainties of 199Hg+ and 171Yb+ clock
transitions are determined mainly by the electric
quadrupole shift. In principle, the electric quadrupole
shift can be nulled by averaging the measurements of
the clock transition frequencies giving the magnetic
field in three mutually orthogonal orientations [2,3]. It is
actually difficult to keep the magnetic field strength
constant and to give accurately orthogonal directions.
The quadratic Zeeman effect is also significant for
the 43Ca+ clock transition [9,10]. Therefore, also the
magnetic field strength must be monitored with high
accuracy than for 199Hg+ and 171Yb+ clock tranistions,
where the quadratic Zeeman shift is much smaller.
This paper gives a proposal to eliminate these both
shifts of the 43Ca+ clock transition using also the (2S1/2 F
= 4 m =
4) - (2D5/2 F = 6 m = 6) transition
frequencies. We don’t need to change the magnetic
field direction and the experimental apparatus is
simplified.
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II. QADRATIC ZEEMAN SHIFT
The quadratic Zeeman shift coefficient of the 43Ca+
(2S1/2 F = 4 m = 0) - (2D5/2 F = 6 m = 0) transition, α,
is theoretically obtained as -89.9 kHz/G2 [9,10] using
the hyperfine constants A = -3.8 MHz and B = -3.9 MHz
[11]. However, the accuracy of the hyperfine constants
are still not high enough. It is necessary to get the
accurate value of α experimentally.
α is obtained measuring the clock transition
frequencies ν0 with different values of the magnetic
field B keeping any other values constant. Measuring ν0
with two different magnetic field strengths (B(1) and
B(2) ), α is obtained by
α=

ν 0 (1) − ν 0 (2)

(1)

B (1)2 − B (2 )2

Table 1 shows the quadratic Zeeman shift
coefficients of the clock transitions of 199Hg+, 171Yb+,
and 87Sr+ ions.
199

Hg+ 2S1/2 F = 0
Yb+ 2S1/2 F = 0
87 + 2
Sr S1/2 F = 5

2


171

D5/2 F = 2
D3/2 F = 2
2
D5/2 F = 7

2




-0.19 kHz/G2
+0.52 kHz/G2
+64 kHz/G2

Table 1: Quadratic Zeeman shift coefficients of
clock transitions of 199Hg+, 171Yb+, and 87Sr+ ions

The magnetic field can be accurately monitored by
measuring the (2S1/2 F = 4 m = ± 4) - (2D5/2 F = 6 m
= ± 6) transition frequencies (ν 6) which have purely
linear Zeeman shifts with definite coefficients
2µB
(µB: Bohr magneton). Using ν 6, the magnetic field
strength is obtained by




ν − ν −6
B = +6
4µ B

(2)

Measuring ν0 and ν 6 within the accuracy of 10 Hz with
B = 0 – 1 G, α is obtained with the accuracy of 10-4.
This measurement is feasible considering that the linear
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electric quadrupole shift from the 43Ca+ clock transition
frequency with this method.

2
Zeeman shift of the 88Sr+ 2S1/2
D5/2 transition
frequencies are eliminated and the clock transiiton
frequency is determined with the accuracy of


Note also that 3m 2 − F (F + 1) becomes zero
averaging all values of m. NPL group used also the
method to eliminate the electric quadruple shift of 88Sr+
2
S1/2 – 2D5/2 transitions measuring three pairs of
transition frequencies
2
2
S1/2 m = 1/2
D5/2 m = 1/2, 3/2, 5/2.
This method gives lower uncertainty of the electric
quadrupole shift than the method shown above [6].
However, also this method is difficult to apply for the
43
Ca+ clock transition, because the degeneracy of the
2
D5/2 F = 6 state is higher than that of 88Sr+ ion.
We propose a method to eliminate the electric
quadrupole shift using ν0 and ν 6. Using Eq. (4), the
ratio of the electric quadrupoe shifts of these transitions
is obtained to be
(5).
[∆ν 0 ]Q : [∆ν +6 ]Q : [∆ν −6 ]Q = 7 : −11 : −11

−15

3 × 10 [6].
After the accurate value of α is obtained, the
quadratic Zeeman shift ∆νZ is evaluated by

∆ν Z = αB 2 = α

2

ν +6 − ν −6
4µ B

(3)



Assuming B = 10 mG, the quadratic Zeeman shift
is in the order of 9 Hz. Measuring ν 6 within the
accuracy of 10 Hz, the uncertainty of the quadratic


Zeeman shift is in the order of 4 mHz ( 1×10 −17 ) . The
influence of the magnetic fluctuation should be reduced
using the magnetic shield, as NPL group did for the
measurement with 88Sr+ ion [6].

The electric quadrupole shift is significant for the SD transitions of trapped ions, because of large electric
field gradient at the trap center. The electric quadrupole
shift is caused only for the D state. The electric
quadrupole shift at the D state ∆ν Q is given by

)

∆ν Q = βQ d 3 cos 2 θ − 1

β=

F ,2, F
2e
nd r 2 nd (2 F + 1)
− m,0, m
7

J ,2, J
F, I, F

∝ 3m 2 − F (F + 1)

J ,2, J
− J ,0, J
(4)

where θ is the angle between the electric field-gradient
direction and the quantization axis of the ion, Qd is the
electric field gradient. Through computer calculation of
the atomic wavefunctions, value of <3d|r2|3d> of 43Ca+
ion was found to be 1.9 ×10 −16 [12] and β is calculated
to be 0.82 Hz mm2/V for the 43Ca+ clock transition[9,10].

(

)

Because the average of 3 cos 2 θ − 1 is zero, the
electric quadrupole shift is eliminated by measuring the
clock transition frequencies for three mutually
orthogonal orientations of magnetic field. However, it is
actually difficult to get the accurate three mutually
orthogonal directions [2,13]. When there is an angle
error of δ, the electric quadrupole shift is reduced with a
factor of (2/3)sin δ. It is also important to change the
magnetic field direction keeping the magnetic field
constant. When there is a change of the magnetic field
δB , the change of the quadratic Zeeman shift is
2αB(δB ) . To keep the quadratic Zeeman shift constant
within the accuracy of 0.1 Hz with B = 10 mG, δB
must be smaller than 0.05 mG for the 43Ca+ clock
transition. Therefore, it seems difficult to eliminate the









III. ELECTRIC QUADRUPOLE SHIFT

(



−1

The difference of the electric quadrupole shifts of these
transitions are obtained by
[∆ν 0 ]Q − [∆ν ±6 ]Q = ν 0 − ν +6 + ν −6 − αB 2 (6).
2
Using Eqs. (4) and (5), the electric quadrupole shift of
the 43Ca+ clock transition is given by
[∆ν 0 ]Q = 7 ν 0 − ν +6 + ν −6 − αB 2
(7)
18
2
With this method, the electric quadrupole shift is
eliminated just measuring three transition frequencies
(with NPL method, six transitions). It is not necessary to
change the magnetic field direction and the
experimental apparatus is much simpler than previous
methods.
The electric quadrupole shifts of clock transitions
of 199Hg+, 171Yb+, and 88Sr+ ions are in the order of
several Hz [1-3, 6]. The uncertainty of the electric
quadrupole shift is less than 10 mHz for 88Sr+ clock
transition, whose β is 1.4 Hz mm2/V [13]. For the 43Ca+
clock transition, β is smaller (0.82 Hz mm2/V) than that
for 88Sr+ clock transition. Note also that 43Ca+ ion is
trapped at a smaller value of Qd than 88Sr+ ion at a factor
of mass ratio (43/88). Therefore, the uncertainty of the
electric quadrupole shift of the 43Ca+ clock transition
can be less than 10 mHz ( 2.5 ×10 −17 ).
IV. OTHER EFFECTS
The electric field leads to a quadratic Stark shift on
the transition frequency. The scalar polarizabilities of
Ca+ ion in the 2S1/2 and 2D5/2 states are roughly obtained
to be 0.011 nm3 and 0.0035 nm3, respectively. The
quadratic Stark shift coefficient of the clock transition is
near 6 mHz/(V/cm)2. Assuming that the electric field at
the trapping position is less than 0.1 V/cm, the quadratic
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Stark shift caused by the trapping electric field is less
than 0.2 mHz.
The averaged quadratic electric field-strength of
the black-body radiation is given by 69.2
(V/cm)2[T(K)/300]4, where T is the temperature of the
chamber. The shift caused by the black body radiation is
in the order of 0.4 Hz (10-15), assuming T = 300 K. The
uncertainty of the black body radiation shift is reduced
down to 10-17 stabilizing the chamber temperature
within 1 K.
The quadratic Zeeman shift cause by the blackbody radiation is less than 1 µHz, because the frequency
of the black body radiation (peak at 3× 1013 Hz) is much
higher than the hyperfine splitting of the 2D5/2 and 2S1/2
states.
The second-order Doppler shift is less than 0.74
mHz, assuming that the secular motion energy is lower
than 1 mK (the Doppler limit is 550 µK). The laser
condition to minimize the cooling period is shown in
Ref. [10].
The light shift caused by the clock laser with
power density 1 µW/mm2 is estimated to be less than 10
mHz [9].
V.CONCLUSION
The frequency shift of the 43Ca+ (2S1/2 F = 4 m =
0) - (2D5/2 F = 6 m = 0) transition is mainly caused by
the quadratic Zeeman shift and the electric quadrupole
shift. These both effects can be eliminated measuring
also the (2S1/2 F = 4 m = 4) - (2D5/2 F = 6 m = 6)
transition frequencies without changing the magnetic
field direction. After the quadratic Zeeman shift
coefficient is measured, the shift of the (2S1/2 F = 4 m
= 0) - (2D5/2 F = 6 m = 0) transition frequency caused
by these two effects are given by




∆ν 0 = [∆ν 0 ]Z + [∆ν 0 ]Q
=

ν + ν −6
11 2 7
αB +
ν 0 − +6
18
18
2

=

11 ν +6 −ν −6
α
18
4µ B

2

+

ν + ν −6
7
ν 0 − +6
18
2

The experimental apparatus is simpler than those shown
in Ref.[1,3,6]. Eliminating these both effects, the
uncertainty of the intrinsic shifts are reduced lower than
10-16. The frequency uncertainty is determined by the
technical uncertainties: light shift caused by the cooling
laser (intrinsically this laser should be turned off at the
measurement), servo errors, maser reference frequency
etc. [6]. The possible frequency uncertainty is actually
estimated to be 10-15.
We have constructed an ion trap apparatus and
observed the quantum jump signal with a single 40Ca+
ion. Frequencies of cooling and repumping lasers are

310

stabilized simultaneously using a transfer cavity system
[14]. The linewidth of clock laser was reduced down to
53 Hz [15].
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Optical Lattice Clock with Ultracold Strontium Atoms
M. M. Boyd,* A. D. Ludlow, T. Zelevinsky, S. M. Foreman, S. Blatt, T. Ido, J. Ye
JILA, National Institute of Standards and Technology and the University of Colorado,
and Department of Physics, University of Colorado, Boulder, CO 80309-0440, USA
*Electronic address: boydmm@colorado.edu
We report recent progress on an optical atomic clock based on the ultranarrow 1S0-3P0
transition in fermionic neutral strontium atoms confined in an optical lattice. A detailed
systematic study of the clock transition frequency is presented along with the recent
improvement in the measured line quality factor which is expected to lead to an accuracy of
10-15 or better in the near future.

1.

INTRODUCTION

Ultranarrow optical resonances in alkaline-earth atoms,
and atoms with similar level structure such as Yb and
Hg, show great promise as optical frequency standards
and optical atomic clocks. Atomic strontium is an
exciting candidate as the level structure provides
multiple narrow clock transitions as well as means for
efficient laser cooling to µK temperatures. A variety of
measurement techniques are currently being considered
for the strontium clock transitions including free space
spectroscopy of the narrow (7.4 kHz) 1S0-3P1 transition
in cold bosonic 88Sr [1], optical lattice based
spectroscopy of the sub-Hz hyperfine induced 1S0-3P0
transition in fermionic 87Sr [2,3,4], and spectroscopy of
the strictly forbidden 1S0-3P0 transition in 88Sr using
electromagnetically-induced-transparency (EIT) [5,6],
or a DC magnetic field [7] to provide the necessary state
mixing to observe the transition. In the case of the 1S03
P0 transitions in 87Sr and 88Sr, accuracies (stabilities)
may eventually reach below the 10-17 (10-18) level.
Detailed systematic evaluations of the clock transition
frequency of 87Sr atoms confined in state-insensitive
[8,9,10] optical traps are under way.
II. LASER COOLING AND TRAPPING OF
NEUTRAL STRONTIUM
Reaching ultracold temperatures with large atom
numbers (N) is essential for the development of optical
atomic clocks. Lower temperatures permit reduced
Doppler effects in free space and also allow atomic
confinement in the Lamb-Dicke regime of a trapping
potential, essentially eliminating Doppler effects on
clock performance. Large atom numbers can improve
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stability of the clock by √N. The Sr level structure
provides two useful cooling transitions which we
exploit for preparing an ultracold ensemble. The strong
461 nm 1S0-1P1 transition (~ 32 MHz) is used to create a
Magneto-Optical Trap (MOT) which is loaded from a
Zeeman slowed beam of strontium atoms. The mK 1S01
P1 MOT serves as an excellent pre-cooling stage for
loading a second-stage MOT based on the narrow
689nm 1S0-3P1 transition (~7.4 kHz). A complete
description of our laser cooling apparatus and detailed
studies of narrow-line cooling dynamics have been
described elsewhere [11-15].
III. 1S0-3P0 SPECTROSCOPY IN AN OPTICAL
LATTICE
To fully exploit the sub-Hz linewidth of the clock
transition, it is necessary to probe the atoms for long
periods of time while keeping the atoms in a
perturbation free environment. An atomic fountain
geometry is conceivable for alkaline-earth atoms,
however, the nature of optical transition makes the
residual Doppler effect troublesome when aiming for
accuracy at the 10-17 level and below, as has been seen
in the case of free space measurements with Ca [16] and
Sr [1]. An attractive alternative for increasing the
interaction time utilizes an optical lattice operating at a
‘magic’ wavelength where the AC stark shifts of the 1S0
and 3P0 clock levels are equal [2], allowing accurate
measurement of the clock transition. One major
advantage of this scheme is that the atoms can be
trapped in the Lamb-Dicke regime, in which
spectroscopy can be done nearly free of any recoil or
Doppler shifts, similar to the case of trapped ions [17].
Furthermore, a three dimensional lattice can be
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Figure 1. Direct observation of motional sidebands in
the 1D optical lattice.
The red (blue) sideband
represents an absorption and spontaneous emission
event in which ∆n = -1 (∆n = +1) where n represents the
nth harmonic oscillator level in the lattice potential.
The center peak, or carrier, corresponds to the clock
transition shown and is due to transitions with ∆n = 0.
In this case, the carrier transition is strongly saturated to
allow observation of the sidebands. In this case the
background counts are near 500.

employed to eliminate collisions between atoms, and
hence eliminate collisional shifts. A frequency standard
based on neutral atoms in an optical lattice combines
some of the best features of single trapped ions and free
space neutral atoms by allowing measurement of the
clock transition in the Lamb-Dicke regime, while
enhancing the signal to noise ratio by using many
quantum absorbers. To implement the lattice clock with
87
Sr, we have constructed a one-dimensional optical
lattice using ~500 mW from a Ti:Sapphire laser tuned
near the magic wavelength of ~813.4 nm. During the
narrow-line cooling stage, the one-dimensional optical
lattice (oriented nearly parallel to gravity) is overlapped
with the MOT, resulting in more than 104 87Sr atoms at
~4 µK temperatures available for spectroscopy. The
axial trap frequency of the optical lattice is ~80 kHz, in
comparison to the recoil frequency of ~ 5 kHz,
corresponding to a Lamb-Dicke parameter of ~0.23 and
thus the tight atomic confinement limit. In the axial
direction, the trap frequency is significantly larger than
both the transition linewidth and the atomic recoil
frequency, hence the quantized motional states of the
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698 nm detuning (kHz)
Figure 2. Spectroscopy of the narrow carrier transition.
The black line is a lorentzian fit of the data points with a
FHWM of 220(30) Hz.

nearly harmonic potential can be easily resolved from
the carrier transition, as shown in Fig. 1. Spectroscopy
of the motional sidebands is a powerful tool for
studying trap dynamics as it allows measurement of the
atom temperature, trap frequencies, and the band
structure of the trap due to the anharmonicity of the
potential.
A typical measurement of the carrier, shown in Fig. 2,
yields a linewidth of ~220 Hz, or a line Q of ~2x1012.
During spectroscopy the absolute frequency of the clock
laser is measured using an octave spanning fs-comb [18,
19] referenced, via an optical fiber link [20], to a
hydrogen maser calibrated by the NIST primary cesium
standard. For the measurements reported in this work,
the maser provided a reference in our lab with an
instability of 3.7x10-13 at one second. The combination
of the narrow Sr spectral width and the high stability
reference frequency provided by the hydrogen maser,
allowed rapid averaging for measurements of potential
systematic errors for the lattice clock.
IV. SYSTEMATIC EVALUATION (2005)
To determine the 1S0-3P0 transition frequency with high
precision and accuracy, we performed a detailed
investigation of systematic shifts. The sensitivity of the
clock transition to the lattice wavelength and intensity
near the magic wavelength was a primary concern for a
high accuracy measurement. At our typical lattice
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Figure 3. Measured transition frequency versus lattice
intensity for an operating wavelength of 813.437 nm.
I0=10 kW/cm2 is our typical operating intensity

Figure 4. Measured transition frequency versus average
atomic density in each lattice site.

operating wavelength of 813.437(2) nm, we measured
the clock transition as a function of lattice intensity, as
shown in Fig. 3, and found that at our operating
intensity of I0= 10 kW/cm2, a correction of -17(8) Hz
was necessary.
We have also experimentally
determined that, at a lattice intensity of I0, the sensitivity
of the clock transition to the lattice wavelength
deviation from the magic wavelength is ~2 mHz/MHz.
Therefore the lattice frequency only needs to be
stabilized to the magic wavelength within 500 kHz to
achieve clock accuracy below the 10-18 level. Using the
measured Stark shift at 813.437 nm, and the measured
sensitivity to lattice wavelength deviations, we find that
the magic wavelength is 813.418(10) which is in good
agreement with values reported in [2, 4].
The same nuclear-spin induced state mixing that enables
the weak 1S0-3P0 transition for spectroscopy also
provides a differential g-factor [21] of ~100 x mf Hz/G
between the two clock states. Careful consideration
must be taken concerning stray magnetic fields as they
can result in broadening or shifting the measured
frequency depending on the population distribution
between the 10 magnetic sublevels in 87Sr. For this
reason we also measured the clock transition frequency
as a function of magnetic field using three orthogonal
sets of Helmholtz coils and were able to determine that
any shifts were smaller than 12 Hz.
We also considered atomic collisions in the 1D lattice as
a potential systematic error. We investigated the
possibility of collision shifts by varying the number of
atoms in the lattice by a factor of 50, as shown in Figure

4. We did not find any statistically significant shifts for
our typical density of ~2x1011 cm-3, within an
uncertainty of 12 Hz. While a number of other effects
were also considered and measured, the uncertainty
associated with the lattice Stark shift, residual magnetic
field, and density shift dominated over all others, giving
a total systematic uncertainty of 19 Hz, corresponding
to a fractional uncertainty of 4.5x10-14. The excellent
stability and reproducibility of our apparatus is evident
from the statistical uncertainty of 2.8 Hz, corresponding
to 6.5x10-15, over the entire span (~ 3 months) of our
measurement period. Our measurement record is shown
in Fig. 5 yielding a value for the 87Sr 1S0-3P0 transition
of 429,228,004,229,869 +/-19sys +/-2.8stat Hz [3]. Note
that the number reported here disagrees at the three
standard deviation level with that of [2] which was
measured using a GPS uplink for the absolute frequency
reference.
While the attainable accuracy and precision provided by
the optical lattice technique are already impressive, the
systematic uncertainties reported above are by no means
a limit to the system. The 19 Hz uncertainty can be
drastically reduced with a few straightforward
improvements, which are currently being implemented
in our lab. Operating the lattice precisely at the magic
wavelength should eventually reduce that systematic
shift and uncertainty well below the 10-17 level [4]. At
this point the uncertainty associated with the atomic
density is completely limited by averaging time and can
be easily reduced with a reduction in atomic linewidth
or the instability of our frequency reference. A higher
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Figure 5. 1S0-3P0 frequency measurement spanning a
ten month period. The 2005 data (before the break)
represents the span of measurements reported in [3].
The overall statistical uncertainty is show as the shaded
bar. The systematic uncertainty is shown as the solid
lines. The final four points are recent measurements
with an improved line signal. The axis break represents
a seven month separation between measurements.

atomic line quality factor would also improve the
uncertainty in the residual magnetic field as the g-factor
can set an upper limit on the linewidth for a given field.
V. RECENT IMPROVEMENTS
Recently we have made a number of improvements to
our spectroscopic signal with the goal of reducing the
major sources of error discussed above. Figure 6 shows
a recent spectroscopic trace of the clock transition
yielding a typically achieved linewidth and quality
factor of 50 Hz and 2.9x1012 respectively. Atomic lines
as narrow as 15 Hz (Q~3x1013 ) have been observed and
line quality factors above 1014 should be achievable
with improvements to the probe laser.
The improved quality factor and signal to noise ratio
shown in Fig. 6, along with a recent reduction in our
microwave reference instability to ~2x10-13 at one
second, should allow at least an order of magnitude
increase in accuracy with our current setup.
As the first example on improvements in systematics,
we have re-investigated the magnetic field dependence
of the clock transition. We again applied magnetic
fields along three orthogonal directions during
spectroscopy and measured both the frequency and
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Figure 6. Improved transition measurement. The 50 Hz
FWHM corresponds to a line Q of 2.9x1012. The trace
is taken without averaging or normalization. This signal
contrast is ~70%. An estimate based on the S/N
suggests a clock instability of a few parts in 10-15 should
be possible at 1second.

linewidth of the transition as a function of the field.
Figure 7 shows how the frequency varied with the
magnetic field along the polarization axis of the lattice
and probe. A slope of -47(32) Hz/G was measured
along the polarization axis while the other two axes
yielded 10(19) and 14 (20) Hz/G respectively. The
nonzero slope in Fig. 7 suggests that the population
distribution in the hyperfine sublevels is slightly
unbalanced,
emphasizing
the
importance
of
characterizing this systematic shift. The linewidth data
revealed the magnetic field zero (minimum linewidth
field) with an uncertainty of less than 15 mG for each
axis, yielding a total systematic uncertainty for the field
related frequency shift of 0.5 Hz (1x10-15). This is a
reduction by a factor of 20 from our previous data in
2005. Reducing the other major contributors to the
accuracy uncertainty below 10-15 should also be
possible, but the evaluation will be eventually limited
by the long averaging time required when using the Cs
calibrated-maser as a reference. With this in mind we
have recently locked the probe laser to the narrow Sr
transition with the eventual goal of comparing the Sr
clock to nearby optical clocks at NIST such as Hg+, Al+,
Ca and Yb. It should be noted that the final four points
in Fig. 5 were taken with our improved signal and agree
well with the previous data, showing the long-term
reproducibility of the system.
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VI. CONCLUSION
We have performed a high precision measurement of
the 87Sr 1S0-3P0 clock transition in an optical lattice and
report a frequency of 429,228,004,229,869 +/-19sys +/2.8stat Hz. We found the magic wavelength of the lattice
to be 813.418(10) nm and the sensitivity of the
transition to lattice frequency fluctuations to be
~2mHz/MHz for a 10kW/cm2 trapping potential.
Transition linewidths of 50 Hz are routinely obtained
and lines as narrow as 15 Hz have been observed. One
of the main systematic errors from previous
measurements which results from the stray magnetic
field has now been reduced to 1 x 10-15. We expect to
improve the overall systematic uncertainty of the clock
transition frequency to below 10-15 in the near future.
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Higher order effects in a Sr optical lattice clock
Anders Brusch, Rodolphe Le Targat, Xavier Baillard, Mathilde Fouché, and Pierre Lemonde∗
LNE-SYRTE, Observatoire de Paris
61, Avenue de l’Observatoire, 75014, Paris, France
We report the observation of the higher order frequency shift due to the trapping field in a 87 Sr
optical lattice clock. We show that at the magic wavelength of the lattice, where the first order term
cancels, the higher order shift will not constitute a limitation to the fractional accuracy of the clock
at a level of 10−18 . This result is achieved by operating the clock at very high trapping intensity
up to 400 kW/cm2 and by a specific study of the effect of the two two-photon transitions near the
magic wavelength.

I.

INTRODUCTION

Cold atoms confined in optical lattices have become tools of growing importance to several fields in
physics such as quantum computing [1], matter wave
manipulation [2], cavity QED [3, 4] or precision measurements [5–9]. Examples of their interesting features
are long quantum coherence times, controllable collisions, controllable position of the atoms and LambDicke confinement. All the related experiments share
the same need for a constantly improved control of
the atom-lattice interaction. For instance, trapping a
single atom in a high-Q cavity in the strong coupling
regime has been achieved by adjusting the trap parameters to make it ”state insensitive” [3]. In another
experiment, the lifetime of the quantum coherences
of atomic qubits is limited by the fluctuations of the
differential light shift due to the lattice [10]. The energy shift of the atomic levels induced by the relatively
strong lattice field is a topical problem and is the subject of this letter.
The challenge is easily understood in the case of
atomic clocks which are more specifically studied here.
In this domain, the recent proposal [11] and preliminary realizations [7–9] of optical lattice clocks open a
promising route towards frequency standards with a
fractional accuracy better than 10−17 . A large number
of atoms are confined in the Lamb-Dicke regime which
in principle allows both the high signal to noise ratio of
optical clocks with neutral atoms [12] and the cancellation of motional effects of trapped ion devices [13–16].
For an optical lattice clock with Sr atoms, the typical
requirement in terms of trapping depth is about 10 Er
with Er the recoil energy associated to the absorption
of a lattice photon [17]. The corresponding frequency
shift of both clock states amounts to 36 kHz at 800 nm,
while a relative accuracy goal of 10−18 implies a control of the differential shift at the 0.5 mHz level, or
10−8 in fractional units.
The frequency of the clock transition in a lattice of
depth U0 is shifted with respect to the unperturbed

∗ Electronic

address: pierre.lemonde@obspm.fr

frequency ν0 according to
U0
U2
ν = ν 0 + ν1
+ ν2 02 + O
Er
Er



U03
Er3


,

(1)

with ν1 and ν2 proportional to the (dynamic) polarizability and hyperpolarizability difference between
both states of the clock transition [11]. By principle
of the optical lattice clock, ν1 cancels when the trapping laser is tuned to the ”magic wavelength” λm .
Although this remains to be demonstrated experimentally, a control of this first order frequency shift to
better than 1 mHz seems achievable [11].
The higher order term is a priori more problematic
with no expected cancellation. A theoretical calculation of the effect is reported in Ref. [11] predicting a
frequency shift of −2 µHz/Er2 for a linear polarization
of the lattice. The calculation however was performed
at the theoretical magic wavelength of 800 nm. The
actual value [24], λm = 813.428(1) nm (see [7, 9] and
below), lies near two two-photon resonances which
may considerably enhance the effect and impede the
realization of an accurate clock. The first one couples
5s5p 3 P0 to 5s7p 1 P1 (Fig. 1) and is at a wavelength
of 813.36 nm, or equivalently 30 GHz away from the
magic wavelength. Although this J = 0 → J = 1
two-photon transition is forbidden to leading order for
two photons of identical frequencies [18], it is so close
to the magic wavelength that it has to be a priori considered. The second one resonantly couples 5s5p 3 P0
to 5s4f 3 F2 at 818.57 nm and is fully allowed.
II.

EXPERIMENTAL SETUP

We report here an experimental study of higher order effects in a 87 Sr optical lattice clock operating at
a very high trapping depth up to 1400 Er and for a
linear polarization of the lattice. This depth is about
a factor of ten higher than in the other reported systems [7, 9] which enhances the sensitivity to higherorder frequency shifts by two orders of magnitude.
The high trapping depth is reached thanks to an enhancement Fabry-Pérot cavity around the 1D vertical lattice. The circulating power reaches 16 W for a
650 mW input at 813 nm. The mode has a waist radius
of 90 µm corresponding to a maximum U0 = 1400 Er
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FIG. 1: Energy levels of Sr relevant to this paper. The
clock transition at 698 nm couples the two lowest energy
states of the atom.

and an axial (resp. radial) oscillation frequency of
260 kHz (resp. 540 Hz). An intracavity dichroic mirror separates the lattice light from that which probes
the clock transition. It induces negligible intracavity
loss at 813 nm while ensuring that less than 10−3 of
the incident power at 698 nm is reflected back to the
atoms by the cavity mirror. The lattice polarization
is interferometrically filtered by an intra-cavity quarter wave plate which lifts the degeneracy between the
linear polarization states parallel to the eigen axis of
the plate by half a free spectral range. The resulting
polarization of the trapping light is linear to better
than 10−3 . Its wavelength λL is controlled by means
of a wave meter with an accuracy of 10−3 nm.
Atoms are loaded into the optical lattice from
the magneto-optical trap (MOT) described in [19].
Throughout the loading cycle the lattice is overlapped
with the MOT. Cold atoms at the center of the trap
are selectively optically pumped to the metastable
3
P0,2 states by means of two ”drain” lasers of waist
radius 50 µm that are aligned to the lattice. They are
tuned to the 1 S0 − 3 P1 and 3 P1 − 3 S1 transitions at
689 and 688 nm respectively (Fig. 1). Atoms in the
metastable states remain trapped provided their energy is smaller than the 200 µK lattice depth. This
leads to a continuous loading of the lattice at a rate
of about 105 atoms/s. After half a second of loading time the MOT and drain lasers are switched off,
and the atoms are repumped back to the ground state
using two lasers tuned to the 3 P0,2 − 3 S1 transitions
at 679 and 707 nm. They are then cooled in the lattice to ∼ 10 µK in 50 ms with the narrow 1 S0 − 3 P1
intercombination line at 689 nm [20].
Following this preparation stage we probe the 1 S0 −
3
P0 clock transition at 698 nm. The frequency of the
probe laser is referenced to an ultra-stable cavity as
described in Ref. [21]. The probe beam is aligned parallel to the lattice and has a waist radius of 200 µm.
Its polarization is linear and parallel to the lattice polarization. After the probe pulse, the transition prob-
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FIG. 2: Motional spectrum of the atoms in the optical lattice. Each point corresponds to a single measurement of 1 s
total duration. Black curve: optimal operating conditions
(probe pulse of 10 ms duration and 2 µW power). The inset is a zoom on the carrier. Grey curve: the first order
longitudinal motional sidebands are enhanced by applying long probe pulses of 200 ms at the maximum available
power at 698 nm (2 mW).

ability to 3 P0 is measured in a few ms by laser induced fluorescence. A first detection pulse at 461 nm
gives the number of atoms remaining in the ground
state and ejects these atoms from the trap. Atoms
in 3 P0 are then repumped to the ground state with
the 679 nm and 707 nm lasers and detected similarly.
This method allows a transition probability measurement which is insensitive to the atom number fluctuations. The resonance is shown in Fig. 2. The central
feature (the carrier) is zoomed in the inset of the figure. Its linewidth is 260 Hz in optimal operating conditions: λL = λm , probe pulse of 10 ms duration and
2 µW power. The resonance plotted here was obtained
at the maximum trapping depth and we observed no
clear dependence of its width and contrast with U0 .
The present limitation to the width of the resonance
is probably of technical origin, since linewidths in the
10 Hz range have already been observed in optical lattice clocks [7, 8].
The carrier is surrounded by motional sidebands
shifted by the oscillation frequency along the lattice
direction. They are hardly visible in optimal operation but can be enhanced by applying long pulses
of 200 ms duration at the maximum available power
(2 mW) of the probe beam. The resulting spectrum is
plotted in grey in Fig. 2. The 1:5 ratio between the red
and blue sidebands show that 80% of the atoms populate the |nz = 0i motional state along the lattice axis,
corresponding to a temperature of 8 µK. The transverse temperature is 10 µK.
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The effect of the trap on the clock transition is
measured by locking the frequency of the probe laser
to the carrier for various values of U0 and λL . The
trap depth U0 is adjusted to its desired value between
200 Er and 1400 Er by a linear ramp of 1 ms duration
between the cooling and probing phases. This slightly
decreases the transverse temperature while the longitudinal motion is adiabatically cooled by following the
ramp. To lock the probe laser frequency we alternatively probe both sides of the resonance and compute
an error signal from the difference between two successive measurements of the transition probability. This
also gives a measurement of the difference between the
atomic transition and the reference cavity frequency
which slowly fluctuates due to thermal effects. These
fluctuations behave essentially as a sine wave of peak
to peak amplitude 300 Hz and period 10 minutes. To
derive the frequency shift due to the lattice, we reject
the cavity frequency fluctuations by a factor 100 by a
differential method [22]. We interleave measurements
at 4 different lattice depths. We run the clock for 19
cycles before U0 is changed to the next of the four
interleaved values. The entire sequence is repeated
typically 16 times. The cavity fluctuations are then
modelled as a polynomial which is determined by a
least square fit of the data [25]. The data are corrected
for the modelled cavity frequency fluctuations and averaged. This yields 4 statistically independent measurements [26] of the clock transition frequency versus
U0 with a standard deviation of about 5 Hz. A typical
set of such points is shown in Fig. 3(a).
We perform a quadratic least square fit of each set
of four points which gives a measurement of the coefficients ν1 and ν2 of Eq.( 1). The coefficient ν2 is
plotted in Fig. 3(c) and found compatible with zero
for the whole range [813.3 nm, 813.5 nm] to within a
few tens of µHz. A specially interesting wavelength
region is around 813.36 nm where the 3 P0 → 1 P1 twophoton transition is expected. The contribution of a
two-photon transition to ν2 varies as ∆−1 , with ∆ the
detuning of the lattice with respect to the resonance.
We magnify this contribution by systematically spanning a frequency range of ±5 GHz with a 1 GHz step
around the expected value (Fig. 3(c)). The null results
of all these measurements demonstrate that the higher
order shift due to the 3 P0 → 1 P1 transition is less
than 1 µHz/Er2 for λL = λm . Despite its proximity
to the magic wavelength, this two-photon transition
is forbidden enough to not be a problem.
This set of experiments around 813.4 nm can also
be used to derive an accurate value of λm . Having
shown that ν2 is negligible for λL ∼ λm , better estimates of ν1 are obtained with linear fits of each set
of four points. They are plotted in Fig. 3(b). We
find λm = 813.428(1) nm in agreement with previously published values [7, 9] as shown in the inset of
Fig. 3(b). The improvement by one order of the accu-
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FIG. 3: (a): Typical experimental data used to derive
the first and second order frequency shift coefficients plotted in (b) and (c). Shown here is the frequency shift of
the clock transition vs lattice depth for 5 different lattice wavelengths: 813.406 nm (four lowest points in the
graph), 813.413 nm, 813.428 nm, 813.436 nm and 813.444
nm (four highest points). Also shown is a linear fit of each
of these five sets of data. (b): First order frequency shift
vs λL scaled back to U0 = Er . Also plotted is a linear
fit of these data (χ2 = 1.1). The inset shows measurements of λm .  : this work. N : Ref. [7].
: Ref. [9].
(c): Higher order frequency shift vs λL scaled back to
U0 = Er . All these points are compatible with zero. Their
average is −4(36) × 10−7 Hz (χ2 = 1.02). The arrow on
the λL axis corresponds to the 3 P0 → 1 P1 transition at
813.360 nm. The vertical dotted line is at the magic wavelength 813.428 nm.

•

racy of this measurement is a nice illustration of the
amplification of the effects of the lattice offered by a
deep trapping potential.
We also studied the effect of the other two photon
transition in this wavelength region, the 3 P0 → 3 F2
at 818.57 nm. When tuned 5 nm away from λm we expect, in addition to the effect of the two-photon coupling, a trivial quadratic dependence of the atomic
frequency vs U0 due to the imperfect cancellation of
ν1 and to the inhomogeneity of the laser intensity
experienced by the atoms. We do observe a substantial broadening and asymmetry of the resonance
due to this effect similar to what was reported in
Ref. [23]. The associated trivial quadratic frequency
shift amounts to 0.8 mHz/Er2 as measured several GHz
away on both sides of the two photon transition.
When tuned closer to the resonance, we clearly ob-
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FIG. 4: (a): Higher order frequency shift around the
3
P0 → 3 F2 transition at 818.570 nm scaled back to U0 =
Er . The five vertical arrows on the wavelength axis correspond to the hyperfine sub-states of 5s4f 3 F2 (F = 13/2 to
F = 5/2 from left to right). (b): Atomic frequency shift vs
trapping depth for two lattice wavelengths on both sides
of the two-photon transition to sub-state F = 13/2. The
linear light shift has been removed for clarity. The bold
line is a fit of the data with a parabola.
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FIG. 5: Higher order frequency shift at the magic wavelength scaled back to U0 = Er . The value of the open
square is the weighted average of the seven other points
(χ2 = 1.8).

serve the non-trivial quadratic frequency shift due to
the two-photon resonance itself. The effect is shown
in Fig. 4. Quadratic frequency shifts of several kHz
and changing sign depending on the side of the transition being probed are observed as shown in Fig. 4(b).
This is a clear signature of the higher order effects
due to the particular transition under investigation.
When tuned exactly onto one of the five transitions
corresponding to the hyperfine structure of 3 F2 , the
lattice laser induces severe loss (up to 90%) of atoms
when the 698 nm probe laser is tuned to resonance.
This effect, which we attribute to three-photon ion-
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ization from 3 P0 , was used to determine the position
of the five hyperfine sub-states shown by arrows in
Fig. 4(a). The hyperfine structure of 3 F2 leads to a
complex dependence of the quadratic frequency shift
on the lattice wavelength around resonance. The contribution of the five substates can interfere with each
other, which may be the cause of the oscillations of ν2
seen in Fig. 4(a) on both sides of the hyperfine manifold. We can deduce from our measurements a conservative estimate of the contribution of the 3 P0 − 3 F2
resonance to the higher order effects at λL = λm . The
grey dashed curved plotted in Fig. 4(a) scales as the
inverse of the detuning of the lattice with respect to
the center of gravity of the hyperfine structure of 3 F2
and envelopes experimental points. When extrapolated to the magic wavelength, it gives a contribution
to ν2 of 2 µHz, or equivalently a quadratic frequency
shift of 0.2 mHz for a lattice depth of 10 Er .
Finally we have performed an extensive series of
measurements of the clock frequency as a function of
the lattice depth at λL = λm . The values of ν2 derived
from these measurements are plotted in Fig. 5. Their
weighted average gives ν2 (λm ) = 7(6) µHz. For a lattice depth U0 = 10 Er the corresponding frequency
shift is lower than 1 mHz (one sigma) or 2 × 10−18 in
fractional units.

IV.

CONCLUSION

These results demonstrate that the frequency shift
due to the atomic hyperpolarizability constitutes no
impediment to the accuracy of a Sr optical lattice
clock down to the 10−18 level. In addition, the effective laser intensity seen by the atoms is certainly
controllable at the percent level [27]. The performance
of the system would then be immune to higher order frequency shifts over a broad lattice depth range,
possibly up to U0 = 100 Er . This would provide a
powerful lever for the experimental evaluation at the
10−18 level of other effects associated for instance to
the dynamics of the atoms in the lattice or to cold
collisions. Collisions are expected negligible with polarized fermions, but they have to be considered if
one uses bosonic isotopes [8], such as 88 Sr. By varying
the trapping depth, one can adjust the tunnelling rate
and then control the overlap of the wave functions of
atoms confined in the lattice, allowing the study of
cold collisions in a new regime.
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[6] P. Cladé et al., Phys. Rev. Lett. 96, 033001 (2006).
[7] M. Takamoto, F.-L. Hong, R. Higashi, and H. Katori,
Nature 435, 321 (2005).
[8] Z. W. Barber et al., arXiv:physics/0512084 (2005).
[9] A. D. Ludlow et al., Phys. Rev. Lett. 96, 033003
(2006).
[10] S. Kuhr et al., Phys. Rev. A 72, 023406 (2005).
[11] H. Katori, M. Takamoto, V. G. Pal’chikov, and V. D.
Ovsiannikov, Phys. Rev. Lett. 91, 173005 (2003).
[12] U. Sterr et al., C. R. Physique 5, 845 (2004).
[13] H. S. Margolis et al., Science 306, 1355 (2004).
[14] W. H. Oskay, W. M. Itano, and J. C. Bergquist, Phys.
Rev. Lett. 94, 163001 (2005).
[15] T. Schneider, E. Peik, and C. Tamm, Phys. Rev. Lett.
94, 230801 (2005).
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Spectroscopy of neutral

174

Yb in a one-dimensional optical lattice

C. W. Hoyt,∗ Z. W. Barber,† C. W. Oates, A. V. Taichenachev,‡ V. I. Yudin,‡ and L. Hollberg
National Institute of Standards and Technology
325 Broadway, Boulder, CO 80305, USA
We report spectroscopy of the 1 S0 - 3 P0 clock transition in neutral 174 Yb atoms confined to a onedimensional optical lattice at the ac Stark shift-canceling wavelength of 759.35 nm. Spectroscopic
linewidths as narrow as 4 Hz, full width at half-maximum, are shown with good contrast and signalto-noise ratios. An upper limit on frequency instability is demonstrated to be 3 × 10−15 at one
second by measuring with respect to another stable laser through a Ti:sapphire femtosecond laser
frequency comb.

Precision spectroscopy has played a central role in
the dramatic advances of time and frequency metrology in recent years. In particular, stable local oscillators have been referenced to optical transitions in
single ions and ensembles of neutral atoms to achieve
remarkable levels of frequency stability and accuracy.
A relatively new implementation of this is the neutralatom optical lattice clock [1, 2] – a system that is
expected to combine the accuracy of single-ion standards with exceptionally high stability. Crucial to
this scheme is an atom with a narrow-linewidth clock
transition that is insensitive to external fields and lattice perturbations. Several groups have recognized ytterbium as an excellent candidate and are pursuing
lattice-based clocks that will use its 1 S0 ↔3 P0 transition [3–6].
In 2005 this narrow (∼10 mHz natural linewidth)
transition at 578.42 nm was observed in the odd isotopes of Yb [4, 5] and its frequency was measured
with an uncertainty of 4.4 kHz [5]. In these experiments, a cold atomic cloud in a magneto-optical trap
was probed with narrow-linewidth light. The resulting spectroscopic linewidths were Doppler-broadened
to hundreds of kilohertz or a few megahertz as set
by atomic temperatures. Narrower lines are needed
for high-accuracy and -precision clocks. In addition
to extended probe interaction times, the removal of
Doppler broadening is a primary benefit of optical
clocks based on tight (Lamb-Dicke) confinement to
a lattice. Here we demonstrate narrow spectroscopic
lineshapes – as narrow as 4 Hz – using 174 Yb confined
to a one-dimensional (1D) optical lattice.
Until the work presented here, lattice clocks have
been based on the use of odd isotopes in alkaline earthlike atoms (87 Sr [1, 2, 7], 171,173 Yb [3–5]). The hyperfine interaction in these isotopes that have non-zero
nuclear spin leads to a narrow natural linewidth on the
clock transition (∼10 mHz). This linewidth is attractive for optical clocks that promise high accuracy and
stability, and the J=0↔J=0 clock transition is insen-
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FIG. 1: Magnetic field-induced lattice spectroscopy. Approximately ten thousand 174 Yb atoms were cooled,
trapped, and loaded into a lattice at the Stark-free wavelength of 759.35 nm. A pair of current-carrying coils generated a static magnetic field to mix a small portion of the
3
P1 state into the 3P0 clock state split by a frequency ∆. A
single 578.42 nm spectroscopic laser was aligned collinear
to the lattice with a dichroic mirror. The tight confinement
of the atoms in the probe direction provided for Dopplerand recoil-free excitation of the clock transition. Excitation was measured by ground-state fluorescence of the
atoms on the 398.9 nm transition. The simplified energy
level diagram is not to scale.

sitive to lattice polarization. However, the hyperfine
interaction leads to first-order sensitivity to magnetic
fields (∼1-10 kHz/mT, or ∼0.1-1 Hz/mG), some residual lattice polarization sensitivity, and optical pumping issues [8, 9]. The use of even isotopes in alkaline
earth-like atoms (zero nuclear spin) would remove or
significantly reduce these issues [10–12]. However, the
1
S0 ↔3P0 clock transition is normally completely forbidden in the even isotopes.
As illustrated in Fig. 1, a static magnetic field can
be used to induce a non-zero transition probability
on the clock transition in even isotopes [12]. The applied external magnetic field mixes a fraction of the
nearby 3P1 state into the upper clock state, 3P0 . The
mixing fraction is the ratio of magnetic dipole interaction energy (h̄ΩB ≡ h3P1 , mJ = 0|~
µ · B|3P0 i) to
3
3
the P0 – P1 fine structure splitting, ∆. The induced
Rabi frequency on the clock transition with a laser
tuned to the 1S0 ↔3P0 optical splitting can be written
ΩB ΩL /∆, where ΩL is the laser field Rabi frequency
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for the 1S0 ↔3P1 transition. This means that the induced Rabi frequency
for the clock transition is pro√
portional to I|B|, where I is the laser intensity and
|B| is the magnetic field magnitude. The constant of
proportionality in this relationship is similar for the
alkaline earth-like atoms Yb, Sr, Ca and Mg (see Ref.
[12]), suggesting that this method is widely applicable.

0.25
0.20
0.15
0.10
0.05

0.8
0.7

-20

0.6

-15

-10

-5

0

5

10

15

20

Frequency offset [Hz]

0.5
0.4
0.3
0.2
0.1
0.0
-40

-30

-20

-10

0

10

20

30

40

FIG. 3: Spectrum of magnetic field-induced 1S0 ↔ 3P0
resonance with the lattice laser tuned close to the Starkfree wavelength. Each data point represents a ∼540 ms
experimental cycle. A Gaussian fit to the line yields a
Fourier transform-limited FWHM of approximately 4 Hz.
The vertical scale is not normalized to full atom depletion.

Frequency offset [Hz]
FIG. 2: Spectrum of magnetic field-induced 1S0 ↔ 3P0 resonance in lattice-confined 174 Yb atoms. The lattice laser
was tuned close to the Stark-free wavelength of 759.35 nm.
Each data point represents a 400 ms cycle of cooling, trapping, probing and detection (see text for details). A Gaussian fit to the line yields a full width at half-maximum of
20.3 Hz.

Figures 2 and 3 show lineshapes obtained using the
magnetic field-induced spectroscopic technique with
174
Yb atoms confined to a 1D lattice. The experimental details are described comprehensively in Ref. [6].
For the data in Fig. 2, a single 400 ms measurement
cycle begins with two sequential stages of magnetooptical traps (MOTs) on the 1S0 ↔ 1P1 (398.9 nm)
and 1S0 ↔ 3P1 (556 nm) transitions. Approximately
104 atoms with a temperature of 40 µK were then
loaded into the lattice (1/e2 waist of ∼30 µm) that
was generated by ∼1.1 W of light from an injectionlocked Ti:sapphire laser [13]. A 64 ms pulse from a
highly stable (sub-hertz linewidth [14]) dye laser at
578.42 nm was applied along the 1D lattice axis as
shown in Fig. 1. The static magnetic field had a value
of |B| = 1.29 mT – obtained by switching the current
direction in one of the MOT coils – and the probe intensity was I ≈ 280 mW/cm2 . The remaining ground
state population was then measured with a 398.9 nm
probe. The total scan time in Fig. 2 was ∼20 s. A
Gaussian fit to the line yields a full width at halfmaximum (FWHM) of 20.3 Hz. The depletion of 40 %
was achieved with single pulse excitation.
The resonance lineshape in Fig. 3 was obtained under conditions similar to those for the data in Fig. 2.
The vertical axis in Fig. 3 is not normalized to full
atom depletion as is the case in Fig. 2. In Fig. 3 the
excitation pulse duration was increased to 200 ms and

the cycle time was correspondingly increased. Additionally, the 1/e2 width of the probe beam in the
vicinity of the atoms was increased from ∼40 µm to
∼120 µm with respect to the conditions in Fig. 2,
although this change alone was shown to have no noticeable effect on linewidth. The power was adjusted
for the increased beam width and pulse duration such
that a π-pulse was achieved with the same magnetic
field (∼1.3 mT). A Gaussian fit to the line yields a
transform-limited FWHM of approximately 4 Hz.
Estimates of potential frequency instability can be
made from the lineshapes in Figs. 2 and 3. Using
a signal-to-noise ratio of 10 for the former, the data
support a one-second frequency instability of ∼3 ×
10−15 . The narrowing of linewidth by a factor of five
in Fig. 3 implies a potential one-second instability of
6 × 10−16 , or about ∼300 mHz at the clock frequency.
With straightforward efforts this can be improved
even further. The cycle-to-cycle noise that dominates the noise in Figs. 2 and 3 can be significantly
decreased by use of a normalization scheme based
on optical pumping from the metastable 3 P0 clock
state. Possible transitions include 3 P0 ↔3 S1 (6s7s)
and 3 P2 ↔3 S1 (6s7s) by use of lasers at 770 nm and
649 nm, or 3 P0 ↔3 D1 (6s6p) with a single laser at
∼1.39 µm. Together with a very stable local oscillator, a factor of five improvement in signal-to-noise
ratio would support one-second instabilies for Yb below 100 mHz. This degree of precision would allow
rapid (10 mHz in ∼100 s) exploration of systematic
uncertainties for frequency measurements, delivering
one of the key benefits that neutral-atom standards
have promised.
The lattice-confined Yb system has already demonstrated high stability. Figure 4 shows a diagram of
the technique used to lock the clock laser to the 174 Yb
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FIG. 4: Diagram of the technique used to lock the local
oscillator at 578.42 nm to the clock resonance (1S0 ↔ 3P0 )
of lattice-confined 174 Yb atoms. AOM2 is used as a switch
that determines probe pulse duration, and is also frequency modulated across the spectroscopic line (see text
for details). Also shown is the transfer of locked light to
a femtosecond laser-based optical frequency comb. Fiber
noise canceler (FNC); acousto-optic modulator (AOM);
photomultiplier tube (pmt).

S0 ↔ 3P0 resonance. The stable light at 578.42 nm
for spectroscopy was transferred from another laboratory through ∼200 m of fiber and passed through
an acousto-optic modulator (AOM1) that was used
for low-frequency corrections to the atomic resonance.
Noise induced by transferral through the long fiber
is canceled before the fiber in a standard manner by
use of phase information from the output facet internal (back) reflection [15, 16]. After exiting the long
fiber and passing through AOM1, part of the light
was directed through another fiber noise canceler and
through a short length of fiber to the experiment.
The probe light then passed through another acoustooptic modulator (AOM2) near the experiment that
was used as a switch to define the probe pulse duration. AOM2 was frequency modulated with a square
wave: modulation depth was equal to half the spectroscopic linewidth, and the modulation period was
twice the cycle time (e.g., 2 × 400 ms for a 20 Hz
linewidth). After AOM2 the probe light was combined
with the lattice light by means of a dichroic mirror.
The spectroscopic signal from a photomultiplier was
demodulated by a microprocessor, and a correction
signal – proportional to the signal difference between
both sides of the lineshape – was sent to AOM1, as
shown in Fig. 4.
Also shown in Fig. 4 is the method used to measure relative optical frequency stability. A fraction
of the stabilized light at 578.42 nm was sent to a
self-referenced optical frequency comb [17, 18]. The
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FIG. 5: Frequency instability of the lattice-based Yb optical standard using a lineshape with a 20 Hz width under the same conditions as those for the data in Fig. 2
(i.e., S/N ∼ 10, total measurement time ∼800 ms). A
beat frequency with light at 657 nm is measured with a
Ti:sapphire femtosecond-laser based frequency comb. The
657 nm light was locked to the clock transition in Ca (filled
squares) and locked only to a stable cavity (open circles).
A cycle period of 7 ms and spectroscopic linewidth of
1.15 kHz were used in locking the 657 nm light to the
Ca atoms.

comb was locked to the Yb light, enabling the comb
to coherently transfer the stability of the Yb laser to a
comb component [19] near the frequency of the NIST
neutral Ca frequency standard at 657 nm [20, 21]. We
recorded the beat frequency between the 657 nm light
and its nearest Yb-referenced comb component for a
1 s gate time. Figure 5 shows the results of the Ca-Yb
comparison, where frequency instability is expressed
as the Allan deviation. The open circles indicate measurements taken when the light at 657 nm was not
locked to the Ca atoms, but only to its stable optical
cavity. The one-second value of ∼3 x 10−15 continues
for gate times up to 30 s, consistent with long-term
cavity drift. The filled squares show results obtained
with the 657 nm light locked to the Ca atoms by use
of a cycle time of 7 ms and spectroscopic linewidth
of 1.15 kHz. With decreased cycle time and increased
servo gain for the Ca system the one-second instability
can be decreased to ∼3 x 10−15 .
The preliminary data in Fig. 5 suggest that the upper limit on the ten-second instability of the Yb frequency reference is ∼1-2 x 10−15 . As can be seen in
the figure, the relative frequency imprecision between
Ca and Yb reached the mid-10−16 level in less than
100 s of averaging. This means that with a 20 Hz
linewidth and a signal-to-noise ratio of 10 – both of
which can be significantly improved, as we have seen –
systematic uncertainties can be evaluated for the Yb
clock at the 100 mHz level in ∼100 s.
What are the dominant inaccuracies that need to
be evaluated for an Yb optical lattice clock? For any
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lattice clock the residual light shift due to the lattice laser must be suppressed. To first order in intensity, the slope of the differential light shift with
respect to lattice laser frequency is ∼10−8 Hz/Hz in
the vicinity of the ac Stark shift zero-crossing for
the upper and lower clock states. A millihertz frequency shift, for example, would be caused by a lattice laser frequency shift of ∼100 kHz away from the
shift-canceling wavelength (λsc ). Control of the lattice laser frequency to this level should be straightforward, but λsc would need to be measured to ∼10−4 pm
for millihertz-level uncertainty. Our preliminary measurements yield λsc =759.3547 ± 0.0005 nm. While
determining λsc to three more digits is nontrivial, the
stability improvements indicated above should allow
identification of λsc to sufficient precision. The odd
isotopes have an additional requirement on the firstorder light shift cancelation for millihertz uncertainty:
because of the vector nature of the states, the lattice
laser polarization must be controlled to 1 mrad or better [8, 9].
Suppression of the first-order light shift is sufficient
only if higher-order terms in lattice intensity can be
neglected. This is the case for the Sr lattice clock,
where higher-order effects have been shown to contribute a fractional frequency uncertainty of 10−18
(<1 mHz) [7]. The second-order polarizability, or hyperpolarizability, generally depends strongly on polarization and proximity to two-photon resonances.
For Yb, the 3 P0 (6s6p)↔3 P0 (6s8p) transition at
2 × 759.7098 nm is the nearest allowed two-photon
transition. Since this is only ∼200 GHz from λsc , it
will be necessary to look carefully for nonlinear frequency shifts with lattice intensity. So far we have
seen no nonlinearities at the hertz level for intensity
variations in the ∼30-85 kW/cm2 range for lattice
wavelengths ranging from 759.350 to 759.357 nm. If
necessary, this resonance can be suppressed by ensuring a single circular lattice polarization at each atom,
which can be achieved for multidimensional lattice geometries [22].
A lattice clock based on the odd isotopes (nonzero
nuclear spin) must control the magnetic field at the
atoms to 0.1-1 nT (1-10 µG) in order to reach millihertz uncertainty [2, 9]. As stated above, for Yb and
Sr this is due to the hyperfine mixing between the upper clock state (3 P0 ) and the nearby 3 P1 (6s6p) state
(i.e., gJ nonzero for 3 P0 ), which brings first-order field
sensitivity [23]. Although at first it may seem problematic to build a frequency standard based on a relatively high bias magnetic field, the even-isotope (zero
nuclear spin) scheme described above appears more
amenable to minimizing B-field uncertainty. Specifically, the requirements for field control leading to millihertz uncertainty are relaxed by one to two orders
of magnitude, and the even isotopes have no mag-

netic substructure. In the case of Yb, the field at
the atoms can be calibrated through spectroscopy on
the field-sensitive 1 S0 (m=0) ↔ 3 P1 (m=±1) transition at 556 nm. The Lande-g factor is known to be
1.49282 for this transition [24]. Resolution of kilohertz shifts on this transition corresponds to 0.1 µT
(1 mG) field resolution, which could be done with
lattice-based or even cold atomic cloud spectroscopy.
For a bias field of ∼1 mT (∼10 G) as is used in evenisotope spectroscopy, the quadratic Zeeman shift on
the clock transition is a few hertz. As shown in Fig. 5,
we can readily observe frequency shifts at the 100 mHz
level and lower. Together with 0.1 µT (1 mG) knowledge and control of the field – through fine control
of low current in a second set of coils collocated with
the MOT coils, for example – this should allow us to
determine the second-order Zeeman shift coefficient
to sufficient precision for millihertz confidence on the
field-related clock frequency shift. The use of magnetic field shielding is not necessary in this process,
which presumably could be necessary with the ∼110 kHz/mT (∼0.1-1 Hz/mG) sensitivity of an oddisotope lattice clock.
Frequency shifts due to atom-atom interactions are
expected to be negligible for three-dimensional lattice
clocks with less-than-unity occupation [8, 25]. The
fermionic odd isotopes can generally have the advantage of negligible collision shifts, but the ensemble
must be nuclear spin-polarized into a single MF state.
(Isotopes 87 Sr, 173 Yb, and 171 Yb have nuclear spin
I=9/2, 5/2, and 1/2, respectively.) The magnitude of
the density shift is unknown for bosonic 174 Yb and
must be experimentally determined. The blackbody
shift (BBS) for Yb has been calculated to be -1.25
± 0.13 Hz at T = 300 K [26]. The fractional frequency error due to the uncertainty in this calculation
is ∼3 × 10−16 . High precision experiments – using an
off-resonant infrared laser, for example [27]– are ultimately needed to determine the frequency inaccuracy
due to the BBS. The high stability shown here should
allow us to evaluate systematic error in the Yb lattice
clock to high precision. Focusing first on the higherorder lattice light shift and the density shift, we could
be able to report a sub-hertz (<10−15 ) absolute frequency measurement in the near future.
The authors thank Jim Bergquist for invaluable assistance with the clock laser and helpful discussions.
They also appreciate support with the Ca frequency
standard from Yann LeCoq. Tara Fortier, Jason Stalnaker, and Scott Diddams provided generous help
with the frequency comb measurements. C. W. H.
acknowledges financial support from the National Research Council.
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Optical lattice-field-induced 1 S0 −3 P0 transitions in even isotopes of alkaline-earth
atoms
Vitaly D. Ovsiannikov1 ,∗ Vitaly G. Pal’chikov2 , Alexey V. Taichenachev3 , and Valeriy I. Yudin3
1

Physics Department, Voronezh State University,
Universitetskaya pl. 1, 394006, Voronezh, Russia
2
Institute of Metrology for Time and Space at National Research Institute for Physical–Technical
and Radiotechnical Measurements, Mendeleevo, Moscow Region, 141579 Russia
3
Institute of Laser Physics SB RAS, Lavrent’ev Avenue 13/3, Novosibirsk 630090, Russia
Novosibirsk State University, Pirogova st. 2, Novosibirsk 630090, Russia
The circular polarized laser beam of the “magic” wavelength used to produce an optical lattice for
the time-frequency standard on neutral atoms may mix the 3P1 state to the long-living metastable
state 3P0 thus providing significant enhancement of the strongly forbidden 1S0 −3P0 clock transition
in even isotopes of alkaline-earth-like atoms. We present a detailed analysis of various factors
influencing resolution and uncertainty for this kind of optical standard, including precise estimations
of the “magic” wavelengths, transition matrix elements and field induced second- and fourth-order
ac Stark shifts for the ground and metastable alkaline-earth-like atoms.
I.

INTRODUCTION

Extremely narrow atomic line corresponding to a
strictly forbidden 1S0 −3P0 transition between ground
and metastable states of alkaline-earth-like atoms
(such as Mg, Ca, Sr, Yb, Zn, Cd), currently considered as worthwhile candidates for an optical frequency
standard, may be observed either on free odd isotopes
[1, 2] or on even isotopes in external fields [3–6]. The
mixing of the 3P1 and 3P0 states by the hyper-fine interaction in the odd isotopes and by the external field
in the even isotopes is the basic effect which removes
the general selection-rule restrictions on the 0−0 radiation transition. Alternatively, a sharp resonance line
of even alkaline-earth-like atoms that appears in threephoton transitions between the 1S0 and 3P0 states in a
J=0→1→J=0 three-level system is proposed recently
as an optical frequency standard [3].
Intensive investigations of even alkaline-earth-like
isotopes during the last year were stimulated by a possibility to design a new frequency standard based on
an oscillator with the record high quality Q-factor.
However, in all the methods based on interrogation
of the strongly forbidden 1S0 −3P0 transition in the
even isotopes embedded into an optical lattice, engineered so as to equalize the upper- and lower-level
Stark shifts, some additional radiation [3, 4] or static
[5, 6] fields were applied.
In this article we propose to use a circularly (elliptically) polarized wave of the “magic” wave length λmag
(corresponding to the so-called “Stark-cancellation”
regime, see e.g. [1, 7]) in addition to the optical lattice field in order to mix the 3P1 state to the 3P0 state.

II.

THEORY AND NUMERICAL
ESTIMATIONS

Since in even isotopes the nuclear momentum equals
zero, both the initial and the final states of the frequency standard transition (the “clock” transition)
have zero total momenta, without hyperfine structure
splitting and without antisymmetric and tensor increments to the ac dipole polarizabilities and to the
Stark effect. This makes the Stark shift of the upper
and lower levels independent of polarization of external fields. Meanwhile the circular polarization of a
laser wave allows for the second-order dipole-dipole
mixing of the 3P1 state to the metastable 3P0 state,
which is strictly forbidden for the linear polarization.
So, the role of the optical lattice field consists in
trapping near the standing-wave antinodes millions
of neutral atoms effectively free from collisions and
Doppler effect (Lamb-Dicke regime) as well as from
the light field perturbations [1], whereas the additional circularly polarized radiation will induce the
strictly forbidden radiation transitions via mixing the
3
P1 state to the metastable 3P0 state. The two waves
may be completely independent, each properly adjusted to some particular conditions. So they may
have different intensities, polarizations, wave vectors
and even different wavelengths, subject, however, to
the Stark-cancellation regime.
The origin of the laser radiation-induced mixing
consists in the possibility of the second-order dipole
transition between the 3P1 state and the metastable
3
P0 state in ac field of a “magic” frequency ω = ωm =
2πc/λmag (c is the speed of light) with a non-zero degree of circular polarization. To this end, in addition
to the the standing wave, the circularly polarized running wave component of the lattice field should exist
with the electric field vector
Fr (r, t) = Fr Re {e · exp[i(k · r − ωt)]} ,

∗ Electronic

address: ovd@phys.vsu.ru

(1)

where Fr is a real scalar amplitude, e is a complex
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unit polarization vector, k = nω/c is the wave vector
with the unit vector n. The contribution of the 3P1 state wave function into the metastable 3P0 -state wave
function is determined by the ratio of the field-induced
3
P0 −3P1 transition amplitude (Rabi frequency) W10
to the fine-structure splitting ∆10 =E3P1 −E3P0 . In the
lowest non-vanishing (second) order in F , the amplitude [15]
F2
W10 = − √r ξ α3aP (ωm )
4 6

α3P JM (ω) = α3sP (ω) +

(3)

here M is the magnetic quantum number. In the oneelectron approximation α3aP (ωm ) may be written in
terms of the second-order frequency-dependent radial
matrix elements, as follows [9, 10]
¤ ¯ ®
1  3 ¯¯ £ ω
P r g2 − g2−ω − g0ω + g0−ω r¯ 3P
3
(4)
±ω
with the radial Green’s functions gL
of energy E3P ±
ω in the subspace of triplet states with the angular
momentum L. The superscripts (s) and (t) in (3)
indicate the scalar and tensor parts of ac polarizability
α3P JM (ω).
Actually, the amplitude (2) may be compared to the
amplitude of the hyperfine interaction, which mixes
the states in the odd isotopes, or to the magneticfield-induced amplitude when the atoms experience
the action of a magnetic field, which may also be used
for the 3P0 −3P1 state mixing [5, 6]. Numerical computations carried out in the single-electron approximation [9] with the use of the model potential for
describing analytically the radial wave functions and
±ω
Sturm-function basis for the Green’s functions gL
[8], gave the numerical values of the ac antisymmetric polarizabilities presented in Table I for Mg, Ca,
Sr, Yb, Zn and Cd atoms at the “magic” wavelength
corresponding to equal second-order ac Stark shifts
(2)
∆E( 3P0 ) = ∆E( 1S0 ) = EL of the metastable and
ground states (the lattice depth)
α3aP (ω) =

1
(2)
EL = − αs (ωm )F 2 ,
4

(5)

where αs (ωm ) = α1S0 (ωm ) = α3P0 (ωm ) is the ac polarizability of the “clock” levels; F represents the lattice
standing-wave amplitude or the running-wave (1) amplitude, both of the “magic” frequency ωm .
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(2)

Atom

λmag ,
nm

∆10 ,
cm−1

α3aP (ωm ),
a.u.

W10 /ξ,
kHz

EL ,
kHz

Mg
Ca
Sr
Yb
Zn
Cd

432
680
796
754
382
390

20.06
52.16
186.83
703.57
190.08
542.1

538.5
−1054
−1044
−1084
329.4
390.6

−103
202
200
208
−63.1
−74.8

−49.3
−102
−116
−78.7
−21.3
−25.8

(2)

is directly proportional to the circular polarization
degree ξ = i(n · [e × e∗ ]) and to the antisymmetric
part α3aP (ωm ) of the3PJ triplet state ac polarizability,
which e.g. for the state with maximal total momentum J = L + S = 2 is (see [8, 10]):
M a
ξα3P (ω)
2J
3M 2 − J(J + 1) t
α3P (ω),
−
2J(2J − 1)

TABLE I: Numerical values of the “magic” wave length
λmag , 3P1 −3P0 splitting ∆10 = E3P1 − E3P0 , antisymmetric polarizability α3aP , transition matrix element
W10 and the lattice-field-induced second-order Stark shift
(2)
(lattice depth) EL for the ground-state and metastable
alkaline-earth-like atoms in the optical lattice of the magic
wave length and intensity IL =10 kW/cm2 .

The Rabi frequency for the running-wave-induced
transition (2) is directly proportional to the product
of the wave intensity Ir =cFr2 /8π and to the antisymmetric polarizability α3aP , and may be presented in
kHz, as follows
W10 = −0.01915 ξα3aP (ωm )Ir ,

(6)

where Ir is taken in kW/cm2 and α3aP in atomic units.
The value of W10 determines the magnitude of the
coefficient
a1 =

W10
∆10

(7)

for the running-wave-induced contribution of the 3P1
state to the wave function of an atom initially (when
the field (1) is off) in the metastable 3P0 state
ψ = |3P0 i + a1 |3P1 i
´
³
(0)
(0)
(0)
= |3P0 i + a1 a|3P1 i + b|1P1 i ,

(8)

where the superscript (0) indicates a pure LS-state.
The mixing coefficients in (8) are calculated using the
ratio of the lifetimes τ ( 1P1 ) and τ ( 3P1 ):
b2
τ ( 1P1 )λ3 ( 3P1 − 1S0 )
=
.
2
a
τ ( 3P1 )λ3 ( 1P1 − 1S0 )

(9)

For Ir in kW/cm2 , ∆10 in cm−1 and α3aP in atomic
units the rate of the laser field-induced radiation transition 3P0 →1S0 may be written as
¶2
µ a
ξα3P (ωm )Ir
wL = |a1 |2 wic = 0.4080 · 10−18
wic ,
∆10
(10)
where wic is the field-free 3P1 →1S0 intercombination
transition rate, the data for which is presented in Table II (see e.g. [11, 12]).
As follows from the data of Tables I, II, at the intensity Ir =50 kW/cm2 , the absolute value of the magicwave-induced amplitude (6) may amount to one MHz,
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that is equivalent to the amplitude induced by a magnetic field of 1 G [5]. With account of the data for the
spin-orbit splitting of the lowest (metastable) triplet
state 3PJ (see e.g. [13]) the admixture of the 3P1 state
in the 3P0 -state wave function at these conditions does
not exceed 10−6 . Similar estimates indicate that the
1
P1 singlet state admixture in (8) at these conditions
is yet 2 to 3 orders smaller. However, the 3P1 -state
admixture may be sufficient to induce the radiation
transition between the ground and metastable states
and to amplify the 3P0 level width by 5 to 7 orders
of magnitude, up to µHz, making detectable the clock
transition 1S0 →3P0 with the use of a probe field of the
“clock” frequency.
Together with the radiative decay rate (10), the
important characteristic of the magic-wave-induced
1
S0 −3P0 dipole transition, probed by the clockfrequency radiation, is the amplitude (Rabi frequency)
of the clock tramsition:
p
(0)
(0)
Ω = h 3P0 |v̂p | 1S0 i = βIr Ip (i [e × e∗ ] · ep ) ,
(11)
where v̂p is the Hamiltonian of the dipole interaction
between atom and probe field of intensity Ip and the
unit polarization vector ep which, evidently, should be
parallel to the running-wave vector k∝ i[e×e∗ ], thus
implying that the running wave should propagate perpendicular to the probe beam. So, in the case of a 1D
optical lattice the Doppler-free interrogation is possible when the probe beam propagates along the lattice
and is polarized along the mixing beam wave vector.
The p
coefficient β may be presented in the units of
µHz/( mW/cm2 · kW/cm2 ), as follows:
(0)

(12)

with the antisymmetric polarizability and the radial
matrix element in atomic units, the splitting ∆10
in cm−1 . The factor b determines the amplitude of
singlet-triplet mixing of P states with the total momentum J=1 (see eq.(9)). According to the calculated
numerical values of β presented in Table II, the Rabi
frequency in Sr and Yb atoms (11) may achieve 0.4
mHz for the lattice field intensity IL =10 kW/cm2 and
the probe field of Ip =1 mW/cm2 .
In the Stark-cancellation regime, when the secondorder lattice-field-induced Stark shifts of the clock levels (5) are made equal to one another, the clock frequency may be distorted by the probe-field-induced
(2)
quadratic ac Stark shift Ep (linear in intensity Ip )
and the fourth-order ac Stark shifts of the clock lev(4)
(4)
els EL and Er (quadratic in intensities IL and Ir ,
correspondingly), induced by the lattice field and the
mixing wave also including the bilinear in the intensi(4)
ties IL and Ir fourth-order correction ELr . This shift
may be written as
(4)

(4)

2
(4) 2
∆ωc = κ(2)
p Ip + κL IL + κr Ir + κLr IL Ir ,

Atom λc
nm
Mg
Ca
Sr
Yb
Zn
Cd

458
660
698
578
309
332

(2)
κp
mHz
mW/cm2

µHz
(kW/cm2 )2

(4)

wic
s−1

4.27
−4.50
−44.2
24.5
0.816
23.0

176
260
137.1
43.7
6.96
10.3

2.78(2)
2.94(3)
4.70(4)
1.15(6)
4.0(4)
4.17(5)

κL

|β|
√

µHz
kW/cm2

mW/cm2

7.36
25.1
34.2
39.6
3.08
4.72

(2)

where the constant κp is determined by the difference
of the upper- and lower-level polarizabilities at the
(2)
clock-transition frequency ωc . For κp in the units of
2
mHz/(mW/cm ) the relation is
κ(2)
p = −0.0469 [α3P0 (ωc ) − α1S0 (ωc )] ,

(14)

where polarizabilities α3P0 (ωc ) and α1S0 (ωc ) are in
atomic units.
(4)
(4)
The coefficients κL and κr are determined by the
difference of hyperpolarizabilities at the lattice-wave
frequency ωm (similar to polarizabilities, the hyperpolarizabilities for states with total momentum J=0
include only scalar parts),
(4)

(0)

α3a (ωm )h 3P0 |r| 1S0 i
β = 102.4 P
b,
∆10

TABLE II: Numerical values of the “clock” wave length λc ,
(2)
coefficients κp and κ(4) of the second-order probe-fieldinduced and fourth-order lattice-field- and/or the mixingwave-induced clock frequency Stark shift (13), the rate wic
of spontaneous intercombination transition 3P1 →1S0 and
the coefficient β for the Rabi frequency (11). The number
in parentheses determines the power of ten.

(13)

κL(r) = −8.359 · 10−8 [γ3P0 (ωm ) − γ1S0 (ωm )] , (15)
where κ(4) is in the units of µHz/(kW/cm2 )2 , with
γ1S0 (ωm ) and γ3P0 (ωm ) in atomic units. We assume
that both the lattice and the running waves have one
and the same frequency. Nevertheless, the hyperpolarizabilities of the both states depend on polarization
of the waves and may differ essentially for the linear
and circular polarization [8, 10], thus resulting in dif(4)
(4)
(4)
ference between κL , κr and κLr . Moreover, the
(4)
hyperpolarizability for the interference term κLr depends on the relative orientation of the mixing and
probe beam polarization vectors e and ep . That is
why, the fourth-order corrections from the both waves
should be taken into account together with the mixed
biquadratic (bilinear in the field intensities) correction
(4)
κLr IL Ir , although the state-mixing running wave (1)
may be essentially stronger than the standing wave of
the optical lattice.
(2)
The numerical values of κp and κ(4) (the latter for the circular polarization of the laser beam) are presented in table II. In estimating hyperpolarizability
for the Mg, Zn and Cd atoms we took into account
only the “resonant” terms, determined by the antisymmetric and tensor polarizabilities [14]. The single-
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channel model potential approach [8, 9] was used in
all numerical calculations.
The values of susceptibilities κ(2) and κ(4) of Table
II is a useful data to control the higher-order corrections appearing with the increase of the probe and
running wave intensity. The method of the latticefield-induced spectroscopy of strongly forbidden 0-0
transition presented in this paper seems rather worthwhile for the lattice-based optical atomic clock with
the magic-wave control of the probed transition.
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Optical frequency standard with ultra-cold strontium atoms
N. Poli,∗ R. E. Drullinger, G. Ferrari, F. Sorrentino, and G. M. Tino
Dipartimento di Fisica and LENS, Università di Firenze
Via nello Carrara 1, 50019 Sesto Fiorentino, Italy
INFN, sezione di Firenze
Via Sansone 1, 50019 Sesto Fiorentino, Italy

M. Prevedelli
Dipartimento di Chimica Fisica, Università di Bologna
Via del Risorgimento 4, 40136 Bologna, Italy
We report on our progress toward the realization of an optical frequency standard referenced to
strontium intercombination lines. While first frequency measurement of the weakly allowed 1 S0 3
P1 transition was done with saturation spectroscopy on a thermal beam, we are preparing the
experimental setup for high resolution spectroscopy on ultracold atoms of the doubly forbidden
1
S0 -3 P0 line. Our current setup allows the capture more than 107 atoms at 1 µK in 500 ms in
two stages of magneto-optical trapping. We also demonstrated the dipole trapping of ultracold
strontium isotopes for accurate spectroscopy and collisional measurements. A semiconductor laser
source at 698 nm has already been locked to a pre-stabilization cavity obtaining a fast linewidth
of less than 1 kHz. Second stage stabilization of the clock laser to ultra-high finesse cavity is in
development. Recent measurement of elastic and inelastic cross-sections of the two most abundant
88
Sr and 86 Sr isotopes are also presented.
I.

INTRODUCTION

Thanks to the ultra-narrow intercombination transitions, strontium has recently become the object of
intense study in the field of optical frequency metrology [1]. These studies open the way to the realization of a new optical frequency standard with unprecedented stability and accuracy. Proposals based
on different interrogation schemes for both fermionic
(87 Sr) and bosonic (88 Sr, 86 Sr, 84 Sr) isotopes have
been put forward (optical lattice clock [2], engineered
atom clock [3, 4, 5, 6]) suggesting the possibility to
reach the 10−17 level of overall accuracy. Indeed,
thanks to the higher oscillator frequency, a clock in
the optical domain could potentially reach a stability
level of 10−18 at 1 s [2] which represents a factor of
104 improvement with respect to the best microwave
standards [7]. A clock with such stability and accuracy could be used as a powerful test for relativistic
theory, searching for deviations of fine structure constant and to define a new atomic time standard. The
high stability optical clock signals would find direct
application in deep space navigation, remote sensing,
secure telecommunications and ultra-precise geodesy.
The level scheme allows the possibility to efficiently
cool strontium with standard Doppler cooling techniques to temperature well below 1 µK in hundreds of
milliseconds using two steps of trapping and cooling
in magneto-optical trap, working first on the dipole
allowed 1 S0 -1 P1 at 461 nm and, subsequently, on the
1
S0 -3 P1 transition at 689 nm. The fast cooling process
toward µK temperatures enables short cycle times, re-
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laxing the demands on frequency stability of the clock
laser source used for interrogating the transition [8].
The possibility to cool strontium atoms with visible
light, easy reachable with semiconductor source, is in
turn interesting from the point of view of realizing
compact and portable source of cold atoms to be used
in future application both on earth and in space.
Moreover, bosonic 88 Sr isotopes have already been
trapped in pure optical dipole traps at high phasespace densities of ρ = 0.1 [9, 10]. While further increase of ρ with standard evaporative cooling technique is limited by the very low elastic cross section
at low temperatures of 88 Sr atoms, different cooling
techniques, based on sympathetic cooling with isotopic mixtures can be applied [10].
Finally, due to both the special strontium level
structure and its cold collision properties, ultra-cold
88
Sr has been demonstrated to be particularly suited
for applications in the field of quantum sensor. Long
lived Bloch oscillation of 88 Sr atoms in a vertical
standing wave trap has been reported, enabling high
sensitive measurement of gravity forces [11].
The structure of the article is the following. Section
2 describes the previous absolute frequency measurements of intercombination lines 1 S0 -3 P1 of strontium.
In section 3, 4 and 5 we present the work in progress
for preforming spectroscopy on the doubly forbidden
1
S0 -3 P0 transition for bosonic isotopes. Section 6 describes the apparatus for cooling and trapping strontium atoms, while section 7 and 8 describes the latest
results obtained with cold atoms trapped in optical
dipole traps, mainly concerning cold collision physics
and Bloch oscillations of 88 Sr atoms in 1D vertical
standing wave trap.
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II.

FREQUENCY MEASUREMENT OF THE
1
S0 -3 P1 TRANSITION

Our first setup was used for the absolute frequency
measurement of the 1 S0 -3 P1 intercombination line of
88
Sr and 86 Sr isotopes at 689 nm (Γ/2π = 7.6 kHz).
For the absolute frequency measurement we used a
fs-optical-comb-generator; details of the experimental
apparatus can also be found in [12]. Part of the light
coming from a pre-stabilized 689 nm source (extended
cavity diode laser - ECDL - tightly locked to FabryPerot cavity with finesse of about 104 ) is coupled into
a polarization maintaining fiber and delivered to a
strontium thermal atomic beam, while a second light
beam is sent towards the comb with a 20 meter long
fiber. From the frequency noise measured with a second independent cavity we can infer a linewidth of
20 Hz for the 689 nm source [13].
With standard saturation spectroscopy techniques
we obtained a sub-Doppler signal used for long
term stabilization of the length of the cavity.
The values measured for the two most abundant
isotopes are 434 829 121 311 (10) kHz for 88 Sr and
434 828 957 494 (10) kHz for 86 Sr. The latter value has
been derived by difference from the measurement of
the 88 Sr-86 Sr isotopic shift (163 817.4 (0.2) kHz). In
the absolute frequency measurement, one of the main
limitation was found to be the instability of our GPS
referenced quartz oscillator used as frequency reference for the comb [12, 14]. These values are consistent
with other determinations with spectroscopy on cold
atoms both at SYRTE [15] and at JILA-NIST laboratories [16].
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FIG. 1: Frequency measurement of the intercombination line 1 S0 -3 P1 for the bosonic 88 Sr atoms. The data
points are the mean values of a set of measurement over
200-300 s, while the error bars are the standard deviation over each set. The final corrected value for 88 Sr is
434 829 121 311 (10) kHz

While the ultimate performance of an optical clock
working on the 1 S0 -3 P1 transition for the most abun-
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dant 88 Sr isotope is limited by the linewidth of the
transition (stability 10−14 at 1 s, accuracy 10−15 [17]),
a clock working on the doubly forbidden 1 S0 -3 P0 transition could overcome the limitations both in stability
and accuracy.

III. SPECTROSCOPY ON THE DOUBLY
FORBIDDEN 1 S0 -3 P0 TRANSITION FOR 88 SR

The most interesting transition in strontium for the
realization of an optical frequency standard is the doubly forbidden line 1 S0 -3 P0 at 698 nm. Within the
framework of the optical lattice clock [2], spectroscopy
on this line could produce a frequency reference in
the optical regime with unprecedented level of accuracy and stability. In the fermionic (87 Sr) isotope
the hyperfine mixing due to a non-zero nuclear spin
(I = 9/2) gives a finite lifetime for the 3 P0 state allowing the possibility to observe the transition with direct
spectroscopy schemes. Spectroscopy of 87 Sr trapped
in 1D optical lattices at the magic wavelength, has
already been performed in other labs [2, 18, 19].
The case of the bosonic isotopes is different: the
nuclear spin is zero and the transition is forbidden at
all the orders; in this case different techniques have to
be used. Recently many spectroscopic schemes have
been proposed to “engineer” the clock transition by
mixing the metastable 3 P0 level with other short living
upper levels, by the use of other coupling light field [3,
4], by trapping the atoms in optical lattice done with
elliptical polarization [6], or by using a static magnetic
field [5]. While the former schemes are experimentally
more complex, the most promising seems to be the
one that uses a static magnetic field to mix the 3 P0
and 3 P1 levels.
Following the treatment in ref. [5] it is possible to
calculate the induced transition rate V12 for the 1 S0 3
P0 transition with a fixed applied B field and a fixed
light intensity I resonant with the 1 S0 -3 P0 transition.
The
√ transition rate is given bypthe equation V12 =
α I|B|, (where αSr = 99 Hz/T mW/cm2 [5]) while
the fraction of the state 3 P1 mixed to the 3 P0 is given
by the ratio of the Rabi frequency ωB and the fine
structure energy splitting ∆32 between the two states
3
P0 and 3 P1 (∆32 Sr /2π=5.6 THz).
Within this framework it is possible to calculate the
quadratic Zeeman correction for the 1 S0 -3 P0 transition ∆B = β|B|2 , and the AC Stark shift is ∆L = kI
where the two coupling constant for strontium have
been calculated to be β Sr =-23.3 MHz/T2 , k Sr =18 mHz/(mW/cm2 ) [5].
If one considers a magnetic field of |B| = 10 gauss
(± 1 mgauss) and an intensity of the interrogating
light of I = 10 mW/cm2 (±1%), the fraction of the
state 3 P1 mixed is ωB /∆32 = 2 × 10−6 , giving a transition Rabi frequency of V12 ∼ 0.3 Hz.
Due to this very small contribution of state 3 P1 to
the mixture, the sensitivity to lattice light polarization
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is reduced to about 500 mHz/rad. The correction for
quadratic Zeeman effect for the 1 S0 -3 P0 transition is
∆B = −23.3 Hz(±5 mHz), and the AC Stark shift is
∆L = −180(2) mHz.
It seems reasonable that using this scheme, spectroscopy on the 1 S0 -3 P1 transition could be performed
with an overall accuracy of some parts in 10−17 .
The 1 S0 -3 P0 transition in 88 Sr has not been observed yet, but its frequency can be calculated from
the value reported in [15] with an accuracy of about
100 kHz. In order to find the first time the transition
it is possible to increase the transition probability by
increasing both the intensity of the interrogating light
and the intensity of the static magnetic field. In our
experimental system, the maximum intensity of the
interrogating light is about Imax ∼ 1 W/cm2 where
the maximum magnetic field at the center of the trap
is of the order of Bmax ∼ 100 gauss. The maximum
transition frequency rate is then V12 max = 30 Hz.
While this transition has never been observed
for bosonic isotope of strontium, this spectroscopy
scheme has already been applied to observe the 1 S0 3
P0 transition in bosonic 174 Yb atoms [20].
The experimental setup for magnetic-field induced
spectroscopy is reported in details in ref. [20]. The
spectroscopy is done with atoms trapped in 1D optical lattice at magic wavelength. The red interrogating light is superimposed to the trapping light with a
dichroic mirror and focused with an achromatic lens.

IV.

ULTRA-STABLE LASER SOURCE AT 698
NM

For performing spectroscopy on the doubly forbidden 1 S0 -3 P0 line of strontium we are preparing a
698 nm ultra-stable source based on a semiconductor ECDL stabilized in two steps with two cavities
of increasing finesse [21]. The source is pre-stabilized
with standard Pound-Drever-Hall lock scheme to the
same medium finesse cavity used for the stabilization
of the 689 nm laser resonant with the 1 S0 -3 P1 transition. In order to reduce the RF pick-up between the
two servo electronics, we used different RF frequency
to drive the two electro-optic modulators working at
the two different wavelength. With this stage of stabilization the fast linewidth of the laser has been reduced to about 700 Hz. While there is room to reduce
the high frequency noise of the laser by optimizing
the servo electronics, already long term stability at
sub-kHz level is achieved by locking to this resonant
cavity, whose length is stabilized to the 1 S0 -3 P1 transition [12]. Part of the light is then delivered to the
high finesse cavity for second stage stabilization. The
new high finesse cavity is realized with a specially cut
10 cm ULE spacer for symmetric horizontal suspension [22, 23, 24]. The ULE spacer (Corning 7972) has
a turning point for temperature expansion coefficient
near room temperature (20◦ C-25◦ C), with a residual

sensitivity of less than 10−9 /◦ C. Two SiO2 mirrors are
optically contacted to both ends of the spacer. The
mirrors have a transmission coefficient of 3 ppm (loss
due to scattering and absorption < 1 ppm), giving a finesse of about 5 × 105 , while the use of silica mirrors,
could reduce the mechanical fluctuation induced by
thermal noise as pointed out in recent works [25, 26].
Stabilized
l/4

l/4

cavity
Servo1

Servo3

EOM2

EOM1

Servo2
- second stabilization
- 0-0 spectroscopy
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ECDL
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AOM1

FIG. 2: Experimental setup for clock laser at 698 nm.
The ECDL laser is pre-stabilized on the same cavity used
for the stabilization of the light at 689 nm, resonant with
the 1 S0 -3 P1 transition of strontium. Second step of stabilization is done with a frequency lock to a fringe of highfinesse cavity. ECDL extended cavity diode laser, AOM
acusto-optical modulator, EOM electro-optical modulator,
ISO optical isolator.

With a temperature stabilization of the cavity of
the order of 10 mK and seismic noise acceleration of
the order of 1 µgrms , we expect a sub-Hz long term
stability of the cavity length.
V.

TRAPPING LASER AT 813 NM

The laser source we are preparing for optical dipole
trapping at magic wavelength is a single mode tunable
infrared source at 813 nm based on a master ECDL
plus a tapered amplifier laser. The maximum optical
power is 650 mW. The 1D standing wave trap is then
obtained by focusing the light to the atom region and
retro-reflecting back the light. With a waist of 30
µm we calculate a maximum trap depth of U0 =30 µK,
with a scattering rate Γs = 0.6 s−1 .
With similar trap geometry done at slightly different wavelength we have observed an atom transfer efficiency from the MOT of the order of 10% [27]. It
is then possible with our experimental setup to trap
more than 106 88 Sr atoms in less than 1 s with lifetimes of the order of 5 s.
VI.

TRAPPING AND COOLING
STRONTIUM

Strontium atoms are first trapped from a slowed
and collimated atomic beam in a magneto optical trap
operated on the dipole allowed 1 S0 -1 P1 transition at
461 nm. Further details on the experimental setup can
be found in [27].
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FIG. 3: Crossed-beams FORT loading. The inset shows
an in-situ image of trapped atoms. The graph shows the
measured FORT population as a function of the time overlap between FORT and red MOT.

The beam is originated by evaporating strontium in
an oven at typical temperature of 500◦ C. The loading in the blue MOT is further improved with the
use of a green repumping laser at 497 nm resonant
with the 3 P2 -3 D2 transition. Typically we trap more
than 2 × 108 88 Sr atoms in 200 ms at a temperature
of 2 mK. The cooling then proceeds with a second
stage Doppler cooling working on the intercombination 1 S0 -3 P1 line. For this, the red light produced
with slave laser optically injected with light coming
from frequency stabilized master source at 689 nm, is
superimposed with the blue light used for the first
trapping. Typically more than 107 88 Sr atoms at 1 µK
are prepared for subsequent transfer into pure optical
dipole trap.
With a small change in our setup we prepare an isotopic mixture of bosonic 88 Sr and 86 Sr isotopes. We
start accumulating 88 Sr and 86 Sr in the 3 P2 magnetic
trappable state [28], then, the blue laser is turned off
and the repumper is flashed on for a few ms. This puts
the atoms back in their singlet ground state where
we proceed with the second-stage cooling, recapturing them into a red double MOT operated with two
slave lasers tuned to the different isotopes. During
the last 50 ms of MOT operation the dipole trap laser
is superimposed to the MOT allowing the transfer of
the mixture in the dipole trap. The number of atoms
finally trapped in the dipole trap depends mainly on
the time sequence in the first collection in the magnetic trap. At maximum we have obtained more than
106 88 Sr atoms and 3 × 105 86 Sr atoms.

VII.

COLLISIONAL MEASUREMENT ON
88
SR86 SR

Optical dipole traps are the best environment for
the study of collisional dynamics of ultracold atoms.
This study, being of fundamental importance for understanding the possibility to reach quantum degeneracy with standard evaporative technique, is also crucial for understanding the dynamics at low temperatures for ultra-sensitive spectroscopy.
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TABLE I: Sr collisional cross-section
elastic cross-section
σ88−88
3(1) × 10−13 cm2
σ86−86
1.3(0.5) × 10−10 cm2
σ88−86
4(1) × 10−12 cm2
inelastic parameter
K88
< 10−27 cm6 s−1
K86
1.0(0.5) × 10−24 cm6 s−1

More specifically, we evaluated the elastic crosssections σi−j (i, j = 86, 88) for both intra and interspecies collisions, and the three-body recombination
coefficients Ki (i = 86, 88) in the FORT. The elastic
cross-sections were deduced by driving the system out
of thermal equilibrium and measuring the thermalization rate together with the sample density. For the
inelastic collisions, we measured instead the density
dependence of the trap loss rate. The results [10] are
summarized in table I.
Our results show significant differences in the collisional properties of the two isotopes. Both the elastic
cross-section and the three-body collision coefficient
were found to be several orders of magnitude larger in
86
Sr than in 88 Sr and consistent with recent independent measurements of the scattering length [29, 30],
while the inter-species cross-section σ86−88 is much
larger than the intra-species cross-section σ88−88 . The
results obtained indicate that forced evaporation toward BEC would be difficult for both 88 Sr and 86 Sr
isotopes. The large interspecies elastic cross section
instead could be used in order to perform an optical
sympathetic cooling scheme of a large cloud of an isotope with a small cloud of the other isotope. With
this technique a reduction of a factor of two of the
temperature of a cloud of 88 Sr atoms has been obtained applying optical cooling to the other species
(86 Sr) [10].

VIII.

CONCLUSION

We presented our progress toward the realization
of an optical frequency standard based on strontium
intercombination transition. High resolution spectroscopy on the doubly-forbidden 1 S0 -3 P0 transition
can be performed also in the more abundant even isotope at the level of 10−17 , and we are preparing the
experimental setup consisting of clock laser and trapping laser at magic wavelength.
Interesting collision properties of bosonic strontium
atoms at low temperatures have been exploited allowing the possibility to apply different cooling techniques. More recently, trapped 88 Sr atoms in a vertical 1D lattices has been demonstrated to be a highly
sensitive sensor of gravity forces, well suited for application in measurements at short distances.
Funding has provided by ASI, INFM, INFN, and
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Quantum interference spectroscopy in the vacuum ultraviolet
K.S.E. Eikema,∗ R.Th. Zinkstok, S. Witte, W. Hogervorst, and W. Ubachs
Atomic, Molecular and Laser Physics Group, Laser Center Vrije Universiteit,
De Boelelaan 1081, 1081 HV Amsterdam, the Netherlands
With two experiments on respectively krypton at 2 × 212 nm and xenon at 125 nm we have
demonstrated the method of quantum interference spectroscopy in the deep- and vacuum-ultraviolet.
Multiple pulses from a frequency comb laser are amplified and frequency converted and used in a
Ramsey-like direct excitation scheme. In the Kr experiment we achieved a 150 kHz accuracy for
isotope shift values and a 3.5 MHz accuracy for the absolute transition frequency. With the Xe
experiment we demonstrated that the same method can be used in combination with frequency
upconversion in a gas without significant distortion of the phase coherence, therefore allowing subMHz resolution spectroscopy at VUV and XUV wavelengths.

I.

INTRODUCTION

Frequency comb devices based on mode-locked
lasers at infrared wavelengths have led to dramatic
progress in fields such as ultra-high precision frequency metrology [1, 2], optical clocks [3, 4], and ultrafast laser science [5]. In precision spectroscopy,
frequency comb lasers are widely used as a phasecoherent link between the radio-frequency and optical frequency domains. The optical cycles of a stabilized narrow-band continuous wave (cw) laser used
for the actual spectroscopy can be phase-locked and
counted directly with respect to an absolute frequency
standard such as an atomic clock [6, 7]. The resultant frequency measurements approach a precision of
1 part in 1015 in certain cases, which can be used
e.g. in the search for a possible drift in the fundamental constants [1, 8]. However, many atomic transitions (in e.g. helium and hydrogen-like ions) that
are of interest for testing fundamental theories such
as quantum-electrodynamics, require excitation with
vacuum ultraviolet (VUV) or even extreme ultraviolet (XUV) radiation. Suitable narrow-bandwidth cw
sources hardly exist at such short wavelengths [9],
while frequency combs operate in the infrared.
New measurement schemes based on excitation
of atomic transitions with phase-locked pulse sequences [10–14] may provide a solution. A cw laser
is not required anymore, while frequency upconversion through harmonic generation is facilitated by the
high peak intensity of the ultrashort pulses. However,
upconversion is a potential source for concern, as the
interaction of the required gaseous nonlinear medium
with such high intensity laser pulses can degrade the
pulse-to-pulse phase stability: the harmonic generation process itself [15] as well as competing ionization
effects [16] will adversely affect the phase coherence.
Still, such upconversion has recently been demonstrated with un-amplified frequency comb lasers, using a gas jet inside an external enhancement cav-
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ity [17, 18]. Radiation down to a wavelength of 60 nm
at 112 MHz repetition rate [17] was generated, albeit
at relatively low power per pulse, and phase coherence
was confirmed only at 266 nm through comparison
with the third harmonic generated in crystals. Other
experiments in the XUV spectral range have qualitatively shown a certain degree of temporal [19, 20] and
spatial coherence [21], by upconverting two replicas
of a single amplified pulse and recording the resulting interference patterns on a CCD camera. Similarly, frequency domain studies of the phase coherence have also been reported, using pulse pairs created
with an interferometer [22, 23] or a birefringent crystal [24]. However, in all these experiments the pulse
delay could only be varied on a ∼100 fs timescale,
while the phase difference between the pulses could
not be measured. As a result, the spectral resolution
was limited in all cases to the THz range, which is still
far below the requirements of precision spectroscopy.
We have demonstrated that frequency comb spectroscopy can be extended to the VUV with sub-MHz
accuracy by amplification and subsequent frequency
conversion of trains and pairs of comb laser pulses.
We have performed two experiments, respectively on
krypton at 2 × 212 nm and on xenon at 125 nm. In
the first experiment we demonstrated the potential of
quantum interference spectroscopy in the deep-UV by
measuring the absolute transition frequency and the
isotope shifts of a transition in Kr. In the second experiment we showed that when comb pulses are upconverted trough harmonic generation in a gas their coherence is not noticeably distorted, by detecting very
narrow quantum interference fringes upon excitation
of Xe atoms. Furthermore we found that changing the
relevant parameters for harmonic generation did not
introduce significant phase shifts.
The method employed is related to Ramsey’s principle of separated oscillatory fields [25], which probes
the phase evolution of an atom in spatially separated
interaction zones. This technique is widely used in
the RF domain for atomic fountain clocks [26]. By
extension, in the optical domain excitation can be
performed by pulses separated in time, rather than
in space, to maintain phase coherence between the
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FIG. 1: The principle of quantum interference metrology,
time domain picture.

excitation contributions. Several experiments have
been performed to investigate Ramsey-type quantuminterference fringes in the optical domain [10, 11, 27–
29] and phase-stable amplification of single pulses [30].
Actual quantitative spectroscopy with phase-coherent
light pulses has been limited to a few relative frequency measurements on fine and hyperfine structure
of atoms [11, 29, 31]; absolute frequency measurements have been frustrated by an unknown phase difference between the pulses or by limited resolution.

II.

QUANTUM INTERFERENCE
SPECTROSCOPY

In quantum-interference spectroscopy (Fig. 1), an
atom is excited by a train of N phase-locked laser
pulses, all separated by a time T . The first pulse creates a coherent superposition of the ground and excited state, with an initial phase difference between
the states determined by the laser pulse. After the
initial excitation, the superposition will evolve freely
with a phase velocity ω0 = (Ee −Eg )/h̄, where Ee −Eg
is the energy difference between the states. After a
time T , the next pulse with a controlled phase illuminates the atom, interfering with the atomic superposition. Depending on the phase and the time delay
T , the total |gi → |ei excitation probability can be
either enhanced (case A) or suppressed (case B). The
resulting excited state population after the pulse train
can be written as:
2

|bN | =

N
X

amplitude an , as with conventional spectroscopy, but
also in the phase of the oscillating population signal.
At the maxima of the periodic signal, the second laser
pulse arrives in phase with the atomic superposition.
If the time delay and the pulse-to-pulse phase shift
are known, the exact transition frequency can be derived from the position of these maxima. This method
can also be considered in the frequency domain (see
Fig. 2): a single pulse has a continous frequency spectrum, but an infinite pulse train has a spectrum that
consists of sharp modes, spaced by frep = 1/T . Therefore, scanning T is equivalent with scanning frep , and
the maxima in the oscillating population signal occur
when the comb modes are in resonance with the transition. If the time delay and the pulse-to-pulse phase
shift are known, the exact transition frequency can be
derived from the position of these maxima. Because
the transition frequency can now be obtained from
the phase of the signal, the measurement is largely
insensitive to the laser pulse spectral shape, which
only influences the general signal amplitude. Therefore spectral distortions of the laser pulses, due to
amplification or harmonic generation, have little influence on the measurement, provided the distortion
is identical from pulse to pulse. In contrast, traditional single pulse spectroscopy is strongly affected by
chirp [32, 33]. However, the periodicity of the signal
with respect to T leads to an inherent ambiguity in
the determination of the transition frequency. This
ambiguity can be resolved if a previous measurement
with an accuracy much better than the repetition frequency exists; otherwise the measurement can be repeated with different repetition rates, as we have done
in the Kr experiment discussed below.

a)

T

infinite pulse train

f = f0 + n fr

frequency
comb laser

φn
b)

pulse
picker

φn+1

φn+2
two pulses

ω0

f

frequency
comb laser

single pulse two pulses

amplifier
pxf

f = p f0
+ m fr

harmonic
conversion

2
i(n−1)(ω0 T +ϕ)

an e

,

(1)

n=1

where ϕ is the phase difference between subsequent
laser pulses, and an is the excitation amplitude for
the nth pulse. Thus |bN |2 is a periodic function of
both the pulse delay T and the phase difference ϕ.
The resonance frequency ω0 is encoded not just in the

p x ω0

f

FIG. 2: The principle of quantum interference metrology, frequency domain picture. a) The case for an infinite
pulsetrain; b) In our experiments, limited pulse trains or
pairs are selected from the laser output, yielding a spectrum with relatively wide fringes.
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FIG. 3: Schematic of the experimental setup. Details in
the text.

formed by placing the amplifier in one arm of a
Mach-Zehnder interferometer and recording spatial
interferograms on a CCD camera (see Fig. 4). An
electro-optic modulator (EOM) and polarizing optics
were used to project the interference patterns for two
consecutive pulses simultaneously and vertically displaced from one another on the CCD camera; a snapshot is shown in the upper right corner of Fig. 4. The
relative positions on the CCD (up or down) were alternated by switching the EOM, in order to cancel out
any misalignment effects. The thin lines in Fig. 4 show
the measured phases of these interferograms. The relative phase shift to the comb laser was then determined by looking at the phase difference in both projection situations, which is a square wave (the thick
line in the figure), due to the projection switching. Its
peak-to-peak amplitude is twice the magnitude of the
pulse-to-pulse phase shift introduced by the amplifier.

III. QUANTUM INTERFERENCE
METROLOGY ON KRYPTON
Laser system

Fig. 3 shows the setup used for the experiments.
The frequency comb is based on a mode-locked
Ti:Sapphire oscillator that emits 7 nJ pulses with
a FWHM-bandwidth of about 90 nm, centered at
800 nm, and with an adjustable repetition rate between 60.9 and 79 MHz. For frequency accuracy,
both the repetition rate and the phase of the pulses
are locked to a Global Positioning System-disciplined
Rb atomic clock [34–37]. An electro-optic modulator (EOM) is used to select two or three consecutive pulses from the mode-locked pulse train. These
pulses are amplified in a six-pass Ti:Sapphire amplifier to an energy of about 15 µJ/pulse. We employ a
non-saturating amplifier, as standard amplifiers that
operate in saturated mode (to reduce output power
fluctuations) can amplify only one pulse. In this experiment, the number of pulses that can be amplified is limited to three by the EOM, which has to
be switched off before any backreflections from the
amplifier can reach the oscillator. For the xenon experiment described below, this restriction has been
removed. Spectral filtering is applied in the amplifier to limit the bandwidth of the amplified pulses to
<0.5 nm. This filtering reduces the complexity of the
signal, as only a single transition will be excited (see
below).

B.

Amplifier-induced phase shifts

The amplification process gives rise to a small phase
shift (∼100-200 mrad) between the pulses, which we
can measure with a 1σ accuracy of 25 mrad (< 1/250
of an optical cycle). These measurements are per-
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Atomic beam setup

To demonstrate high frequency quantuminterference metrology in the deep-UV we selected
the 4p6 → 4p5 5p[1/2]0 two-photon transition in
krypton at a frequency of ω0 /2π = 2821 THz. The
required wavelength of 212.55 nm for the two-photon
krypton resonance was obtained by fourth-harmonic
generation of the amplifier output at 850.2 nm
through sequential frequency doubling in two BBO
crystals. The resultant 212.55 nm pulses (1.6 µJ)
were focused in a highly collimated atomic beam of

amp
CCD
DL

filter

PC

2
Phase (rad)

A.

C.

0

-2
0

50

100

150

Time (a.u)
FIG. 4: Amplifier phase shift measurements and a
schematic of the setup used. DL: delay line, amp:
Ti:Sapphire amplifier, filter: attenuation and 0.5 nm spectral filtering to match the spectrum and divergence of the
aplifier output, EOM: electro-optic modulator, CCD. A
camera snapshot of the measured interference fringes is
shown in the top right. The thin lines in the graph are the
phases retrieved from these two interferograms, and the
thick line represents the difference of the two. 1
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D.

Experimental results

The data depend on the number of phase-locked
pulses used to excite the transition (Fig. 5A). The
pulse delay T was scanned on an attosecond timescale
by changing the comb laser repetition frequency,
which is near 75 MHz. With a single pulse the excitation probability is constant. With two pulses a clear
cosine oscillation is observed, with a contrast reaching 93%. Three pulse excitation gives the pulse-like
structure predicted by eq. 1 (N = 3), as well as an
expected narrowing by 3/2 compared to two pulse excitation. The solid lines are fits using eq. 1, including
an additional amplitude scaling factor to account for
signal strength variations between the traces. In the
three-pulse case, we took into account that the amplitude contribution of the pulses is not exactly equal,
due to spontaneous emission of the 5p state (lifetime
is 23 ns) and differences in energy between the three
pulses (energy ratio pulse 1 : pulse 2 : pulse 3 = 1.0

1

A

0.5

Ion signal (a.u.)

krypton. The excited state population was probed by
a delayed 532 nm ionization pulse (1.5 mJ, 100 ps)
from a Nd:YAG laser-amplifier system, after which
ions are detected in a time-of-flight tube capable of
clearly resolving the various Kr isotopes. The whole
experiment is repeated at 1 kHz. As both the ground
and excited state of the transition are J=0 states,
the atoms can be considered as two-level systems. In
general, multiple magnetic sublevels can be present,
which may complicate the signal if stray magnetic
fields are not properly shielded.
The isotope shift and the absolute transition measurements described below can be influenced by a
possible systematic Doppler shift as a result of nonperpendicular excitation. Therefore all measurements
were performed from two opposite sides, with the average taken to determine the Doppler-free signal. The
Doppler shift can in principle be reduced on a twophoton transition by measuring with colliding pulses
from opposite sides. This arrangement also enhances
the signal, as was seen experimentally. However, contrary to cw spectroscopy, Doppler-free signal (photons
absorbed from opposite sides) and Doppler-shifted signal (two photons from one side) cannot be distinguished properly in the case of excitation with two ultrashort pulses, because the large bandwidth always
contains a resonant frequency. This situation might
lead to a calibration error when there is an imbalance
in signal strength from opposite sides.
The total Doppler shift can only be determined
modulo the repetition rate. The difference in Doppler
shift for the isotopes, which is on the order of a few
hundred kHz, therefore provides a valuable initial estimate of about 25 MHz for this shift. From the
measurement of the absolute positions, one can then
determine the Doppler shift for each of the counterpropagating beams, which in this case was 29 MHz.

0
1
0.5
0

B

1 C
0.5
0
0

2

4

Frep - 74,948,950 (Hz)

6

FIG. 5: Demonstration of quantum-interference metrology. A: 84 Kr signal as a function of the repetition rate of
the comb laser for one, two, and three pulses 13.3 ns apart.
The solid lines are fits to the theory (see text). B: Measurement of the quantum-interference signal for various phase
differences between two excitation pulses, with the pulseto-pulse phase shift as seen by the atom set to 0,π/2, π and
3π/2, respectively. C: Measurement of the isotope shift between 84 Kr and 86 Kr (lower amplitude trace). The isotope
shift can be determined modulo 75 MHz from the phase
shift between these two simultaneously recorded scans.

: 0.91 : 0.6; in all measurements with two pulses, the
pulse energies have been kept equal to within about
5%). The dependence on the pulse-to-pulse (carrierenvelope) phase shift ϕCE (Fig. 5B) is in complete
agreement with expectations: the interference signal
moves by one fringe when ϕCE is scanned through a
complete cycle.
Isotope shifts can be measured straightforwardly.
The broad spectrum of the pulses places a frequency
ruler on all isotopes simultaneously, so spectra of
80
Kr through 86 Kr could be acquired at the same
time (Fig. 5C). The measurements of Kaufman [38]
were used for identification of the proper comb line
for each isotope. The resulting shifts (84 Kr − X Kr),
based on at least 6 measurements per isotope, are:
302.02 (28) MHz (80 Kr), 152.41 (15) MHz (82 Kr),
98.54 (17) MHz (83 Kr), and −135.99 (17) MHz (86 Kr).
The values are in good agreement with those reported
by Kaufman [38], while the stated uncertainties (1σ)
are between 20 and 40 times smaller than the 6 MHz
uncertainty there.
In the measurement of the absolute transition frequency, an additional issue is the determination of the
mode that corresponds to the true position of the resonance. The most accurate measurement to date [40]
has an uncertainty of 45 MHz, which is not sufficient to assign the mode with confidence. Therefore
measurements were repeated at repetition rates near
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IV. QUANTUM INTERFERENCE
SPECTROSCOPY ON XENON

2

A.

100

-2
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10-4

-4

10-6

75.0 MHz
68.6 MHz
60.9 MHz

-200

-100

0

100

200

Frequency - 2820833097.7 (MHz)
FIG. 6: Absolute calibration of the 4p6 → 4p5 5p[1/2]0
transition in krypton. The bars (logarithmic scale) show
the normalized statistical probability per mode for each
measured mode position, revealing the location of the most
probable coincidence.

60.9 MHz, 68.6 MHz and 75.0 MHz to find the point
at which the measurements coincide. We performed
4 to 9 measurements at each repetition rate, and the
results are shown in Fig 6. There are two systematic
effects that dominate the determination of the resonance frequency: the phase shifts induced by the amplifier (100-200 mrad in the infrared, see section III B),
and the residual Doppler shift (2 MHz) due to possible misalignment of the counter-propagating beams.
Other effects include light-shifts (0.47 ± 0.44 MHz),
static field effects ( 100 kHz), the second order
Doppler shift (∼1 kHz), and a recoil shift (209 kHz).
The phase shift due to the pulse-picker electro-optic
modulator is negligible (<5 mrad) when it is aligned
such that it acts as a pure polarization rotator, which
we verified experimentally. The phase shift due to frequency doubling is negligible as well, being estimated
on the order of a mrad in the UV, based on the model
of [39]. After correction of the data for these effects,
there were 3 sets of possible positions for the 5p resonance transition (Fig. 6). The measurements have
one clear coincidence (with an estimated probability
of 98%, based on a statistical uncertainty of 2.5 MHz
for each data point) near the literature value. Combining the three sets leads to an absolute frequency of
2,820,833,097.7 MHz with a 1σ uncertainty of 3.5 MHz
(statistical and systematic errors combined), which is
an order of magnitude smaller than the previous determination using single nanosecond laser pulses [40].
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Experimental setup
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Probability

Mode number
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In order to demonstrate the potential of quantum interference spectroscopy at even shorter wavelengths, in the vacuum ultraviolet and beyond, we
have performed a second experiment in which we
employed harmonic generation in a gas. This time,
the 5p6 1 S0 → 5p5 (2 P3/2 ) 5d[1/2]1 transition at
2.398 × 1015 Hz (125 nm) in xenon was excited. To
this end, we altered some parts of the setup described
in the previous section. A second EOM was added
so either one pulse, two pulses separated by an integer number of oscillator roundtrip times, or a pulse
train consisting of up to six pulses could be selected
from the frequency comb output. The Ti:Sapphire
amplifier was tuned to 750 nm and an extra pass
through the crystal was added, yielding about 25 µJ
per pulse while clipping the spectrum to a width of
0.7 nm. The amplified pulses were frequency doubled
in a BBO crystal, and the resulting 10µJ pulses at
375 nm were focused into a gas cell filled with either
oxygen or acetylene, to generate the third harmonic
at 125 nm (see Fig. 7). Since phase-matching is not
possible at this wavelength due to a positive phasemismatch in most gases, we focused the UV pulses
through a 0.1 mm pinhole, and employed differential
pumping to create a sudden pressure drop across the
pinhole. This provides the asymmetry necessary for
third harmonic generation (THG), producing about
50 fJ per pulse at 125 nm. After the pinhole, the
VUV radiation was collimated using a MgF2 lens and
perpendicularly intersected a beam of xenon atoms.
The VUV intensity was monitored using a channel
electron multiplier (Dr. Sjuts Optotechnik GmbH)
behind a VUV filter. A second differentially pumped
gas cell in front of the MgF2 lens ensured a steady gas
flow away from the lens, to prevent contamination of
its surface. The atomic beam setup and the ioniza-

532 nm laser
30 ps, 1.5 mJ
UV pulses

MgF2 lens
THG gas cell

aperture

counter

signal

gated amplifier &
discriminator

VUV filter

TOF&
CEM

SK
Xe
jet
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FIG. 7: The setup used for VUV quantum interference
spectroscopy on xenon. CEM, channel electrom multiplier, TOF, time-of-flight mass spectrometer. THG, third
harmonic generation.
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of high-contrast interference fringes in Fig. 9 demonstrates that such phase fluctuations are not very large
for the THG process in a gas these effects are difficult
to measure quantitatively in longer pulse trains.

3
2
1
0
0

C.
100
Delay (ns)

200

FIG. 8: The single pulse signal shows the lifetime decay
curve of the 5p5 (2 P3/2 ) 5d[1/2]1 level in Xe

tion/detection scheme needed only slight changes to
accomodate the Xe atoms. We measured the lifetime
of the 5p5 (2 P3/2 ) 5d[1/2]1 state very precisely using
a single VUV excitation pulse and scanning the time
delay of the ionization pulse. Fitting the obtained
exponential decay curve (see Fig 8) yields a value of
58.9 (1.3) ns, which compares well with theoretical
estimates [41].

B.

Excitation with pulse trains

Again, quantum interference in the excitation process is seen when two VUV pulses are used and the
time delay between them is scanned: the results are
shown in the first panel of Fig 9a. To increase the frequency resolution, more pulses are added, this time
up to six pulses. The fringes retain the 74.8 MHz period, and narrow down as expected. However, the amplifier introduces slightly different phase shifts within
the pulse train (varying by a few hundred mrad). As
a result, the excitation contributions of later pulses
cause small shifts of the fringe position and an asymmetry in the fringe shape (see Fig 9(a)), which hampers an accurate determination of the transition frequency. To obtain maximum contrast, the intensity of
the VUV pulses should be matched to the surviving
amplitude in the excited state, which would require
an independent control over the intensity of the individual VUV pulses. In the present situation the later
pulses contribute less to the final excitation amplitude, which slows down the narrowing of the interference fringes: ideally, the six-pulse train for example should yield about 11.5 MHz wide fringes, while
the measured width is 16.9 MHz. Furthermore, intensity variations in the pulse train are a cause for
concern as the phase of harmonics generated in a gas
might be influenced by processes such as ionization
and dissociation that create a time dependent refractive index [24]. Pulse intensity jitter can then lead to
differences in the degree of ionization of the harmonic
gas, possibly causing detrimental phase fluctuations
that do not occur when crystals are used (see the Kr
experiment described above). Although the presence

Excitation with pulse pairs

A simple solution that enables the determination
of such unknown phase shifts without loss of resolution is to use pulse pairs instead of longer pulse trains.
The advantage of using two pulses is that phase shifts
between only two pulses caused by the amplifier system can be measured with high accuracy (see section III B), and that phase shifts in the THG process
will be visible as a simple shift of the quantum interference pattern. Note that the frequency resolution of
a pulse pair spaced by e.g. 67 ns is similar to what
can be obtained with a pulse train of six pulses spaced
by 13.4 ns. This is demonstrated in Fig 9(b), where a
series of pulse pair measurements with delays ranging
from 13.4 to 67 ns is shown. The narrowest resonance
that is observed has a full width at half maximum
(FWHM) of 7.5 MHz, which is a 13-fold improvement
compared to any other measurement performed so far
at such short wavelengths using nanosecond pulsed
lasers [42] or cw lasers [9]. The frequency resolution
demonstrated in this measurement is 3 × 10−9 , constituting an improvement of about 6 orders of magnitude
compared to previous experiments using Michelson interferometers and ultrashort pulses [22, 23]. The decrease in fringe contrast with increasing T as seen in
Fig. 9(b) can be explained with a model that includes
the measured pulse intensity ratios, the lifetime of the
upper state, and the Doppler width, the latter being the dominant factor. By investigating transitions
to longer-lived states, and reduction of the Doppler
width through e.g. cooling techniques and confinement in an ion trap, much narrower fringes can in
principle be measured with high contrast using this
method. But even from a relatively low-contrast interferogram as shown in the bottom panel of Fig. 9(b)
the fringe position can be extracted reliably, since the
rapid sine wave oscillation allows to fit many periods
simultaneously.
The control over the measurement resolution by
changing the pulse delay can be used to overcome
the ambiguity in the determination of the right mode
when absolute frequencies are to be measured. An
initial measurement with sufficiently short time delay T allows identification of the mode by comparison
with existing low-resolution data. Here we demonstrate (Fig. 9b) that the measurement accuracy can
be improved by increasing T to zoom in on the transition, while keeping track of the previously determined
excitation mode. This is illustrated by the dotted line
in Fig. 9(b). Apart from the normal systematic effects
in laser spectroscopy (e.g. Doppler shift and AC Stark
shift), the amplifier phase shift error (6 × 25 mrad) to-
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FIG. 9: Quantum interference signals at 125 nm in 132 Xe. (a) Measured signals using a VUV pulse train of increasing
length. (b) Measured signals using two VUV pulses with increasing delays. Relative pulse intensities and time delays
are shown on the left of the graphs, and the width of the resonances (FWHM) is denoted in each panel. The solid
lines represent fits to model interference pattern functions, allowing for an intensity difference between the excitation
pulses, as well as a varying pulse-to-pulse phase shift ∆ϕ in graph (a) due to the amplifier (see text). The upper panel
is identical in both graphs, as all data was acquired during the same measurement run.
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However, if absolute frequency measurements are
to be performed the possibility of a systematic phase
shift caused by the THG process needs to be investigated precisely. We have done this by systematically
varying the parameters relevant to THG, in particular
the gas pressure and laser intensity. The xenon atoms
are now used as high-resolution VUV phase detectors,
by recording two-pulse interferograms with 13.365 ns
time delay at various gas pressures and laser intensities. Fig. 10 shows the retrieved phases when using oxygen (O2 ) for THG. Linear fits to both curves
yield slopes of −0.12 (0.29) mrad/mbar (corresponding to −1.5 (3.4) kHz/mbar at the VUV frequency)
and −8.7 (5.8) mrad/µJ (−104 (70) kHz/µJ), respectively (1σ error bars). Hence, no real phase shifts are
observed within 1/30th of a VUV cycle, even though

the VUV intensity changes by an order of magnitude
and shows signs of saturation. We repeated these mea-

Phase shift (rad)

gether with the statistical fit uncertainty amount to
an error in the VUV of about 1 MHz for T = 13.4 ns.
As the pulse delay increases, the influence of the amplifier phase shifts is progressively reduced inversely
proportional to T . For example, at T = 67 ns the uncertainty due to phase shifts and the fitting procedure
has improved to 270 kHz (1 × 10−10 accuracy). The
absolute transition frequency has not been calibrated
here, as no spectroscopic data with sufficient accuracy
for mode identification exists at present for the studied xenon transition, in contrast to the experiment Kr
experiment. As this transition in itself is of no fundamental spectroscopic importance, no further efforts
were undertaken to perform an initial calibration by
traditional means.

FIG. 10: Dependence of the relative phase between the
VUV pulses on the THG process in O2 . Measurements
of the phase shift of the quantum interference signals in
xenon (as shown in Fig. 9), using two VUV pulses (a)
as a function of the O2 pressure in the gas cell. (b) as
a function of incident laser pulse energy (sum of the two
pulses). The phase shift is set to zero at zero intensity
and pressure. The light blue curves indicate the generated
VUV intensity.
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surements using acetylene as the nonlinear medium,
which already saturates at a pressure below 1 mbar,
but displays a maximum THG efficiency at 10 mbar,
comparable to O2 at about 200 mbar. Also with acetylene, no phase shift is observed within the measurement resolution. This ensures that when a sufficiently
long time delay between the pulses is used, a sub-MHz
resolution can indeed be achieved.

V.

CONCLUSION

With the experiments described here, we have
demonstrated the use of quantum interference spectroscopy in the deep-UV and VUV. It is shown that
absolute frequency measurements with a MHz accuracy and relative frequency measurements with a
∼ 100kHz accuracy can be performed at such short
wavelengthts. Furthermore, we have demonstrated
that frequency combs can be transferred to the VUV
by harmonic up-conversion in a gas while distortion of
the phase coherence between subsequent comb pulses
is well within 1/30th of a VUV cycle. Therefore we
conclude that quantum interference is a powerful tool
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Rev. Lett. 86, 5679 (2001).
[10] R. Teets, J. N. Eckstein, T. W. Hänsch, Phys. Rev.
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A Compact High Stability Optical Clock Based on Laser-Cooled Ca
C. W. Oates,∗ Y. Le Coq, G. Wilpers † , and L. Hollberg
National Institute of Standards and Technology 325 Broadway Boulder, CO 80305 USA
We report new measurements and modifications for a simple, compact, Ca atomic clock at 657
nm. External measurements were made against an independent Yb lattice optical clock via a fs-laser
frequency comb. These results lead to upper limits for the Ca clock instability that are competitive
on short time scales with the best existing atomic standards.
I.

This is an exciting time in the field of optical atomic
clocks. Not only have the optical clocks been demonstrating higher stability than their microwave counterparts [1], but they are beginning to show excellent
reproducibility as well [2]. Very accurate clocks will
find important applications in precision metrology as
well as enabling a possible redefinition of the second.
However, widespread applications (space navigation,
communications, etc.) may benefit more from the precise timing that results from high stability rather than
extreme accuracy. It is perhaps timely to consider how
such applications might access the timing revolution
that is promised by the optical sources.
The problem of transferring the high stability of the
optical clocks to the more tractable microwave domain
has already been addressed by the fs-laser frequency
comb [3]. But the challenge of getting the stable light
(or microwaves) to the end users still remains. This
challenge is particularly daunting since most optical
atomic clock apparatus are fairly complicated, sometimes covering multiple optical tables. One approach
is to keep the clocks at a few sites and then to disseminate the stable time through optical fibers. This
possibility is under investigation, but will require significantly more infrastructure than currently exists to
disseminate high stability clocks with high fidelity [4].
An alternative approach, considered here, is to make
a compact optical clock that can be transported to
the location where it is needed.
The idea of transportable optical clocks based on
atoms in beams or molecules in vapor cells has been
investigated previously [5, 6]. Here we describe a system based on laser-cooled atoms that could achieve
the goal of transportability while still achieving extremely low instability (approaching 10−15 at 1 s).
This system uses the clock transition at 657 nm in
neutral calcium, which has been studied by various
groups for over 25 years now. Previous demonstrations in our lab and at PTB used two stages of laser
cooling to reduce the atom temperature to 10 microkelvin in order to achieve an absolute frequency
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FIG. 1: Partial energy level scheme for neutral 40 Ca, showing transitions relevant to the Ca optical frequency standard.

uncertainty of 10−14 or below [7, 8]. In this paper we
describe a simpler version of this clock that can still
achieve high stability (albeit with higher systematic
uncertainty) but with an apparatus whose size could
be reduced to the transportable level. In contrast to
state-of-the-art lattice-based [9] or trapped-ion clocks
[2], which have measurement cycle times of 100’s or
1000’s of ms, our system has a cycle time of 3.5 ms,
which reduces problems associated with cavity noise
and simplifies the apparatus. Internal measurements
on an earlier version of a compact Ca clock led to an
estimated fraction frequency instability of 4 x 10−15
at one second [10]. Here we present independent measurements of the performance of a recent version of
this clock, which show an upper limit for the fractional frequency instability of 3 x 10−15 at one second,
averaging down to the mid 10−16 range at 200 s.
II.

EXPERIMENTAL APPARATUS

The experimental setup has been described in detail
in earlier publications [10, 11], but here we summarize the apparatus and describe recent modifications.
The 1 S0 (m=0)→ 3 P1 (m=0) intercombination line
at 657 nm (see Figure 1) is well-suited for a frequency
standard due to its narrow linewidth (374 Hz), convenient wavelength, and inherent insensitivity to external perturbations. In order to reduce first-order
Doppler uncertainties, we use laser cooling to reduce
the temperature of the atomic sample to 2 mK before performing the clock spectroscopy. The atoms
are then excited with a diode laser whose frequency is
pre-stabilized by locking it tightly to a narrow fringe of
an environmentally isolated Fabry-Perot cavity. The
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resulting spectroscopic signals from the clock transition are then used to fix the frequency of the clock
laser on the center of the atomic transition.
Since it is necessary to extinguish the laser cooling
light before performing the spectroscopy (to minimize
light-induced shifts of the clock frequency), we employ a sequential measurement cycle. The cycle commences with a loading period (3 ms duration) during which we fill a magneto-optic trap based on the
strong cooling transition at 423 nm with atoms from
a thermal calcium beam. The resulting atomic sample contains roughly 5 x 106 atoms and has a (near
Doppler-limited) temperature of 2 mK. The cooling
light is generated by doubling the frequency of the
light from a semiconductor laser system at 846 nm to
produce 40 mW of light at 423 nm.
The atoms are then released to expand ballistically
and excited by a four-pulse Bordé-Ramsey sequence
[12]. With this method the atoms are first illuminated by a pair of pulses (separated in time by a duration, T) from one direction, and then are immediately illuminated by a second pair from the opposite
direction. This pulse sequence leads to a sinusoidal
excitation probability with a period of 1/(2T). This
spectroscopic technique enables high resolution while
maintaining a high signal-to-noise ratio. The degree
of excitation induced by probe pulse sequence is read
out by a single near-resonant pulse at 423 nm, which
measures (with a high signal-to-noise ratio) fluorescence from the depleted ground state.
The red probe laser power (12 mW) is about one
third that used in ref. [10] due to the demise of a high
power optical amplifier at 657 nm. We partially offset
this loss by using a beam with a (1/e)2 diameter of
only 3.3 mm. We also have added a Zeeman slower
to our apparatus, which increases the loading rate of
atoms into our trap by a factor of five. Since we no
longer chop a linear (or quadrupole) magnetic field
in this present version, we have been able to reduce
power supply line noise that was written on to our
atom number via the magnetic field. Another modification to the setup described in [10] is the addition of
657 nm velocity probes in all three dimensions. These
probes enable us to minimize atomic cloud drift velocities thereby rendering the setup less sensitive to drifts
in laser beam alignment. Reduction of the cloud drift
velocity should enable the clock to be more stable on
long time scales.

III.

POTENTIAL ADVANTAGES OF A
SHORT CLOCK CYCLE

The Bordé-Ramsey sequence described in the previous section takes about 0.5 ms, yielding a total measurement time of 3.5 ms. While our short measurement time means that the achieved line Q is lower
than that of some other cold atom clocks, there are
several potential advantages to the short cycle. First,

FIG. 2: The central fringes of the Bordé-Ramsey signal
taken with a resolution of 1.15 kHz. The signal is the result
of a single 2 s scan (no averaging) with a measurement time
of 3.5 ms per point.

because the vast majority of the atoms do not have
time to leave the trap volume during the spectroscopy,
they can be recaptured by the next trap cycle. This recycling of the atoms leads to a large number of atoms
with a short loading time. The large number of atoms
yields a high signal-to-noise ratio for the spectroscopic
signals.
A second advantage of the short measurement cycle is that we can potentially have reduced frequency
noise. The fairly large servo bandwidth (> 150 Hz) for
correcting reference cavity fluctuations greatly relaxes
the performance requirements for the optical cavities
- we can operate the clock in the presence of residual
seismic noise below 5 Hz (and large thermally driven
cavity drifts) without significant concern. Minimizing
the duration of the loading cycle also reduces the optical Dick effect [13], which aliases noise from higher
Fourier frequencies into the spectroscopic signal. Finally, thermal noise levels for optical reference cavities [14], which may limit the achievable noise floor for
lasers locked to such cavities, are predicted to be lower
at higher Fourier frequencies (for the calcium clock,
the relevant frequencies are around 1 kHz). Perhaps
it will be possible to reduce deleterious effects of fundamental thermal noise in optical cavities by locking
rapidly to atoms.
A third advantage of the short cycle is that the atom
trap fluctuations are much smaller on the millisecond
scale than they are on the second scale. For a modulation frequency of 160 Hz, we find that we can run
the clock without needing to normalize against shotto-shot trap number fluctuations. This simplifies the
apparatus and reduces the amplitude noise.

IV.

MEASUREMENTS OF THE CLOCK
STABILITY

Shown in Figure 2 is the spectroscopic signal taken
at our usual working resolution of 1.15 kHz. From
this signal we estimate an amplitude noise level limit
to the frequency instability of 1 x 10−15 at 1 s for 347
the Allan Deviation, with a frequency noise level 5-
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6 times higher. Since the majority of the frequency
noise is measured to be around 50-60 Hz, we should
expect some suppression of this noise due to our high
bandwidth. For an external evaluation of the Ca clock
performance, we sent light from the Ca-stabilized laser
to a fs-laser comb that was locked to a Yb latticebased clock [15], which also has high stability. The
noise introduced by the fibers transporting the light
from the standards to the combs was measured and
actively cancelled. In Figure 3 we show the measured
fractional frequency instability for the beat between
the Ca light and the nearest comb tooth for averaging
times from 1 to 400 s.

FIG. 3: Allan Deviation of the beatnote between the Ca
and Yb optical clocks (crosses). Also shown (diamonds) is
the Allan Deviation for the beatnote between the Ca clock
and Yb clock laser locked to its reference cavity (with the
linear drift removed). For reference we have included a
solid line showing an Allan Deviation of 3 x 10−15 τ −1/2 .

clock is the same as that used for the Hg+ optical clock
and has demonstrated a 1 s instability below the levels
measured here [16]. Based on this data, we estimate
that the Ca clock has an instability at or below 3 x
10−15 τ −1/2 (the solid line in the figure) out to 100 s.
Clearly, more measurements (with longer averaging
times) are needed to verify these results as well as to
determine the time scale on which the long-term drifts
of the Ca clock begin to be significant.

V.

FUTURE PLANS

In the near term we plan to continue simplifying
and reducing the size of the apparatus. Since the
clock is based on just two semiconductor laser systems, it could be contained in a fairly small volume.
Additionally, a more compact arrangement of the
optical system could substantially reduce its present
3-4 square meter footprint. With the implementation
of more powerful probe lasers, we can improve the
contrast of the fringes and perhaps reach a one second
instability of 1 x 10−15 , a value we think we can hold
for times of several 1000 seconds or longer. It will also
be interesting to make some absolute frequency measurements to see how reproducible the frequency of
this standard could be - a level of 10−14 seems feasible.
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A widely tuneable and narrow linewidth diode laser for coherent spectroscopy
A. Wicht∗ and N. Strauß, I. Ernsting, S. Chepurov, S. Schiller
Institut für Experimentalphysik, Heinrich-Heine Universität Düsseldorf,
Universitätsstr. 1, D-40225 Düsseldorf, Germany

P. Huke, R.-H. Rinkleff, K. Danzmann
Institut für Gravitationsphysik, Universität Hannover, Callinstr. 38, D-30167 Hannover, Germany
We report on the development of a diode laser system which is optimized for precision spectroscopy. It is based on a combination of diode lasers with optical feedback from a grating and
diode lasers with optical feedback from a resonant cavity. So far we have achieved overall tuneabilities on the order of 50 nm, continuous tuneabilities in excess of 40 GHz, and short term linewidth
below 66 kHz measured over 2.9 s in a 15 MHz scan. In comparison to grating stabilized diode lasers
these lasers should feature reduced frequency noise at high Fourier-frequencies which should significantly ease phase-locking to a frequency comb. These lasers will be used for precision spectroscopy
and coherent manipulation of ultra-cold HD+ molecules.
I.

INTRODUCTION

Diode lasers are an important tool in (precision)
spectroscopy for a number of reasons. Diode lasers are
compact, relatively cheap, and even single mode diode
lasers provide modest output powers typically in the
10 mW to 100 mW range. Furthermore, they are available for many different wavelength, from the deep-blue
to the near IR, and they are well tuneable coarsely as
well as continuously. Finally their frequency or phase
can easily be modulated all the way from dc up to RFfrequencies. The most common type of single mode
diode laser used for spectroscopy is based on the extended cavity design, which stabilizes the laser frequency by means of optical feedback from a grating
(Littman or Littrow design)[1].
One of the shortcomings of grating stabilized diode
lasers is their modest passive frequency stability, especially the frequency noise at high Fourier-frequencies,
which necessitates a fast frequency control when narrow linewidth is required. Although the laser diode
current can be modulated at frequencies as high as
many GHz, frequency control with a servo bandwidth
beyond a couple of 100 kHz is hard to achieve. This is
mainly due to the physical processes inside the laser
diode chip, which convert a laser diode current modulation into a frequency modulation [2]: at modulation
frequencies typically below a few 100 kHz the current
modulation mainly modulates the temperature. Beyond that typical frequency, carrier density modulation is the dominant source for frequency modulation.
At the cross-over frequency between these regimes
the current-to-frequency modulation transfer function
features huge phase shifts which are hard to compensate electronically. In order to circumvent the need to
employ very fast external or laser-internal frequency
or phase shifters (see, for example [3]) it is therefore
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desirable to investigate new diode laser concepts for
precision spectroscopy which intrinsically provide a
narrow linewidth, and for which the frequency noise at
high Fourier-frequencies is significantly smaller than
for grating stabilized diode lasers.
Diode lasers based on optical feedback from a resonant cavity have been described by Dahmani and
co-workers [4] and by Li and Telle [5] first in 1987 and
have been used specifically in applications for which
diode lasers had to be phase-locked to each other, e.g
for experiments on atomic coherence [6]. These lasers
provide significantly smaller linewidth than grating
stabilized diode lasers and specifically feature reduced
frequency noise at high Fourier-frequencies. Phase
-locking of these lasers does not require very fast
frequency control-loops and there is no need to use
pre-scalers and digital phase detectors to allow for
a residual closed-loop peak phase error of 1 rad or
more. However, the excellent passive frequency stability comes at the price of some shortcomings: (i)
the overall tuneability is typically limited to a few nm
due to the lag of an element which provides coarse frequency tuning, (ii) the continuous tuneability is limited to a few 100 MHz, and (iii) the operation of a
diode laser with resonant optical feedback is by far
not as reliable as the operation of a grating stabilized
diode laser.
There have been attempts to combine the concept
of the grating stabilized diode laser with the concept
of resonant optical feedback. Patrick and Wieman [7]
first described a grating diode laser which employed
additional optical feedback from a resonant SHGcavity through the 0-th diffraction order of the grating. Later, this concept was also studied by Hayasaka
[8] and Toyoda [9]. The main shortcoming in this
setup is that there are two channels which compete in
providing optical feedback to the laser diode. Whereas
the grating only provides feedback around one specific
wavelength, and thus ensures coarse wavelength selection, the cavity feeds back light at many frequencies
within the gain bandwidth of the diode laser. The
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competition between the feedback channels is hard to
control, and the effect of the competition strongly depends on the relative strength of the feedback channels.
Following an optical layout originally analyzed by
Belenov and co-workers [10] within a different context we combined the grating stabilization and the
stabilization through feedback from a resonant cavity
in an only slightly but nevertheless crucially different
way: optical feedback from a resonant cavity is provided through the 1-st diffraction order of the grating.
Now, the two feedback channels act in series rather
than in parallel, and optical feedback is only provided
if the ”resonance condition” is met by both, the cavity
and the grating feedback, at the same time. This way
the excellent passive frequency stability of diode lasers
with resonant optical feedback is maintained, and it is
combined with good coarse and continuous frequency
tuneability as well as with the reliability of grating
diode lasers. Our setup can be thought of to be a
Littman configuration, in which the retro-reflecting
mirror is replaced by folded resonant cavity, see Fig.1.
It turns out that the key-point in this setup is to find
an appropriate cavity geometry which preserves the
spectral selectivity of the grating [11]. As an illustrative example, one can think of replacing the retromirror in a Littman setup by a curved mirror with
a focal length which equals the distance of the mirror from the grating. This would perfectly cancel the
spectral selectivity of the grating and would make stable operation of the laser as difficult as the operation
of diode lasers with resonant optical feedback. The
cavity geometry obviously has to be designed in a way
which avoids this type of ”geometrical cancellation”
of the spectral selectivity of the grating. Our analysis
[11] suggests that a folded confocal cavity geometry
should be best suited for this ”grating enhanced external cavity diode laser” (GEECDL). Ewald and coworkers [13] preferred a planar cavity, which we found
to be inferior to a confocal cavity mainly due to the
well known problems related to the alignment and stability of cavities which are located at the boundary of
the stability regime.
In this paper we present the status of our activities aiming at the development of lasers based on the
GEECDL concept. We briefly describe our setup and
present results regarding linewidth measurements, frequency stability, and tuneability. The main goal of
this project is to provide narrow linewidth diode lasers
which can easily be phase-locked to a frequency comb.
A set of these lasers operating between 1400 nm and
1500 nm will be used for precision spectroscopy of
ultra-cold HD+ molecular ions. By phase-locking
two of these diode lasers to a frequency comb, we
will be able to generate a bi-chromatic optical field
which features an ultra-stable frequency difference in
the few THz range between the two spectral components. This bi-chromatic field will be used to generate and investigate quantum coherence between in-

dividual molecular rotational states of the vibrational
ground state of HD+ . To analyze the frequency stability and frequency modulation capability of our diode
lasers we have developed a purely analog frequencyphase detector, which - in contrast to commonly used
digital frequency-phase detectors - also provides a true
frequency-lock between two lasers if the corresponding
RF-beat note signal is available. It can also be used as
a pre-lock for the phase stabilization servo-loop. We
give a description of this frequency-phase detector in
Sec.III.
II.

GEECDL LASER SYSTEM

Fig.1 describes the GEECDL setup schematically.
The 1400 nm laser system is based on a Sacher
Lasertechnik SAL-1380-10 single mode laser diode
which is AR coated with a residual reflectivity of 1.3×
10−4 . After collimation by an aspheric lens (Thorlabs
C390TM-C, NA=0.65, f=2.76 mm) the laser beam
hits a custom made volume holographic transmission
phase grating (Wasatch Photonics, 980 l/mm) which
provides a maximum diffraction efficiency in excess
of 95% at the Bragg angle. By detuning the grating
from the Bragg angle, the diffraction efficiency can
be reduced significantly, e.g. to ≈ 50% at a detuning of 8 deg. The first diffraction order of the grating is then coupled to the external cavity, which has
a folded confocal geometry of length L=75 mm. The
input coupler is planar and has a transmission of 8.2%
for s-polarization which is the polarization state of the
laser field. The curved mirrors provide a reflectivity of
99.7%. At a diode current of 90 mA an optical power
of about 5 mW is available at the output of the laser
(before the isolator).

FIG. 1: Schematic setup. D: laser diode, COL: collimator, GRT: grating, OD: optical diode, CAV: external
cavity, HCD: balanced polarization sensitive detector for
Hänsch-Couillaud stabilization, HWP: half wave plate G:
corresponding loop filter, MF, MP: curved HR-mirrors,
R=75 mm, MC: planar coupling mirror, T=8.2%

The optical layout can be considered a coupled cav-
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linewidth of 66 kHz measured with a spectrum analyzer sweep time of 2.9 s and a span of 15 MHz. Phaselocking of this laser will require control at higher
Fourier-frequencies which will be provided by actuating the laser diode current. The 1400 nm GEECDL
provides 0.6 MHz/mA conversion at dc. This conversion factor is smaller than the corresponding factor
for regular grating diode lasers by orders of magnitude, so that the stability-requirement for the current controller is by far less stringent than for regular
grating diode lasers. Nevertheless, it is large enough
to provide sufficient dynamic range at large Fourierfrequencies for phase-locking of the GEECDL.

a.u.

0.06

RF-power

ity: the first cavity (laser cavity) is formed by the
end mirror M F and the rear facette of the diode laser
chip, whereas the second (external cavity, CAV) is defined by the end mirrors M P and M F . As is well
known from diode lasers with resonant optical feedback, the diode laser chip basically locks to a resonance frequency of the external cavity as long as the
detuning between the two cavities is not too large. To
ensure this, we apply a polarization sensitive stabilization scheme first described by Hänsch and Couillaud [14]. In contrast to the original scheme we do
not use a birefringent crystal inside the cavity but
make use of the polarization dependence of the input
coupler’s reflectivity: for p-polarization the finesse of
the external cavity is significantly smaller than for spolarization. Therefore, the polarization of the reflected light changes as the laser frequency is scanned
across the cavity resonance. The corresponding error signal is feed back to the position of the mirror
M P which is actuated by means of a PZT. This ensures that the slow drift between the external cavity
and the laser cavity is eliminated and stable operation
can be guaranteed for extended periods. Finally, the
frequency of the laser system is tuned by controlling
the position of mirror M F which is also actuated by
a PZT.
With the Hänsch-Couillaud lock activated we have
been able to continuously tune the frequency of the
1400 nm laser system by 20 GHz, which was limited by
the dynamic range of the PZTs. With a similar system at 850 nm [12] a continuous tuning range in excess
of 45 GHz was achieved, again limited by the dynamic
range of the PZTs. These tuning ranges are significantly larger than the largest tuning ranges achieved
with diode lasers with resonant optical feedback. Further, due to the coarse frequency pre-selection by the
grating, our laser system can be coarse-tuned to cover
about the same wavelength range as would be reachable with a grating diode laser setup: the 850 nm laser
was tuneable by 36 nm, whereas the 1400 nm laser can
cover at least 1370 nm-1420 nm (all at constant diode
temperature). Again these excellent overall tuning
characteristics are unmet by diode lasers with resonant optical feedback.
We are currently setting up a second GEECDL operating at 1400 nm. With this laser we will be able
to determine the short term linewidth and frequency
noise spectrum of our diode laser system in a beat
note experiment with the first laser. Recently we
have been able to estimate the short term linewidth
of a GEECDL for the 850 nm system by taking a
beating note spectrum between the 850 nm GEECDL
and a regular diode laser with resonant optical feedback, which should provide about the same short term
linewidth. In order to reduce jitter at low frequencies
the GEECDL was frequency-locked to the second laser
with a servo bandwidth of about 400 Hz, for which the
mirror M F was used as the actuator. The corresponding spectrum is shown in Fig.2 and reveals a FWHM-

0.04

66 kHz FWHM

0.02

0.00
227.5

228.0
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FIG. 2: Beat note spectrum between the GEECDL and
a regular diode laser with resonant optical feedback, both
operating at 852 nm. For the measurement the GEECDL
was frequency-locked to the second laser with a servo
bandwidth of about 400 Hz. The spectrum was taken with
a resolution bandwidth of 3 kHz in a sweep time of 2.9 s
for a span of 15 MHz. The linewidth (FWHM) resulting
from a lorentzian fit is 66 kHz.

To test the frequency stability of the free-running
GEECDL we have performed a beat note measurement between the 1400 nm GEECDL and a frequency
comb (MenloSystems FC8004), which was stabilized
to a maser (VREMYA-CH VCH-1005) and served as
an absolute frequency reference. The beat note spectrum was taken with a Thorlabs D400FC InGaAs photodetector and the peak of the spectrum was recorded
with an Agilent 4440A spectrum analyzer at a rate of
10 Hz (with a RBW of 91 kHz and a sweep time below 10 ms). The resulting frequency trace is shown in
Fig.3. Trace (a) denotes the free-running GEECDL
and reveals a drift of 4 MHz/min derived from 5.5 min
of data. The rms-frequency jitter is on the order of
0.5 MHz. We next frequency-locked the GEECDL to
the frequency comb by means of the frequency-phase
detector which will be described in the next section.
The servo-loop is a simple integrator and provides a
bandwidth of a few 100 Hz in order to eliminate drift
and jitter at low acoustic Fourier-frequencies. This
eliminates the drift (now at 16 kHz/min derived from
7 min of data), see trace (c). The rms-frequency jitter is at the level of 0.4 MHz. For comparison we
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show the corresponding measurement for an Agilent
8164A diode laser, module 81480A, which features internal frequency stabilization. Its drift corresponds
to 200 kHz/min measured over 8 min, and the rmsjitter is about 2 MHz. The result for the GEECDL
shows a passive frequency stability which is significantly better than the typical passive stability of grating diode lasers. A PZT-based servo bandwidth of a
few hundred Hz is enough to reduce the jitter to well
below 1 MHz, so that current control at high Fourierfrequencies provides enough dynamic range to phaselock the diode laser. Further, we conclude that the
frequency-detector part of our frequency-phase detector provides the possibility to implement a pre-lock
which should significantly ease phase-locking of the
GEECDL.

beat note frequency [MHz]

470

smaller than the reference frequency. These detectors therefore do not provide an error signal which is
proportional to the frequency difference between the
beat note and the local oscillator. However, this is
desirable e.g. if (i) frequency noise spectra or (ii) frequency modulation transfer functions of lasers have
to be measured. Further, (iii) a combination of a true
analog frequency detector and an analog phase detector should significantly ease phase-locking of lasers
and provide robust locking, because the frequency
part of the detector ”takes over control” as soon as the
phase-lock fails. Since analog phase detectors cannot
provide the dynamic range for phase detection which
is typical for digital phase detectors, it is clear that
the analog frequency-phase detector will only work
in ”phase-detection mode” (i.e. provide true phase
tracking) if the residual peak phase error is smaller
than 1 rad.

(a)

460

(c)

450

440
50
48
46

(b)

0

60

120 180 240 300 360 420 480
time [s]

FIG. 3: Beat note spectrum between the 1400 nm
GEECDL and a fs-frequency comb. The peak of the beat
note spectrum was recorded at a rate of 10 Hz (spectrum
analyzer RBW 91 kHz). Trace (a) shows the free running
GEECDL, (b) shows the GEECDL when frequency-locked
to the frequency comb (servo bandwidth corresponds to
a few hundred Hz), (c) shows an Agilent 8164A, module
81480A, diode laser with internal stabilization for comparison.

III.

FREQUENCY-PHASE DETECTOR

Experiments on molecular coherence between individual ro-vibronic states will require simultaneous
phase-locking of multiple GEECDLs to the frequency
comb. In order to make optical phase-locked loops
(PLLs) robust, typically digital phase detectors with
some kind of pre-scalers or combinations of digital and
analog phase detectors are used [15]. Purely digital
phase detectors are typically slower than analog detectors (basically balanced mixers) and also tend to
be more noisy. More importantly, digital frequencyphase detectors do not support true frequency detector operation, because they rail for non-zero frequency
difference and thus only deliver binary information
about whether the beat note frequency is larger or

FIG. 4: Schematic setup of the purely analog frequencyphase detector. LO: local oscillator input; RF: RF-(beat
note) input; CPL: directional coupler; ATT: attenuator;
LP: low pass, e.g. Minicircuits SCLF-series; FD OUT:
frequency detector output; φD OUT: phase detector output

We have developed a purely analog frequency-phase
detector which can be operated at a user-defined carrier frequency between 20 MHz and 1 GHz, and provides a nominal phase and frequency modulation detection bandwidth of 30 MHz. It is based on the
AD8302 RF-gain and phase detector, which features
two functions. The first is a phase detector of multiplier type which delivers the phase shift between the
two RF-inputs. The signal is linearized for phase shifts
of 0 . . . π. The second function is a relative RF-power
meter, which provides information about the relative
RF-power level of the two RF-inputs. The RF-power
meter function together with a steep RF-low pass provides a simple, flexible, and reliable frequency detector
as shown in Fig.4.
The beat note signal (RF) is split by a directional
coupler CPL. One of its outputs is directed to the
phase detection unit φD, which also receives the local
oscillator signal LO. The other output is split again by

353

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

a directional coupler. One of the corresponding outputs is appropriately attenuated and passed on to the
frequency detector unit FD. The second output of the
coupler is filtered by a steep low pass filter LP and
then also passed on to the frequency detector unit.
The latter basically determines the transfer function
of the filter, or equivalently, if the transfer function is
known, provides RF-amplitude independent information about the frequency of the RF-signal.

cal application we can assume that the RF-beat note
power will be stable to better than ±6 dB. Within this
RF-power range the in-lock beat note frequency will
change at most by 50 kHz, so the frequency drift and
jitter caused by RF-power fluctuations will well below
100 kHz.
60
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f = 50 kHz

40

0.6
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0.8
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FIG. 5: Frequency-to-voltage conversion provided by the
frequency detector unit. Characteristics are shown for
the nominal RF-power level of +7.6 dBm, as well as
for +14.6 dBm (+7 dB) and -2.4 dBm (-10 dB). Data was
taken by applying an RF-signal generated by a µ-wave
synthesizer. At the linear part of the trace the slope is
76.9 mV/MHz

The frequency detector operation is characterized in
Fig.5. An RF-signal generated with a µ-wave synthesizer is applied to the RF-input of the frequency-phase
detector. As can be seen, the detector provides a linear frequency-to-voltage conversion between 50 MHz
and 67 MHz and rails for RF-frequencies outside this
window. The low pass used for the data shown
here (Minicircuits SCLF-44) maintains the information about whether the detector is railing at too low
or too high frequencies between 20 MHz and 350 MHz.
We have alternatively used a Minicircuits SCLF-190
low pass, which provided a working point of 320 MHz
and delivered ”frequency-too-low” or ”frequency-tohigh” information between 20 MHz and 1 GHz. Near
the working point, i.e. typically at the center of the
linear detection range, the output signal is basically
independent of the RF-power level, which is shown in
Fig.5 by comparison of the traces for the three RFpower levels, that differ by as much as 17 dB.
To analyze the power noise-to-frequency noise cross
talk in more detail we set the µ-wave synthesizer to
a fixed frequency of 60 MHz, which is about the center frequency of the frequency detector’s linear range.
We vary the RF-power level and record how the output of the frequency detector changes. From the detector slope (see Fig.5) we can infer an apparent frequency shift, which is shown in Fig.6. For a typi-
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FIG. 6: RF-power level-to-frequency cross talk of the frequency detector unit. The graph shows the apparent frequency shift, caused by a modification of the RF-power
level. RF-frequency: 60 MHz. For a typical application,
RF-beat notes will be power stable to better than ± 6dB,
which corresponds to an apparent frequency shift of 50 kHz
peak-peak.

The frequency detector unit makes use of the steep
slope of a low pass filter. Any drift of the filter’s transfer function will therefore result in a drift of the inlock beat note frequency. In order to quantify this
effect we record the frequency detector output signal
for a 60 MHz RF-signal at the input during 1 h of
warm up. The overall drift is 2.1 mV corresponding
to 27 kHz, whereas half of the drift occurs during the
first 5 min after power on. Hence, thermal drifts of the
frequency detector are well below 100 kHz. We conclude that the frequency detector provides an absolute
frequency stability on the order of 100 kHz if the leading systematic effects, namely thermal drift and RFpower -to-frequency cross talk are considered. This
stability is significantly better than what is required
for a frequency pre-stabilization as part of a PLL, or
for supporting automatic lock acquisition for a PLL.
It is even stable enough for many spectroscopic applications where a frequency stability just below 1 MHz
is sufficient, e.g. for offset-locking of lasers used for
optical cooling.
Please note that the frequency detector performance relies on an excellent signal-to-noise ratio of the
RF-beat note signal. Broadband RF-noise will show
up as a strong offset to the total RF-power level at
both inputs of the AD8302 frequency detector. This
offset is partially cancelled because the AD8302 measures the relative power between the two inputs. Besides generating an offset, significant RF-noise power
will also shift the negative (i.e. high frequency) rail
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towards positive voltage, i.e. towards smaller frequencies. The frequency-to-voltage conversion characteristic will resemble that trace in Fig.5, which corresponds
to an RF-level of -2.4 dBm. The larger the broadband RF-power noise the narrower the linear part of
the characteristic will be. The frequency detector is
therefore best suited for frequency-locks between two
sufficiently powerful lasers. However, its performance
will be reduced if used to lock a laser, for example, to
a single comb line of a frequency comb which typically
provides an optical power between 10 nW and 100 nW
only. We are currently investigating the dependence of
the frequency detector performance on the beat note
signal-to-noise ratio. Despite this foreseeable problem we have been able to frequency-lock the 1400 nm
GEECDL to the frequency comb by means of the frequency detector unit, see Fig.3. In this experiment,
the signal-to-noise ratio of the RF-beat note was typically 30 dB at a resolution bandwidth of 91 kHz, and
the RF-noise bandwidth was about 60 MHz. Hence,
on the 60 MHz noise bandwidth the signal-to-noise ratio corresponded to a few dB only.
IV.

CONCLUSION

We presented the development of a diode laser system for precision spectroscopy, more specifically for
coherent spectroscopy of ultra-cold HD+ molecular
ions in the 1400 nm. . . 1500 nm wavelength range. The
novel diode laser concept is based on a combination
of the scheme using feedback from a grating and
the scheme using feedback from an external cavity.
This Grating Enhanced External Cavity Diode Laser
(GEECDL) provides the narrow linewidth of diode
lasers with resonant optical feedback, but at the same
time guarantees the good overall (>50 nm) and continuous (>20 GHz) tuneability as well as the reliable
operation of grating diode lasers. After elimination
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of frequency noise below a few hundred Hz we find
an upper limit for the laser linewidth of 66 kHz measured over 2.9 s for a 15 MHz span. We have successfully implemented the polarization sensitive HänschCouillaud locking scheme to lock the coupled cavities
to each other. The novelty here is that we do not
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operation, i.e. an output signal which is proportional
to the frequency difference between an RF-beat note
and an RF-reference signal. The frequency detector
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detector units, as well as the dependence of the performance on the beat note’s signal-to-noise ratio. Following the design goals we expect a phase and frequency
modulation detection bandwidth of about 30 MHz.
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Atomic and molecular spectroscopy with a continuous-wave, doubly-resonant,
monolithic optical parametric oscillator
T.Ikegami,* H.Inaba, and S.Ohshima
Time Standards Section, Time and Frequency Division,
National Metrology Institute of Japan, AIST,
AIST Tsukuba Central, Tsukuba-Shi, Ibarki-Ken 305-8563, Japan
*Electronic address: t.ikegami@aist.go.jp
Doppler-broadened atomic and molecular spectra were observed with a 1-octave tunable,
continuous-wave, doubly resonant, monolithic optical parametric oscillator (OPO) using
5%-MgO-doped LiNbO3 as a nonlinear crystal. By tuning the frequency of a pump laser,
longitudinal mode selection over 20 successive modes, corresponding to a 60 GHz span,
was possible. Continuous frequency tuning was achieved using an external waveguide-type
electrooptic phase modulator (EOM). We could observe the Cs-D1 (894 nm), Cs-D2 (852
nm), Rb-D1 (795 nm), acetylene R9 (1520 nm) and P9 (1530 nm) transitions with the single
monolithic OPO.

1. INTRODUCTION
An optical parametric oscillator (OPO) is a highly
coherent and widely tunable source of optical radiation.
Contrary to pulsed OPOs, the continous-wave (cw)
OPO has not been recognized as a practical light source
because of the instability of operation and the difficulty
of frequency tuning [1,2]. These problems have recently
been overcome, owing to the development of highly
efficient and high-quality nonlinear optical crystals such
as periodically poled lithium niobate, and narrowspectral-linewidth, highly stable solid state light sources
[3-17].
A monolithic cw OPO, in which an optical coating is
directly applied to the polished surfaces of a crystal, is
an attractive device due to its simple structure and high
mechanical stability [18-22]. Because there is no extra
surface leading to a parasitic resonance, its mode
selection and tuning characteristics are very simple
compared with common OPOs which use separate
mirrors. However, the continous frequency tuning of the
monolithic OPO over a wide range is difficult because it
is not easy to change its cavity length (=crystal length).
In this paper, we demonstrate the usefulness of the
monolithic cw OPO as a spectroscopic light source by
observing Doppler-broadened atomic and molecular
transitions, using an EOM as an external, continuous
frequency tuning device. We believe that this is the first
result of atomic and molecular spectroscopy using a
monolithic cw OPO.
II. EXPERIMENTAL SETUP
The experimental setup is shown in Fig.1. A frequencydoubled Nd:YAG laser was used as a pump source for
the OPO. The nonlinear optical crystal, 5% MgO-doped
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LiNbO3, was cut along the y axis of the crystal
refractive index ellipsoid for use with birefringent phase
matching. Its size was 2.3 mm x 2.5 mm x 22 mm. The
two 2.3 mm x 2.5 mm faces of the crystal were polished
spherically with a radius of curvature of 25 mm,
forming a standing-wave monolithic cavity. The input
face had an antireflection coating at 532 nm (R < 20 %)
and high-reflection coating (R > 98.5 %) from 750 nm
to 1700 nm. The output face was designed to have a
high reflectivity at 532 nm (R > 85 %) and a
transmission of 0.5 % ± 0.5 % from 750 nm to 1700 nm.
As a result, the crystal was in a double-path pump
configuration.
Osc.
Diffraction
Grating

:W
Signal light
from the OPO

EOM

Slit
Photodiode
(Fluorescence)

Fiber

Gas Cell

Photodiode
(Absorption)

Figure.1 Experimental setup. Osc: microwave oscillator,
EOM:waveguide-type electrooptic phase modulator,
Gas cell: Rb, Cs vapor cells, or acetylene gas cell.
Diffraction grating and slit are optional.
The signal and idler beams were separated with a prism.
The separated signal light or idler light was introduced
to a waveguide-type electrooptic phase-modulator
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(EOM), whose modulation bandwidth is 20 GHz. The
bandwidth of the microwave amplifier driving the EOM
was from 6 GHz to 18 GHz. The phase-modulated light
was introduced to a vapor or gas cell and one of the
optical sidebands was used to observe an absorption
signal or a fluorescence signal from the cells. Vapor
cells were used for the observation of Rb and Cs
transitions and the gas pressure was a saturated vapor
pressure at room temperature. A gas cell with a length
of 50 mm and a pressure of 50 Torr at room temperature
was used for the observation of acetylene (12C2H2)
transitions.
III. RESULTS
The detailed operational characteristics of the OPO are
described in [23] and we briefly describe its oscillating
characteristics. The OPO was tunable over 1 octave
from 777 nm to 1687 nm by changing the crystal
temperature from 108 ºC to 235 ºC. When the OPO was
pumped at a pump power of 100 mW, the typical signal
and idler power were 5 mW to 10 mW, respectively. We
operated the OPO at a pump power smaller than 150
mW. The OPO operated in a single longitudinal mode
pair of signal and idler stably under free running
condition without any active control of the cavity length,
owing to the thermal self-locking mechanism [24].

(a)

0 .5 0
0 .4 0

Fg=3 --Fe=3

Fg=4 --Fe=3

0 .3 0

Fg=3 --Fe=4

0 .2 0

Fg=4 --Fe=4

continuously to tune oscillating wavelength within 1
FSR of the target wavelength. (3) Once the oscillating
wavelength becomes within 1 FSR of the target
wavelength, the light was modulated with the EOM and
the upper or lower sideband frequency was swept
through the atomic or molecular transition wavelength.
The carrier or the unused sideband was not removed
because it was far from the transition and did not
influence the results, although it lead to a DC bias of the
transmitted power. Because the optical power was
decreased by 1/10 due to the insertion loss of the EOM,
and the power was distributed almost equally to the
carrier, the lower sideband, and the upper sideband, the
available power for the spectroscopy became
approximately 1/30 of the input power to the EOM and
was typically 200 µW.
Figure 2 shows the observed signals. For observation of
the transition whose wavelength is smaller than 1 µm
(Cs), the signal light was used, and for transitions longer
than 1 µm (acetylene), the idler light was used. For Rb
and Cs, fluorescence was observed. For acetylene, the
absorption signal was observed because fluorescence
cannot be observed. By scanning the microwave
frequency to the EOM, we were able to observe the
Doppler-broadened profiles of the atomic and molecular
transions with the single monolithic cw-OPO. Similarly,
we could observe the profiles for Rb-D1 line (795 nm),
Cs-D2 line (852 nm) and Acetylene P9 line (1530 nm),
too.
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Figure.2 Observed Doppler broadened spectra for (a)
Cs-D1 line (894 nm), (b) actylene R9 line (1520 nm).
The tuning to a desired atomic or molecular transition
frequency is performed as follows. (1) First, oscillating
wavelength (signal light or idler light depending on the
required wavelength) was tuned coarsely within the
±0.1 nm of the target wavelength by tuning crystal
temperature. (2) Next, pump laser frequency was tuned

Figure.3 Doppler-broadened fluorescence and
absorption spectra for Cs-D2 (852 nm) line, F=4 →
F'=3,4,5 components, observed with single sideband
from EOM.
Finally, we tried to remove the carrier and the unused
sideband for the higher contrast observation of the
absorption signal. For this purpose, the phase-modulated
light was applied to a diffraction grating (2160
lines/mm). After the 1st order diffracted light
propagated by a distance of 5 m or so, the carrier, the
lower sideband and the upper sideband become spatially
separated. The single sideband necessary for the
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experiment was extracted and an unnecessary carrier
and another sideband were removed by a spatial filter.
The extracted sideband was applied to the vapor cell.
We observed fluorescence and the absorption signal
from F=4 → F'=3,4,5 components of Cs-D2 transition
simultaneously, which is shown in Fig.3. From the
depth of the absorption, we can confirm that the
unnecessary carrier or unused sideband are filtered out
effectively.
IV. CONCLUSIONS
We observed the Doppler broadened atomic and
molecular profiles from Rb-D1, Cs-D1, D2 and acetylene
R9 and P9 transitions with a single, cw monolithic OPO
using an EOM as an external frequency tuning element.
We also succeeded in the observation of saturated
absorption from the Cs-D1 transition at 894 nm with the
same cw OPO, phase-locked to an optical comb, which
will be published in [25, 26]. Thus, the monolithic cw
OPO was demonstrated to be a useful spectroscopic
light source, which has a phase-locking capability for
extraction and amplification of a single comb from the
densely spaced modes of a mode-locked laser. It will be
an important tool for the development of optical
frequency standards because they sometimes require
curious wavelengths, which are not available with
conventional lasers. Also, we came one step closer to
realizing an continuous-wave optical frequency
synthesizer, which can generate arbitrary-wavelength
light with a precisly fixed frequency and power.
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NOISE REJECTION DEVICE FOR LASER STABILIZATION
G. Tetchewo, C. Laissoub, O. Lopez, and F. du Burck*
Laboratoire de Physique des Lasers, 99 av. J.-B. Clément, 93430 Villetaneuse, France
*Electronic address: duburck@galilee.univ-paris13.fr
The improvement of the short term stabilization scheme of an Ar+ laser for the realization of
an optical frequency standard at 501.7 nm is described. The laser frequency is locked to a
Fabry-Perot resonator mode for the very short term stabilisation and to a hyperfine transition
detected in iodine for frequency correction in the range 1-100 Hz. A device for the amplitude
noise rejection is developed to increase the signal to noise ratio of the detected signal. The
new stabilization system leads to frequency stability at the 10-13 level for 1 s integration.

1. INTRODUCTION
We develop an optical frequency standard at
501.7 nm based on an Ar+ laser locked to hyperfine
transitions of iodine. The accuracy of a frequency
standard is limited by the width of the transition used as
frequency reference. The natural linewidth of hyperfine
components in iodine decreases near 500 nm, the
dissociation limit of the molecule. In particular, we
measured HWHM ≈ 30 kHz for the hyperfine
components of R(26)62-0 transition at 501.7 nm [1].
In our set-up, the spectral purity of the laser is
first enhanced by prestabilization on a Fabry-Perot
resonator mode. For long term stabilization on the
iodine hyperfine transition frequency, the narrow line is
detected in a low pressure iodine cell. It is 4 m long.
The pressure, controlled by thermostabilization of a cold
finger, is in the range 0.07-0.7 Pa (0.5-5 mTorr). The
cell is pumped during the experiment in order to
minimize the effect of buffer gases and impurities. The
frequency band of the servo loop for the long term
stabilization of the laser is smaller than 1 Hz because of
the poor signal to noise ratio (SNR) of the detected
signal. With this set-up, the absolute frequency of a
hyperfine component of R(26)62-0 transition was
measured for the first time [1]. The stability was found
to be ∼10-12 for 1 s integration time. We have observed
that in the range 1-100 Hz the stability was limited by
mechanical vibrations of the Fabry-Perot cavity used for
the laser prestabilization.
We describe here a technique to overcome this
effect by an additional servo loop working up to about
1 kHz. Before locking the prestabilized laser frequency
on the narrow hyperfine transition detected in the low
pressure iodine cell, it is locked on the same transition
detected in another cell at a higher pressure. The SNR
of the detected signal must be sufficiently large to allow
the correction of the frequency noise up to 1 kHz. With
this aim, we have developed a system for the rejection
of the probe beam intensity noise in a 1 kHz wide
frequency band centred at the detection frequency
(625 kHz). A noise rejection larger than 30 dB is

reached and we show that the width of the rejected band
is sufficient for the detection of the frequency noise
above 100 Hz.
The paper is organized as follows. In Sect. II,
we present the set-up for laser prestabilization. In
Sect. IIII, we describe the noise rejection device and we
give its performances. In Sect. IV, we show that the
noise rejection device offers the possibility to increase
the detection of frequency noise. Sect. V is a brief
conclusion.
II. THE LASER PRESTABILIZATION SET-UP
Fig. 1 shows the laser prestabilization set-up.
The line of the single mode Ar+ laser is locked to a
Fabry-Perot resonator mode by a Pound-Drever-Hall
technique. A hyperfine component of the R(26)62-0
iodine transition at 501.7 nm is detected with saturation
spectroscopy technique in a 50 cm long sealed cell. The
iodine pressure in the cell, of about 4 Pa (30 mTorr), is
controlled by thermostabilization of the cold finger.
to the low pressure cell

Ar+ laser

80 MHz + FM 625 kHz
20 MHz

EOM

AOM2
AOM1

correct.
λ/4

I2 cell

λ/2

250 MHz
+ intensity
stabilization
PD

FP

PD

thermostabilization
correct.

detection

Fig 1: Ar+ laser stabilisation scheme (FP: Fabry-Perot
resonator; correct.: controller; PD: photodiode; AOM:
acousto-optic
modulator;
EOM:
electro-optic
modulator).
Probe and saturating beam frequencies are shifted by
250 MHz and 80 MHz respectively by the acousto-optic
modulators AOM1 and AOM2. The error signal is

359

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

III. THE NOISE REJECTION DEVICE
The principle of rejection of a beam intensity
noise was previously described in [2]. It is based on an
electronic controller derived from the adaptive noise
cancelling techniques. The disturbance corrupting a
primary signal is estimated by an adaptive filter from a
correlated auxiliary signal (reference input). The
estimate is then subtracted from the primary signal [3].
In case of the rejection of a single frequency, the
reference signal is a sinusoid and the estimate results
from the in-phase and quadrature analysis of the error
signal. Fig. 2 shows the principle of the beam intensity
noise rejection at 625 kHz. The cancelling signal drives
the RF input power of an acousto-optic modulator
which controls the beam intensity. The first order output
beam is split into the probe beam and the correction
beam. The intensity of this latter is monitored by a
photodiode to generate the error signal.
probe beam
(to I2 cell)

laser beam
AOM

signal used for the detection of the iodine transition. The
processing rate is 2.5 MHz, 4 times the frequency
modulation. This is its smallest possible value. A
decimation by 8 of the input signal and interpolation by
8 of the output signal are introduced. To process
independently both channels in-phase and quadrature
(accumulator and variable gain stage), an I/Q
demodulation at 625 kHz is first operated. Afterwards,
channels are modulated at 625 kHz, one in phase the
other in quadrature, and phase shifted before being
added. The delay in the loop due to the processing time
in the controller can make the loop unstable. The phase
shift is introduced to avoid this effect [4]. The rejection
bandwidth is adjusted by the loop gain.
Fig. 3 shows the intensity noise spectral density
of the correction beam around 625 kHz with or without
the correction. It is measured by a spectrum analyzer
connected at the output of the in-loop photodiode (error
signal). With the correction, a large rejection in a
narrow band centered at 625 kHz is observed. The
precise value of noise rejection at 625 kHz is measured
with a zero span (Fig. 4). A rejection of 41 dB is found.
correction beam
-60

controller OFF

-70

noise power (dBm)

obtained by modulation transfer technique: the
saturating beam is frequency modulated at 625 kHz by
AOM2 and the first harmonic of the saturated
absorption signal is detected on the probe beam. It
constitutes the error signal for the laser frequency
stabilization up to 100 Hz. The correction signal is
applied to a piezoceramic transducer that controls the
length of the Fabry-Perot resonator. AOM1 is used for
the rejection of the probe beam intensity noise around
625 kHz. The set-up for long term stabilization of the
laser on the narrow line detected in the low pressure cell
does not appear in Fig. 1.

-80
-90

controller ON
-100
-110

detector noise

-120
600
rbw = 100 Hz
vbw = 3 Hz

610

620

630

640

650

frequency (kHz)

adaptive filter
control
AOM
in-phase
analysis
625 kHz
reference signal

correction
beam

250 MHz
cancelling signal

Fig 3: Noise spectral density of the correction beam
near 625 kHz.

PD

quadrature
analysis

correction beam (zero span)

π/2

-60

controller OFF

error signal

Fig 2: Principle of intensity noise rejection device (PD:
photodiode; AOM: acousto-optic modulator)
The adaptive filter is developed in numeric solution that
presents
a
better
accuracy
for
IQ
modulation/demodulation
and
better
offset
characteristics than analogical solution. It is
implemented in a Memec Spartan-3 LC development
board based on a Xilinx Spartan-3 FPGA and a daughter
card with analogue input/output. A 20 MHz oscillator
pilots the sample rate of the input/output 12 bit analogue
converter, the FPGA internal clock and the 625 kHz
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noise power (dBm)

-70
-80
-90

41 dB

-100

controller ON
-110

detector noise
-120

rbw = 100 Hz
vbw = 3 Hz

Fig 4: Noise rejection at 625 kHz (correction beam).
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-60

controller OFF

noise power (dBm)

-70
-80
-90

controller ON
-100

detector noise

-110
-120

600
rbw = 100 Hz
vbw = 3 Hz

610

620

630

640

650

frequency (kHz)

Fig 5: Noise spectral density of the probe beam near
625 kHz.
probe beam (zero span)
controller OFF

-60

noise power (dBm)

-70
-80

32 dB
-90

controller ON

-100
-110

detector noise

-120

rbw = 100 Hz
vbw = 3 Hz

Fig 6: Noise rejection at 625 kHz (probe beam).
IV. FREQUENCY NOISE DETECTION IN THE
RANGE 1-100 HZ
To evaluate the possibilities offered by the
noise rejection device in term of laser stabilization in
the range 1-100 Hz, the spectral densities of signals
detected in the cell at 625 kHz in various cases are
shown in Fig. 7. The vertical scale for spectral density
expressed in Hz2/Hz is deduced from the slope of the
detected line corresponding to the hyperfine transition.
In all cases, the laser is prestabilized on a mode of the
Fabry-Perot resonator.
In a first step, we have recorded the noise
spectral density with and without intensity noise
rejection when no saturated absorption signal is detected

80

detected frequency noise

intensity noise
(controller off)

2

probe beam

(the pump beam is suppressed). Without noise rejection
(controller OFF), an equivalent noise spectral density
larger than 106 Hz2/Hz is observed. With noise rejection
(controller ON), the noise spectral density is decreased
by 30 dB, which gives 3000 Hz2/Hz, in a frequency
band larger than 100 Hz.
In a second step, the noise spectral density is
recorded when the laser is locked to the iodine
hyperfine transition detected in the cell. The frequency
band of this servo loop is small enough to have the laser
only prestabilized on the Fabry-Perot resonator mode
for frequencies above 1 Hz. Without intensity noise
rejection, the spectral density of the error signal is the
same as that measured with the unlocked laser. In this
case, the components due to frequency noise are much
smaller than the probe beam intensity noise and no
frequency correction is possible. With noise rejection,
the frequency noise components appear clearly above
the amplitude noise level (3000 Hz2/Hz) in a frequency
range larger than 100 Hz. The frequency correction is
now possible in this range.
It is interesting to evaluate the expected laser
stability assuming a white noise with a spectral density
3000 Hz2/Hz. In this case, the linewidth of the laser
would be ~10 kHz (FWHM) and the relative Allan
deviation would be at the 10-13 level for 1 s integration
time. Experimentally, the stability is obtained from the
direct measurement of the absolute frequency of the
laser by comparison to a mode of a femtosecond laser,
the optical spectrum of which is enlarged by a photonic
crystal fibre. The repetition rate of the femtosecond
laser is locked to a local oscillator driven by a reference
signal with a high level of stability and accuracy
received from BNM-SYRTE (Observatoire de Paris)
through a 43 km long optical fibre [1]. The stability of
the Ar+ laser with the prestabilization system described
here is found to be 2х10-13 @ 1 s, which corresponds to
the expected value. The previous system had stability at
the 10-12 level [1].

10 lg(spectral density in Hz /Hz)

The intensity noise spectral density of the probe beam
near 625 kHz is shows in Fig. 5. It is obtained at the
output of the photodiode which measures the probe
beam intensity at the output of the I2 cell. As for the
correction beam, a large noise rejection is seen around
625 kHz. The measurement with a zero span gives
32 dB (Fig. 6).

60

40

20

0

intensity noise
(controller on)

-20

detector noise

-40
1

10

100

1000

10000

100000

frequency (Hz)

Fig 7: Noise spectral density of the error signal of the
laser stabilisation on iodine.
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V. CONCLUSION
We have described the improvement of the short term
stabilization of an Ar+ laser for the realization of an
optical frequency standard at 501.7 nm. To overcome
the limitations due mechanical vibrations of the FabryPerot resonator used for the enhancement of the laser
spectral purity, an additional feedback loop for the
frequency correction in the range 1-100 Hz. is
introduced. It is based on detection of an iodine
hyperfine transition in a cell at a pressure of 4 Pa. We
have shown that this scheme gives the opportunity to
detect the laser frequency noise up to 100 Hz. The short
term stability obtained with the new scheme is found to
be at the 10-13 level.
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Phase-sensitive detection of the atomic resonances by using an acousto-optical
modulator in a Raman-Nath diffraction mode.

V. Baryshev, Yu. Domnin, and L.Kopylov.
Institute for Metrology of Time and Space (IMVP FGUP “VNIIFTRI”), Moscow Area, Mendeleevo, 141570
RUSSIA.
e-mail: barychev@aspnet.ru

A new method for frequency stabilization of an external cavity diode laser without the use of direct injection
current modulation is presented. A Pound-Drever FM sideband technique with AOM operating in a single pass
Raman-Nath diffraction mode as an external phase modulator and atomic resonance as the frequency reference
are used to produce an error signal for frequency locking of the laser diode to the resonances within caesium D2
spectral line.

1. INTRODUCTION
Reduction of semiconductor laser frequency noise is
essential in a variety of fields, including metrology,
precision optical measurements. The free running
linewidth of an external cavity diode laser (ECDL) is of
the order of a few megahertz and is limited by the
mechanical and acoustic vibrations of the external
cavity. Such frequency fluctuations can be removed by
electronical feedback to the laser diode (LD) injection
current. At present, a conventional Pound-Drever FM
sideband technique [1,2] with electro-optical modulator
(EOM) as an external phase modulator is used to
provide the error signals for extremely high speed
servo-loops for frequency stabilization of a variety of
the lasers, including diode lasers. It has been found [3]
that acousto-optical modulator (AOM) operating in a
Raman-Nath diffraction mode can be used as an
external phase modulator in Pound-Drever FM sideband
technique converting the single mode diode laser input
into a pure frequency-modulated (FM) spatially
separated optical spectrum. When driven sinusoidally
and for normal incidence, AOM can be used to generate
frequency sidebands symmetrically spatially located
around cw optical beam. Sinusoidal modulation at
acoustic wave frequency Ω generates frequency
sidebands at multiples of Ω about the central optical
frequency ω. The electric field of the optical beam after
passing through AOM can be described by well known
formula as [4]:
i [ω t + m sin (Ω t )]
E=E e
=
0
∞
∞
k
=E0 ∑ Jk ( m) e i k Ω t + ∑ ( −1) Jk ( m) e− ik Ω t e i ω t
k =0
k =1

{

}

This is the spectrum of a phase-modulated electric field
and it is given by Bessel functions. The amplitude of the
kth sideband at ω+kΩ is proportional to Jk(m), where Jk
is the Bessel function of the order k and m is the peak
phase modulation. The diffraction angle ϑk for kth
sideband with frequency ω + kΩ is defined by sinϑk =
kλ/Λ, where λ and Λ are light and acoustic wavelengths
respectively.
In this report a new method for frequency stabilization
of an external cavity diode laser without the use of
direct injection current modulation is described. A
Pound-Drever FM sideband technique with AOM
operating in a single pass Raman-Nath diffraction mode
as an external phase modulator and atomic resonance as
the frequency reference are used to produce an error
signal for frequency locking of the diode laser to the
resonances within caesium D2 spectral line.
II. EXPERIMENTAL SET-UP AND RESULTS
The experimental set-up is shown in Fig.1. Grating
stabilized SDL-5422 (USA) and IDL150S-850
(“Polyus”, Russia) laser diodes in a Littrow
configuration provided tunable single-frequency input
radiation at 851nm.
The modulator was ISOMET 1205-C2 AOM (which is
specified as acousto-optical deflector with 80 MHz
center frequency and with sweep bandwidth of 40 MHz)
driven by approximately 100 mW of rf power at
frequencies ( in the 30 – 40 MHz range) large compared
to the 5 MHz of natural linewidth of the optical
transitions.
For such modulation parameters and for some certain
adjustment of input light beam, the AOM output
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frequencies 6S1/2, F = 4 – 6P3/2, F' = 3,4,5, where F и F’
are the total angular momenta of the atom in ground and
excited states. The only experimental parameter varied
during recording of these figures. That was the
modulation frequency, which had values of 30.1 and
34.3 MHz.

DBM
Φ

Oscillator

PhD

L

PZT

ECDL

Output

I

A

BS
BS
Cs
Cell

4-3’

4-5’

B

4-4’
AOM
Frequency

M

Fig.1. Experimental set-up. ECDL – external
cavity diode laser; PZT – piezoelectric
transducer; Φ – phase adjuster; BS – beam
splitter; M – mirror; AOM – acousto-optical
modulator; L – lens; PhD – photo-detector; I –
injection current; DBM – double-balanced
mixer.
consisted only of three beams corresponding to the
carrier light and to the nearest sidebands of the ±1-st
diffraction order with the measured diffraction angle ϑ±1
≅ 0.5o. The AOM single pass output presenting pure
frequency modulated and spatially separated optical
spectrum was used as a probe beam for saturated
absorption spectroscopy in a caesium vapour cell at
room temperature and was focused on a p-i-n
photodetector which had a bandwidth of 40 MHz. The
ratio of powers of each ±1-st diffraction order sidebands
to the carrier power in front of the input window of the
Cs cell was equal to P±1 / P0 = 65 μW / 1.75 mW ≅ 0.04.
The rf beat was detected by heterodyne detection using
double-balanced mixer (Mini-Circuits SRA-1), which
produced dc signal served as an error signal for fast
electronical feedback circuit. Fig.2 and Fig.3 show
dispersion like shaped error signals with zero
background level obtained when the laser frequency is
scanned across Doppler profile of caesium D2
absorption line and coincides with optical transition
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Fig.2. Curve A: Error signal. Curve B:
Saturated
absorption
signal
simultaneously recorded in a different
cell and given for reference.
Modulation frequency – 30.1 MHz.

A

4-3’

4-5’
4-4’

B

Frequency

Fig.3. Curve A: Error signal. Curve B:
Saturated
absorption
signal
simultaneously recorded in a different
cell and given for reference.
Modulation frequency – 34.3 MHz.
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For fixed modulation frequency, the similar change of
the error signal shape and slope sign is obtained by
adjustment of the phase relation between mixer input
signals. This adjustment is readily accomplished by
varying the length of the cable connecting the mixer and
RF oscillator. A second, low-frequency servo-loop was
used to compensate for slow drifts caused by thermal
and mechanical perturbations. The amplified and
integrated output of the mixer is fed to piezo-electric
transducer (PZT), which controls the grating position.
It should be noted that FM sideband spectroscopy with
AOM serving as an external phase modulator
demonstrates the similar response to the noise sources,
degrading the sensitivity of the method, as it has been
described in detail in [2]. One of such detrimental
effects is the presence of residual AM noise arising
from the fact that the available optical phase modulators
do not produce the pure FM spectrum. Small imbalance
in the amplitudes of the sidebands or a relative shift in
phase can prevent the beat signal from vanishing
exactly. This residual AM can be detected by the
photodiode and introduces a nonzero baseline whose
level can fluctuate with the laser power fluctuations.
This noise can be minimized by careful aligning the
input and output polarizations of the modulator to
balance the sidebands and by adjusting the relative
phase of the local oscillator and signal to minimize the
offset due to residual AM. In our case we do not care
about the input and output polarizations of the light
passing AOM at all. The balance of the sidebands is
accomplished simply by the rotation of AOM in the
horizontal plane.
After some reassembling of optical set-up (mainly due
to the changes of the cables) we have found the same
response of the system at modulation frequencies of
23.8 and
26.8 MHz, in frequency region where
efficiency of AOM to operate in both Bragg and
Raman-Nath diffraction modes even weaker than that
descriebed before. Fig. 4,5 show the error signals with
the same slope sign reversal as we observed for
modulation frequencies of 30.1 and 34.3 MHz.
Surprisingly and as another proof of high sensitivity of
the method, we have obtained the error signals at
frequencies (around 10 MHz) where acousto-optical
modulators used not to be used in a Bragg difraction
mode. In this case the 1-st Raman – Nath diffraction
order sidebands are nearly vanished. However, they are
still strong enough to induce FM spectroscopy at such
low modulation frequencies (Fig. 6,7).
Thus, changing only the modulation frequency value (in
10 MHz - 40 MHz region) we could readily distinguish
two modes of the FM spectroscopy method, when the
modulation frequency was so high that only one of the
sidebands interacts strongly with the absorbing medium
[2] or when two sidebands were located within subDoppler resonances width [1].

As we need to shield the detection units from
detrimental electromagnetic radiation scattered, for
instance, by the relatively strong amplifier driving
AOM, it seems advantageous to use lower modulation
frequencies.

4-5’

4-3’

B

4-4’

A

Frequency

Fig. 4. Curve A: Error signal. Curve B:
Saturated
absorption
signal
simultaneously recorded in a different
cell and given for reference.
Modulation frequency – 23.8 MHz.

A

4-5’

4-3’

B

4-4’

Frequency

Fig. 5. Curve A: Error signal. Curve B:
Saturated
absorption
signal
simultaneously recorded in a different
cell and given for reference.
Modulation frequency – 26.8 MHz.

365

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

4-3’

4-5’

B

4-4’

them as the error signals for a high speed servo-loop.
With the use of Pound-Drever FM sideband technique
and negative electronical feedback, wide-bandwidth
frequency noise suppression and stable frequency
locking of the external cavity diode lasers to the subDoppler resonances within D2 absorption line of Cs
atom are achievable.
REFERENCES

A

Frequency

Fig. 6. Curve A: Error signal. Curve B:
Saturated
absorption
signal
simultaneously recorded in a different
cell and given for reference.
Modulation frequency – 12.2 MHz.

4-3’

4-5’

B

4-4’

A

Frequency

Fig. 7. Curve A: Error signal. Curve B:
Saturated
absorption
signal
simultaneously recorded in a different
cell and given for reference.
Modulation frequency – 11.2 MHz.

III. CONCLUSIONS
Phase-sensitive and fast detection of the atomic
resonances has been carried out by means of FM
sideband spectroscopy with AOM operating in a single
pass Raman-Nath mode as an external phase modulator.
Acceptable level of the obtained in a wide modulation
frequency range mixer output signals allowed to use
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Vibration-insensitive mounting of a reference cavity for an optical clock
T. Nazarova, F. Riehle, and U. Sterr *
Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
*Electronic address: Uwe.Sterr@ptb.de

We report on a novel vibration-insensitive mounting design of the reference cavity used for
stabilization of the clock laser in an optical frequency standard. The cavity is supported in
the horizontal symmetry plane on four supporting points while the optical axis is oriented
horizontally. The positions of the points have been optimized by finite element analysis.
This has resulted in a measured sensitivity to acceleration of 1.5 kHz/(m/s2) in the vertical
and 14 kHz/(m/s2) in the horizontal direction. This is a reduction of two orders of
magnitude in the vertical and one order of magnitude in the horizontal direction compared
to the support from below.

I. INTRODUCTION

4s5p 1P1

Highly stable and spectrally narrow lasers [1],[2],[3] are
necessary as local oscillators in optical frequency
standards [4],[5],[6] where they deliver the short-term
stability between interrogations of the atomic transition.
They also find applications in high-resolution
spectroscopy [7], tests of fundamental physics [8], and
interferometric measurements [9].
In the case of atomic clocks where a narrow atomic
transition is interrogated discontinuously, the Dick
effect leads to degradation of the frequency stability
through the aliasing of high frequency laser noise
[10],[11]. Thus to exploit the ultimate stability of a
frequency standard given by the quantum projection
noise [12] the spectral density of the laser’s frequency
noise in the low frequency range must be reduced.
A stable optical oscillator is realised by locking a laser
to a narrow resonance of a high finesse cavity [13]. In
the low frequency range (below 100 Hz) the stability of
the laser is limited by fluctuations of the optical length
of the reference cavity caused by acoustic and seismic
vibrations which lead to quasi-static deformations of the
cavity. Thus for achieving a laser linewidth in the range
of a few Hertz, demanding vibration isolation systems
are employed. For further improvement it is necessary
to design the cavity in a such way that it shows a low
sensitivity to accelerations.

repumping transition
672 nm

II. Ca-FREQUENCY STANDARD
At PTB, we operate an optical frequency standard based
on the optical intercombination transition 1S0 – 3P1 at
456 THz (λ = 657 nm) in 40Ca atoms [4]. Ca atoms are
cooled to a temperature of about 2 mK in the first
cooling stage on the strong 1S0 – 1P1 (423 nm) transition
(Fig. 1). In 10 ms about 107 atoms are trapped.

4s4d 1 D2
quench transition
452.7 nm
3 x 104 s -1

1

4s4p P1

4s4p 3 P1

cooling transition
422.8 nm
2.15 x 108 s-1
4s4s 1 S0

clock transition
657.5 nm
2300 s-1

Fig. 1: Partial energy level scheme for
wavelengths and Einstein A coefficients

40

Ca with transition

A second cooling stage is performed by using the clock
transition. The absorption rate and the cooling force are
increased by a quench laser at 453 nm that deexcites
atoms from 3P1 state to the ground state via the 1D2
state. With this method 3·106 atoms are cooled down to
12 µK, corresponding to an rms velocity of 10 cm/s.

III. PROBING THE CLOCK TRANSITION
To interrogate the optical intercombination transition a
frequency-dependent 4-pulse Ramsey-Bordé interferometer in the time domain is used [14]. The
temperature of the ensemble is low enough to allow the
necessary /2-pulse to address the entire velocity
distribution of the atomic ensemble. A high efficient
electron-shelving method is used to measure both
outputs of the atom interferometer.
The interrogation laser for the calcium 657 nm
intercombination line is an extended cavity diode laser
in Littman configuration which is locked to a high
finesse (F=79000) reference cavity by a Pound-Drever-
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Hall technique [13]. The laser setup is described in
detail elsewhere [3]. The reference cavity is a nontunable Fabry-Perot resonator made from ultra-low
expansion glass (ULE). It has a diameter of 8 cm and a
length of l = 10 cm.
With this setup a laser linewidth of 1 Hz has been
demonstrated [3]. The measured spectral density of the
frequency fluctuations is shown in Fig. 2. The rise of the
frequency fluctuations in the range below 100 Hz is due
to acoustic and seismic vibrations.

Fig. 3: Calculated displacement uz of a cavity supported from
below under a vertical acceleration of ay = 10 m/s2. The
deformation is magnified by a factor of 107.

free running

vibrations
stabilized

10

-1

10

-2

10

-3

10

∆ν = 1 Hz
∆ν = 1 mHz

detection noise
-1

10

0

10

1

10

2

3

10

10

4

10

from vertical accelerations. The results are shown in
Fig. 3.
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The change of the distance between the mirrors amounts
in this case to 3.7·10-10 m leading to a calculated
sensitivity to vertical accelerations ky = 170 kHz/(m/s2).
To measure the acceleration sensitivity the platform
where the cavity is situated was manually excited and
the acceleration of the platform and the beat frequency
with an independent laser were recorded simultaneously
(Fig. 4).

frequency (Hz)
1

2

3

4

5

6
0.3

When the laser is stabilized to the calcium clock
transition a stability of σ y (1s) = 2 ⋅ 10−14 was reached
recently [4] which was mainly limited by the Dick
effect. The fundamental limit given by the quantum
projection noise (QPN) amounts in our case for
N = 3 ⋅ 106 atoms and cycle time of Tc = 25 ms to

σ y (1s) = 5 ⋅ 10

−16

. To reach the QPN the frequency

stability in the low frequency range limited by acoustic
vibrations must be improved.
IV. ASYMMETRICAL MOUNTING
In our previous setup the cavity was supported from
below at the points at the distances 0.21·l from both
ends by four small cylindrical elastomer pieces (Viton)
under an angle of 35° with respect to the vertical
direction.
Vibrations couple through the mounting to the cavity
and cause forces which lead to deformations of the
cavity and change its length.
For the case of this asymmetrical mounting
configuration we used the finite element method (FEM)
to calculate the deformations of the cavity resulting
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Fig. 2: Spectral density of the frequency fluctuations of the
clock laser measured with an independent system
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Fig. 4: Measurement of the acceleration sensitivity for the
vertical direction for the asymmetrical mounting. Upper
graph: acceleration ay of the resonator platform, lower graph:
beat frequency fbeat with an independent laser.

The measured acceleration sensitivity for the vertical
direction amounts to ky = 120 kHz/(m/s2).
We use a simple model to illustrate the principles of the
mounting. As example a cuboid-shaped spacer of
dimensions dx, dy, dz is considered where the cavity is
held in a plane. Therefore no cavity bending occurs
which otherwise would appear when the cavity is held
in discrete points. The acceleration induced length
change (shown in Fig. 5) for the vertical direction y can
be calculated as:
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∆d y =

Fd y

=

ρ d 2y

(1)

ay

EA
E
where F denotes the acceleration force, the density, E
Young’s modulus, A the area perpendicular to the
acceleration ay.
For the axial direction z one obtains:
ρ d zd y
∆d z = ν
ay
(2)
E
with  Poisson’s ratio.

dy

a

Fig. 6 shows the both cases of the symmetrical
mounting. A symmetrical mounting of the reference
cavity with a horizontal optical axis has the following
advantages compared with a mounting with a vertical
axis. For suspended cavities with a vertical optical axis,
the two relative length changes ∆d y / d y which must be
compensated depend linearly on the cavity length
(eq.1). For cavities with horizontal axis the relative
length change ∆d z / d z is reduced by the Poisson’s ratio
(eq.2) which is  = 0.17 for ULE and does not depend
on the cavity length. This allows one to use longer
cavities for reducing the thermal noise without
compromising the vibrations sensitivity.

y

VI. NOVEL DESIGN

x

dz

z

Our novel cavity mounting [16] that we have realized is
shown in Fig. 7. The cavity is supported in its horizontal
symmetry plane on four support points.

Fig. 5: Acceleration induced deformations of a cuboid-shaped
spacer

Approximating our cavity by a cuboid of dimensions
d x = d y = 0.08 m, d z = 0.1 m we can estimate the
acceleration sensitivity in the vertical direction using eq.
(2) to ky = 200 kHz/(m/s2).
V. PRINCIPLES OF THE SYMMETRICAL
MOUNTING
The idea of reducing the acceleration sensitivity by
supporting a cavity in its symmetry plane has been
discussed since several years [15],[16]. In this case one
half of the cavity is compressed due to the acceleration
while the other half expands. This leads via Poisson’s
ratio to the expansion of the first half and compression
of the second half in the direction of the optical axis
(see Fig. 6 right). On the optical axis both effects are
compensated which results in a reduced sensitivity to
accelerations.
This idea was recently applied for a cavity with a
vertical optical axis [17]. With this configuration a
sensitivity of the eigenfrequency on accelerations of 10
kHz/(m/s2) was achieved.

Fig. 7: Vibration-insensitive mounting of a reference cavity
with a horizontal optical axis.

Since the cavity is held in discrete points a bending of
the cavity occurs in addition to the change of the
distance between the mirrors. This leads to a mirror tilt
about the geometrical axis which can result in an
additional length change if the optical axis is not exactly
centered in the middle of the mirrors. Thus analytical
considerations are not sufficient to determine the
position of the support points. Therefore we performed
finite element analysis to find the best positions where
both the length change between the mirrors and the
mirror tilt are minimal under vertical acceleration.
Fig. 8 shows the calculated displacement uz along the zdirection for the optimal position of the support points.
In this configuration the minimum of the length change
is on the optical axis. In our particular case the optimal
position of the support points amounts to y = 0.9 mm
along the vertical axis and z = 35 mm along the
horizontal axis measured from the center of the
cylinder.

Fig. 6: Different designs of symmetrical mountings: vertical
(left) and horizontal (right) orientation of the optical axis.
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Fig. 8: Calculated displacement uz of a cavity supported
symmetrically in the horizontal plane under an vertical
acceleration of ay=10 m/s2. The deformation is magnified by a
factor of 107.

The technical implementation of the cavity suspension
is shown in Fig. 7 (on the right-hand side). Four blind
holes with a diameter of 8 mm and a depth of 10 mm
are milled in the cavity at the positions determined by
the simulation. Since the support plane is overdetermined by four points an elastic support on Viton
cylinders put on spring wires is used. The Viton
cylinders of 3 mm diameter and 7 mm length also damp
oscillations of the mounting.
VII. IMPROVED ACCELERATION SENSITIVITY
We measured the acceleration sensitivity of the
symmetrical mounting in three directions. The result for
the vertical direction is shown in Fig. 9. For the
symmetrical mounting the acceleration sensitivity for
the vertical direction amounts to k y = 1.5 kHz/(m/s 2 ) .
This is an improvement of two orders of magnitude
compared with the asymmetrical mounting. The
acceleration sensitivities for the horizontal directions are

-4

-8

0

1

2

t (s)

3

4

5

Fig. 9: Measurement of the sensitivity to the vertical
acceleration for the symmetrical mounting. Upper graph:
acceleration ay of the resonator platform, lower graph: beat
frequency fbeat with an independent laser.

VIII. STABILITY OF Ca-FREQUENCY
STANDARD
With the reduced acceleration sensitivity and improved
passive vibration isolation system we expect that we
will be able to reduce the spectral density of the
frequency fluctuations in the low frequency range to
Sν = 0.08 Hz/ Hz (Fig. 10). White frequency noise
of this level corresponds to a laser linewidth of 30 mHz.
However for low frequencies thermal noise must be
taken into account. This noise arises from thermal
excited vibration modes of a rigid reference cavity and
fundamentally limits the frequency stability [18] which
becomes important for longer interrogation times which
are used in single ion standards or in optical lattices.

k z = 14.5 kHz/(m/s2 ) for the direction along the optical
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axis and k x = 11 kHz/(m/s2 ) for the perpendicular
direction and thus one order of magnitude higher than
for the vertical direction. While for the vertical forces
each force acts symmetrically on the cavity and the
distribution between the four points is not essential the
situation for the horizontal forces is quite different.
There each force acts asymmetrically and only if the
forces are distributed equally between the supports the
net length change is compensated.
The observed sensitivity in the horizontal direction
corresponds to an asymmetry of the forces of 6 %. As in
the laboratory horizontal vibrations can be isolated
easier than the vertical ones the higher acceleration
sensitivity in this direction is not limiting the overall
performance.
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Fig. 10: Expected spectral density of the frequency
fluctuations of the clock laser with the new vibration
insensitive mounting including the thermal noise of the cavity.
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We calculated the contribution of the Dick effect to the
frequency stability in Ca atomic clock for the expected
frequency noise as shown in Fig. 10. This noise is given
by the thermal noise for frequencies up to
approximately 30 Hz. It corresponds to a white
frequency noise in the range form 30 Hz to 20 kHz and
shows a rise for frequencies higher than 20 kHz caused
by insufficient gain of the servo loop.
The Dick effect limits the frequency stability to [11]:
1
τ

∞

S y (kf c )
k =1

gk
g0

2

(3)

where gy und gk are the 0th and kth Fourier coefficients of
the sensitivity function g, and fc denotes the cycle
frequency. The sensitivity function g(t) describes the
change in the signal, e.g. the change in the excitation
probability at the operation point of the frequency
standard due to a small  -like frequency fluctuation of
the interrogation laser at time t.
Eq. (3) indicates that one way to reduce the Dick effect
is to increase the cycle frequency resulting in a smaller
number of low frequency contributions.

Tp = 1 µs

1E-15
T p = 5 µs

σy(τ =1s)

σ y 2 (τ ) =

inverse duration of the interrogation sequence (typically
up to 103 Hz). Then they decrease like 1/f due to the
rectangular shape of the sensitivity function [11]. Above
a frequency corresponding to the inverse width of the
interrogation pulses the coefficients decrease like 1/f 2.
According to eq.(3) the frequency stability due to the
Dick effect is the sum of the spectral density of the
frequency fluctuations Sy weighted by the normalized
coefficients of the sensitivity function g at multiples of
the cycle frequency fc.

cavity as low pass

1E-16
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1000

10000 100000 1000000
fmax (Hz)

Fig. 12: Partial sum of the contributions to the Dick effect to
the Allan standard deviation calculated with the expected
frequency noise up to a frequency fmax.
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Fig. 11: Normalized Fourier coefficients gk/g0 of the
sensitivity function: (top) for long cycle time (300 ms) and
short interrogation pulse (1.5 µs) as used in a previous
measurement, (bottom) for short cycle time (25 ms) and long
pulse (5 µs) as intended for use in the future.

We calculated the normalized coefficients gk/g0 of the
sensitivity function of 4-pulses Ramsey-Bordé atom
interferometer for long cycle times (Tc = 300 ms) and
short pulses (Tp = 1.5 µs) as used in the previous
measurement (Fig. 11, top) as well as for shorter cycle
times (Tc = 25 ms) and longer pulses (Tp = 5 µs) as we
want to use in next measurements.
The first point of the coefficients of the sensitivity
function is at the cycle frequency fc. Three different
regimes in the course of the coefficients of the
sensitivity function can be distinguished. The
coefficients remain constant for frequencies up to the

To visualize the different contributions to the frequency
stability the partial sum of eq.(3) is performed up to a
frequency fmax. It is shown in Fig. 12 for different pulse
durations Tp. The steep rise in the range up to 1 kHz is
given by summing up the frequency noise weighted by
the Fourier coefficients of the sensitivity function which
remain constant in this range. Then the partial sum in
the range where the coefficients decrease remains
constant. The final rise is due to the increase of the
frequency noise at higher frequencies. Above
frequencies determined by the inverse pulse width it
again remains constant.
For short pulses high frequency fluctuations (f > 20
kHz) provide the main contribution to the instability.
Thus the stability can be improved by using longer
interrogation pulses. In this case the sensitivity function
starts to fall already at smaller frequencies and the high
frequency fluctuations add less to the instability. On the
other hand the Fourier width of the pulses must be large
enough to address the whole velocity distribution of the
atoms. Thus for ballistic atoms the pulse width is
limited. We find that for a temperature of 10 µK pulse
widths of up to 5 µs are possible without reducing the
signal.
IX. CONCLUSION
We have demonstrated a considerable reduction of the
acceleration sensitivity of an optical reference cavity by

371

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

supporting the cavity in its symmetry plane. We have
measured an acceleration sensitivity of 1.5 kHz/(m/s2)
in the vertical and 14 kHz/(m/s2) in the horizontal
direction. With the reduced sensitivity and improved
vibration-isolation system vibrations will contribute
with 30 mHz to the laser linewidth at optical frequency
of 456 THz and will not be the most dominant
contributions anymore.
With the new experimental parameters (Tc = 25 ms, Tp =
5 µs and reduced Sy) we will be able to reduce the

[8] E. Peik, B. Lipphardt, H. Schnatz, T. Schneider, Chr.
Tamm, and S. G. Karshenboim, Limit on the present
temporal variation of the fine structure constant, Phys.
Rev. Lett. 93, 170801-1-4 (2004)

contribution of Dick effect to σ y (1s) = 5 ⋅ 10−16 in one

[10] G.J. Dick, Local oscillator induced instabilities in
trapped ion frequency standards, in Proceedings of 19th
Annu. Precise Time and Time Interval Conf., Redendo
Beach, 133-147 (1987)

second making it possible to operate the frequency
standard at the quantum projection noise.
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School of Electronics Engineering & Computer Science,
Peking University, Beijing,100871, P. R. China
In this report we present the possibility to realize laser coherence time beyond one second via the
principle of active optical atomic clock, which is a laser with cavity mode linewidth is much wider
than the linewidth of medium gain proﬁle. By optimizing the parameters of active optical atomic
clock based on laser cooled atomic beam, the calculation shows one can reach ten-second coherence
time of laser light. More longer coherence time is still possible along this new way.

I.

INTRODUCTION

Recently, femtosecond laser physics has been extented to attosecond laser physics [1]. However, for
the long time counterpart of ultrashort laser physics,
the longest coherence time of laser light has been
around one second almost for twenty years [2, 3].
The coherence time of ultra-stable cavity-stablized
lasers [2–4] is ﬁnally limited to one second by the
inevitable thermal Brownian motion noise [5], and
unfortunately cryogenic cavity system will be interrupted by liquid nitrogen reﬁlling in every few
hours [6].

Laser Gain

Cavity Mode

FIG. 2: The linewidth of laser gain medium is much wider
than the cavity mode linewidth in a conventional laser.
Cavity Mode

Laser Gain

coherence to thousand-second laser coherence. In
this report, we will describe a detailed experimental
scheme to realize laser coherence time beyond onesecond to reach ten-second coherence laser light. More
longer coherence time is still possible along this new
way [9].

II.
FIG. 1: In an active optical atomic clock, the linewidth of
laser gain medium is much narrower than the cavity mode
linewidth.

To develope the long-time coherence laser physics,
say thousand-second coherence laser physics, is essential to the next generation of high-accuracy optical
clocks and high-precision laser spectroscopy. For example, it is impossible to resolve atomic transition
line with linewidth less than 0.1 Hz [7] at present for
optical clock reference because the available longest
coherence-time of a laser is one-second [2, 3]. However, the principle of active optical atomic clock [8, 9]
provides the possibility to push the one-second laser

∗ Electronic

address: jbchen@pku.edu.cn

A LASER BASED ON LASER COOLED
SLOW MAGNESIUM-BEAM

Generally speaking, an active optical atomic clock
is a special laser, in which the linewidth of laser cavity
mode is much wider than the laser gain linewidth [8–
10] as shown in Fig.1. As a comparison, in a conventional laser, the linewidth of laser cavity mode is
much narrower than the laser gain linewidth as shown
in Fig.2. And the laser gain medium can be any
non-perturbed atoms, molecular, or ions with narrow
linewidth transition as that are recommended for optical clock reference transitions [7].
The ﬁrst advantage of an active optical clock is its
very narrow linewidth of output laser [8, 9]. The
second advantage is, like its microwave counterpart,
the active Hydrogen clock [11], the output frequency
of an active optical atomic clock does not follow the
cavity-length variation noise tightly, but in the form of
dramatically reduced cavity-pulling shift [11–13] when
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FIG. 3: Energy level diagram of Magnesium

the laser cavity mode is much wider than the laser gain
linewidth [8, 9]. And this optical clock conﬁguration
can be realized with any narrow linewidth transition
of Alkaline-earth species, which currently are the candidates of clock transitions of passive optical clock [7].
By optimizing the parameters of active optical
atomic clock [8, 9] with laser cooled Magnesium-beam,
one can reach ten-second coherence time of laser light.
As shown in Fig.3, the lasing transition is the 457nm
line of 3s3p 3 P1 (m = 0) to 3s2 1 S0 with the spontaneous decay rate of Γsp /2π= 35 Hz. Assuming the
Mg atomic beam is laser cooled to √
a velocity of 10
m/s, the transit time is ttransit = πW0 /υ=143μs
with a cavity mode waist of W0 =0.8mm, thus the
transit-time broadening is Γtransit =4.3kHz. When the
cavity length is 2cm, the atom-cavity coupling constant is g/2π = 68Hz. Suppose the atoms can be
cooled in the transverse direction to a temperature of
the recoil temperature level of 10μK (υrecoil =6cm/s)
with the quenched narrow-line cooling [14], the residual Doppler broadening will still be about 130 kHz,
which is much broader than the transit-time broadening Γtransit =4.3kHz, thus we propose to use optical tunnels consists of 2D standing wave at magic
wavelength [15, 16]. Therefore the ﬁrst-order Doppler
broadening eﬀect will be eliminated. The secondorder Doppler broadening can be neglected here. In
this case the transit-time broadening Γtransit =4.3 kHz
can be thought as the gain linewidth of laser medium
since it is the dominant term among various spectral broadening mechanisms. Once atoms are moving within the Lamb-Dick regime along the 2D magic
optical tunnels, the natural linewidth of the excited
state, 35 Hz for Mg 3s3p 3 P1 (m = 0), will be the laser
gain linewidth [9]. When the linewidth of laser cavity
mode is 430 kHz, the ratio of the linewidth of laser
cavity mode to gain proﬁle linewidth is about 100. It
should be noted that the sidebands of motion levels of
magic optical tunnel will produce multi-mode competition in laser caused by the multi-mode gain proﬁle
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FIG. 4: Sideband of atomic level within 2D Tunnel lambDick regime

as shown in Fig.4, this eﬀect will be discussed in more
detail elsewhere.
Put all these parameters into the theory of active
optical clock [8] at laser pumping parameter is around
2, one get the laser emission coeﬃcient of each atom is
25 s−1 , the needed atomic ﬂux is 2 × 108 atoms/s, the
average intracavity photon number is 600, the output
laser power is 60pW, the linewidth is output laser is
17 mHz, which corresponding to a coherence time of
about 10 second. There are two main technique challenges, one is to build a special magic optical tunnels
for 1D laser cooled atomic beam. The second one is
to stabilize the drift of the laser cavity mode as small
as 1.7 Hz during this 10 second coherence time with
super-cavity system [2–4]. Otherwise one have to increase the ratio of the linewidth of laser cavity mode
to gain proﬁle linewidth to a more larger value, in
this way to decrease the eﬀect from the cavity length
noise. But the cost is one needs much higher atomic
ﬂux at low velocity. The light shift due to pumping
laser should be decreased and stabilized. As discussed
in [9], once the light shift due to pumping laser can be
decreased to a very small value, using the optical lattice trapped atoms as laser gain medium directly will
be much better since there is no spectral broadening.
The experimental layout of this scheme is shown in
Fig.5. After eﬀused from the oven, the Magnesium
atomic beam is cooled by Zeeman slowing laser beam
with gradient magnet. Applying quenched narrowline cooling [14], the beam is reﬂected and collimated.
Then, through the adiabatic pumping process [17], Mg
atoms are injected into the cavity in the excited state,
and laser is released from the cavity by stimulated
emission process. It is worth noting that laser cooled
atoms is necessary for high-accuracy optical clock even
working at active mode. But as a long-time-coherence
laser, an active optical clock with thermal beam can
also provides a very narrow linewidth if one has an
atomic ﬂux strong enough.
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FIG. 5: Sketch of the Active Optical Atomic Clock setup. After eﬀused from the oven, the atomic beam is cooled
by Zeeman slowing laser beam with gradient magnet. Applying quenched narrow-line cooling, the beam is collimated.
Then, through the adiabatic pumping process [17], and laser is released from the cavity.

III.

SUMMARY

We have presented the possibility to push the
coherence-time of laser ﬁeld to as long as ten-second
by applying the principle and technique of active optical clock. It provides a novel way for long-timecoherence laser source, which is a prerequisite for
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IN PEKING UNIVERSITY AND ITS NEW SCHEME
Kaikai Huang, Donghai Yang, Jingbiao Chen∗
Key Laboratory for Quantum Information and Measurements, Ministry of Education,
School of Electronics Engineering & Computer Science,
Peking University, Beijing,100871, P. R. China
In this report, we will ﬁrst present the most recent experimental progress of small compact
Ca-beam optical frequency standard at 657nm wavelength at Peking university. Second, we will
discuss our new scheme, which combining pre-pumping, shelving detection, and sharp-angle velocity
selection detection. Comparing previous schemes, we expect the short-term stability can be improved
at least by a factor of 30, and an expected factor of 10 for uncertainty in our new scheme since
Doppler eﬀect can be calibricated with higher accuracy.

I.

INTRODUCTION

The reported best performance of Ca-beam optical
frequency standard at 657nm wavelength showed the
relative frequency uncertainty is 1.3×10−12 , and onesecond sampling stability is 5 × 10−13 [1–4], which is
very close to that of commercial 5071 Cs microwave
clock(From HP to Agilent, now Symmetricom company). While many research groups are pursuing the
expected high-performance optical clock based on lattice trapped atoms [5–10], we have a goal to make
small compact Ca optical clocks with potential performance much better than small Cs microwave clock
based on an improved experimental scheme. In this
report, we will ﬁrst present the most recent experimental progress of small compact Ca-beam optical frequency standard at 657nm wavelength at Peking university. Second, we will discuss our new scheme, which
combining 657nm pre-pumping [11], 423nm recyclingtransition shelving detection [11], and sharp-angle velocity selection detection [12, 13]. Comparing previous
schemes [1–4, 12, 14], we expect the short-term stability can be improved at least by a factor of 30, and
a factor of 10 for uncertainty in our new scheme since
Doppler eﬀect can be calibrated with much higher accuracy.

II.

FIG. 1: A small Calcium-beam tube.

CURRENT STATUS OF THE CA-BEAM
OPTICAL FREQUENCY IN PEKING
UNIVERSITY

A Calcium thermal beam tube, as shown in Fig.1
has been tested works well at temperature of 700oC.
We have locked a commercial 657 nm laser diode
(Toptica LD-658-0030-1) in an ECDL(external
cavity diode laser) Littrow conﬁguration to a high
ﬁnesse Fabry-Perot cavity by Pound-Drever-Hall
method [15], and the laser linewidth is narrowed from
800 kHz to about 6 kHz. The Fabry-Perot cavity is a

∗ Electronic
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planar-concave type composed of two high reﬂectivity
mirrors (New port Super Mirror 10CM00SR.30T and
10CV00SR.30T) glued to a 10-cm Zerodur spacer as
shown in Fig.2. The manufacture-quoted reﬂectivity
is higher than 99.94% and the central part is polished
to less than one angstrom rms microroughness for
both of these two mirrors. The nominal ﬁnesse of
this cavity is about 5000.

address: jbchen@pku.edu.cn

FIG. 2: The Fabry-Perot cavity with Super-mirrors.

About 0.2 mW laser light injects into the cavity
via an electro-optic modulator(EOM) which is phase
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thus
the estimated laser linewidth is about
modulated at 21.4 MHz. The reﬂected laser
light fromof thekHz/mv,
Proceedings
20th EFTF,
2006
6 kHz with the typical rms value of the error signal at
the cavity is detected by a wideband Avalanche Pho1mv when both current and grating PZT servo loops
todiode(APD). This detected error signal is fed to the
are locked.
laser cathode through a fast feedback circuit, and fed
With the above described small Calcium thermal
to the PZT of ECDL grating though an integrator.
beam tube and 6 kHz linewidth 657nm diode laser,
The Fourier transform of the locked error signal
we are expect to observe an optical Ramsey spectrum
recorded by a 100 MHz bandwidth oscilloscope (Tekof Ca-beam within several months.
tronix DS3210B) is shown in Fig.3. The low frequency
noise is strongly suppressed.
III.

-60

NEW SCHEME FOR SMALL CA-BEAM
OPTICAL CLOCK

-70

The electron shelving detection [16, 17] has been
used in the measurement of quantum jumping [17],
and in ion frequency standard, and recently the optical clock with neutral atoms [4]. Strictly speaking,
to the best of our knowledge, it has never been effectively used in the optical clock with the thermal
atomic beam. We have just proposed to apply this
shelving detection in Ca-beam optical clock [11]. We
explain this scheme simply in the following.
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FIG. 3: The Fourier transform spectrum of the locked
error signal when the laser is tightly locked to the cavity
with both current and PZT feedback.
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FIG. 5: Energy levels related to Ca-beam optical clock.
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FIG. 4: The detected error signal when laser is roughly
locked to the cavity only by PZT feedback at the left side,
and the right side is the error signal with both current and
PZT feedback locking.

In Fig.4, the detected error signal when laser is
roughly locked to the cavity only by PZT feedback
is at the left side, and the right side is the error signal with both current and PZT feedback locking. The
slope of the error signal at center is calibrated to be 6

AOM

Diode laser
λ=657.46nm

FIG. 6: New thermal Ca-beam optical clock scheme.

As the energy levels of Ca related to Ca-beam optical clock shown in Fig.5, in a conventional thermal
Ca-beam optical clock [1–4, 12, 14], after Ramsey interrogation, the signal is detected by the weak ﬂuorescence decay from the 0.4 ms long life state 3 P1 , thus
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It isEFTF,
worth2006
mention that we will also try to build
the detection eﬃciency of excited state atoms
is lowerof the 20th
Proceedings
an optical clock with quantum emitter [19]. As shown
than 1%. In our proposal [11], the detection eﬃciency
in Fig.6, the atoms will be pumped into the excited
of interrogated atoms can be as high as 100% once the
state 3 P1 ﬁrst before the Ramsey interrogation. Or
423 nm shelving detection is used. We conclude it is
possible to improve the stability by a factor of 30 at
say the optical clock is working under the mechanism
least comparing with previous work [1–4, 18] since we
of stimulated emission process not the conventional
can reach the projection quantum noise limit.
absorption process.
This new scheme is implemented as shown in Fig.6.
In this scheme, we also consider to use the sharp-angle
velocity selection detection [12, 13]. With the accurately selected velocity group atoms, the major sysAcknowledgments
tematic shift error in atomic-beam optical clock [1–4],
the Doppler shift can be evaluated in a much higher
accuracy. Hopefully we expect the accuracy of the
We would like to thank Yiqiu Wang, Xuzhong
Ca-beam optical clock will be improved by a factor
Chen, Xiaoji Zhou, Hong Guo for discussions. Fundof 10 with the help of much better stability and the
ing is provided by NSFC, and MOST (Grant No.
velocity selection detection.
2005CB3724500).
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Development of the active space hydrogen maser for the ACES space experiment of ESA
P. Berthoud, D. Goujon, D. Gritti, A. Jornod, C. Weber, M. Dürrenberger, H. Schweda, and M. Roulet
B. Thieme*, and G. Baister*
Observatoire de Neuchâtel, Rue de l’Observatoire 58, CH-2000 Neuchâtel, Switzerland
*
Contraves Space AG, Schaffhauserstrasse 580, CH-8052 Zürich, Switzerland
Contact person: patrick.berthoud@ne.ch
In the frame of the scientific mission Atomic Clock Ensemble in Space (ACES),
Observatoire de Neuchâtel (ON), Switzerland, is developing the Space Hydrogen Maser
(SHM) in collaboration with Contraves Space AG (CSAG), Switzerland. The Physics
Package of the Engineering Model is assembled and performs as specified: for nominal
operational parameters, the long-term frequency stability is 1x10-15 @ 10’000s, thanks to
the Automatic Cavity Tuning (ACT). The ACT concept based on a pulsed interrogation
scheme of the cavity has been developed and demonstrated with a laboratory demonstrator
at ON. The space compatible electronics package is being assembled by CSAG and
preliminary functional tests are satisfactory.

I

INTRODUCTION

The two frequency standards that will be part of the
Atomic Clock Ensemble in Space (ACES) payload to be
flown on the International Space Station (ISS) are firstly
a cold Cesium clock (PHARAO) required for its
outstanding long-term frequency stability (τ ≥ 3000 s)
and accuracy [1], and secondly an active Space
Hydrogen Maser (SHM) mandatory for its ultimate
frequency stability performance in the mid-term range
(3 s ≤ τ ≤ 3000 s) [2]. With a double servo loop
configuration (short-term and long-term), ACES output
signal will take advantage of the best frequency stability
for each integration time (PHARAO frequency locked
to SHM for the short and mid-term, and SHM frequency
steered to PHARAO for the long-term). The ultimate
frequency stability of SHM is essential for ground users,
because of the limited time availability of the clock
signal (typically 400 s) due to the ISS fast rotation.
As prime contractor, Observatoire de Neuchâtel (ON) is
concentrating on the development and manufacturing of
the SHM Physics Package (PP), having Contraves
Space AG (CSAG) as subcontractor for the
development and the manufacturing of the spacequalified Electronics Package (EP). The main objective
of the current phase (2006) is to perform an end-to-end
performance
demonstration with representative
hardware, to be used as a stepping stone for pursuing
the development of the SHM and aiming at the delivery
of the SHM Engineering Model (EM) in 2007, and
finally the SHM Proto Flight Model (PFM) in 2008.
This development will lead to the lightest ever built
active hydrogen maser.
In these proceedings, we first recapitulate the SHM
instrument architecture, emphasizing some specific
design issues (chap. II). Then we focus on the latest
developments of the SHM PP at the Engineering Model

level (chap. III), and on the SHM EP at the Elegant
Breadboard (EBB) level (chap. IV). Finally, we
summarize and present the next steps of the SHM
development towards the Proto Flight Model (PFM)
(chap. V).
II SHM INSTRUMENT OVERVIEW
The SHM is divided into two principal functional
packages, the Physics Package, which provides the
actual atomic oscillator, and the Electronics Package,
which provides the atomic signal processing circuits,
parameter control functions, telemetry and telecommand
(Fig. 1). Both packages will be fixed on the ACES
structural baseplate, which provides the mechanical and
thermal interface with the spacecraft. The SHM external
connections (telecommands/telemetries, input power
and output frequency) are interfaced respectively on the
control unit, the power supply unit and the RF unit.
The keys to miniaturization of a space hydrogen maser
(design goal: 35 kg) with respect to a traditional ground
hydrogen maser, which typically weighs 100 kg, is first
the use of a smaller microwave cavity which also allows
to reduce the size of the magnetic shields. In order to
keep high values for the loaded cavity quality factor
(35’000) and for the RF filling factor to let the maser
self-oscillate, the RF cavity is loaded with a sapphire
single crystal (hydrogen storage bulb). The second key
to miniaturization is the removal of the external vacuum
enclosure which provides the so called “thermal
vacuum”. This vacuum, which is mandatory to
thermally isolate the microwave cavity, will be provided
instead and directly by the “space vacuum”, given that
the SHM is operating in the space environment.
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Fig. 1: Cut view of the SHM instrument:
1: Microwave cavity and shields assembly; 2: Hvacuum assembly; 3: H-distribution assembly; 4: Ions
pumps; 5: External fixation structure; 6: H-dissociation
power amplifier; 7: Low noise RF amplifier; 8: RF unit;
9: Control unit; 10: Power supply unit; 11: HV unit.
The PP is composed of several sub-assemblies for
proper atomic hydrogen preparation and clock
frequency investigation. In the H-distribution assembly
molecular hydrogen gas (3 bar) is supplied from a solidstate metal hydride storage container and delivered
through a nickel flow control valve into a low-pressure
gas bulb (0.1 mbar typical), where a plasma discharge
(10W max) dissociates the molecules into atoms (Hvacuum assembly). By differential pumping, hydrogen
atoms leave the dissociator bulb through a single-hole
collimator (0.5 mm∅ x 1 mm) and enter a vacuum
chamber where they form a collimated beam. The
atomic hydrogen beam flux stabilization is achieved by
regulating the molecular hydrogen low pressure in the
dissociation bulb. The hydrogen pressure is measured
with a specially developed Pirani sensor and the
molecular flow is constantly adjusted by changing the
heating current of the nickel flow control valve. In order
to create the necessary population inversion mandatory
for detecting the atomic oscillations, the atoms pass
through the high magnetic field gradient (1.8 T/mm) of
a quadrupole state selector. Undesired atoms are
deflected off the beam axis while remaining atoms enter
downstream a storage bulb (1.7 liter). This bulb is lined
with an appropriate Teflon coating, which allows many
collisions of the atoms with the wall without
perturbation of their atomic state. The bulb is situated at
the center and integral part of a cylindrical titanium
microwave cavity resonant at 1.42 GHz (TE011 mode). It
consists of a single sapphire crystal cylinder, which is
vacuum-tightly bonded to the end faces of the cavity
and whose crystallographic axis is aligned with the
cavity revolution axis. As such it provides an almost
loss-free dielectric loading, leading to a significantly
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reduced cavity size. A weak static magnetic field (360
µOe) is applied parallel to the cavity axis by a solenoid
to separate the magnetic Zeeman sublevels. To decrease
the influence of a changing external magnetic field (e.g.
Earth field) on the clock transition frequency, the cavity
is surrounded by four concentric magnetic shields and a
fifth external magnetic shield providing the necessary
shielding factor (105). An additional active magnetic
compensation system is also implemented. The
microwave cavity is operated around 48°C and
temperature stabilized (1 mK) by a three-stage
temperature control system to reduce the influence of
thermal expansion on the cavity frequency. The
remaining frequency variations of the cavity are
compensated by an active control, the Automatic Cavity
Tuning (ACT), through a varactor diode inserted in the
microwave cavity. Finally, the internal vacuum where
the hydrogen beam propagates is maintained by an array
of non-evaporable hydrogen getters. Two additional ion
pumps (2 l/s) are mounted to absorb other background
gases.
The functional block diagram of the EP with its various
connections to the PP and the instrument interfaces to
the spacecraft is detailed in Fig. 2. The EP is composed
of an RF unit (RFU) in charge of frequency locking the
local quartz oscillator on the hydrogen clock transition
frequency as well as frequency locking the microwave
cavity using the ACT, of providing the proper
microwave frequency to the hydrogen dissociation
power amplifier, and finally of delivering a stable
100 MHz signal to the ACES payload. The Control Unit
(CU) and the Power Supply Unit (PSU) provide and/or
control the necessary powers for an optimal operation of
SHM (cavity heaters and thermostats, hydrogen
pressure measurement and active control, external
magnetic measurement and internal compensation, Cfield, neck coil, demagnetization and Zeeman frequency
measurement). The CU also controls the high voltage
supply unit (HVSU) for proper operation of the two
small ion pumps. Finally, the CU interfaces to the
ACES payload in terms of telecommands and
telemetries.

Fig. 2: The functional block diagram the SHM
Electronics Package.
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III PROGRESSES ON THE PP

1.0E-12

Allan standard deviation

The SHM EM Physics Package has been fully
assembled (Fig. 3), with the exceptions of the vacuum
pumping devices (ion pumps and getters), as well as the
hydrogen distribution assembly (presently ground
equipment are installed, but the EM H-distribution
assembly is under validation process). The PP has been
baked out and properly started (cavity thermalization
and hydrogen plasma dissociation). Two limiting factors
have been readily identified and properly corrected:
excessive magnetic inhomogeneities due to thermoelectric currents between the microwave cavity and the
fixation structure have been solved by appropriate
electrical isolations; a too low atomic quality factor has
been improved by replacing a deficient hydrogen
dissociation bulb.

By operating the SHM PP with these nominal functional
parameters and with the ON EP demonstrator (RFU,
ACT, CU and PSU), its output frequency has been
compared to a reference hydrogen maser. Fig. 4 shows
two sets of measurement data compared to the SHM
specifications: the crosses have been obtained without
actively controlling the cavity frequency (ACT off),
while the dots have been recorded with the ACT on
(will be discussed below). For integration times
τ < 100 s both curves are in specifications, but
obviously the ACT becomes mandatory for longer
integration times. Note that the SHM specifications
have been corrected on the Fig. 4 in order to take into
account the influence of the reference maser noise and
of the measuring system noise.

Spec

ACT ON

ACT OFF

1.0E-13

1.0E-14

1.0E-15

1.0E-16
1

10

100

1000

10000

Integration time Tau [s]

Fig. 3: The SHM EM Physics Package assembled, but
with ground ion pumps and hydrogen distribution
assembly.
After these tuning adjustments, the functional tests of
the PP under vacuum have shown compliant
performances:
•
•
•
•

•
•

Fig. 4: Allan standard deviation of the SHM PP with the
ON EP demonstrator vs. a reference hydrogen maser.
The ACT function is either operating (dots) or not
(crosses). Note that the specifications have been
corrected in order to take into account the influence of
the reference maser noise and of the measuring system
noise.
IV PROGRESSES ON THE EP

the maser output signal at 1.42 GHz is
-104 dBm (specs: ≥ -105 dBm);
the atomic line quality factor is 1.5x109 (specs:
≥ 1.5x109);
the required static magnetic C-field is nominal
(360 µOe);
the magnetic shielding factor is 200’000
(specs: ≥ 100’000);
note: if this provision is confirmed on the
PFM, the requirement on the active magnetic
compensation will be reduced;
the loaded cavity quality factor is 35’000
(specs: ≥ 35’000);
the cavity temperature stability is < 1 mK
(specs: ≤ 1 mK) using standard laboratory
electronics.

The long-term frequency stability of SHM (1.5x10-15
@10’000s) is dramatically dominated by the cavity
frequency pulling (2x10-5), which calls for a cavity
frequency stability at the level of 0.1 Hz at the hydrogen
clock transition frequency (1.42 GHz). Although
regulating the cavity temperature at the mK level, the
residual cavity frequency variation is about ±50 Hz,
which is unacceptable to meet the long-term frequency
stability.
ON has developed an Automatic Cavity Tuning based
on a pulsed interrogation scheme (Fig. 5). Two side
frequencies, which are generated digitally, are
alternatively sent into the microwave cavity (F1 and F2),
±15 kHz apart from the cavity center frequency Fcav.
The duty cycle of F1 and F2 can be finely adjusted for
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Error detection
(1 PPM level)
Cavity response
(FWHM=45 kHz)

F1

F 0 F cav

F2

Frequency

F1, F2: pulsed
Interrogation signals

Fig. 5: Cavity response to the ACT interrogation
signals: Fcav is the cavity center frequency adjusted to
the spin-exchange tuning point, but blue-detuned with
respect to the hydrogen clock transition frequency F0; F1
and F2 are the two side frequencies injected in the cavity
for the ACT.
The ACT demonstrator developed by ON has been
implemented onto the SHM PP. Fig. 4 shows the
significant improvement of the SHM Allan standard
deviation for integration times τ > 100 s when the ACT
is switched on (dots), which is compliant with the SHM
long-term frequency stability specifications.
With this ACT proof-of-concept at the laboratory
demonstrator level, this technology has been transferred
from ON to CSAG for the development of the complete
SHM Electronics Package. Presently, CSAG is
upgrading its EP to the EBB level, with the following
design improvements:
•

•

•
•
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upgrading of the RFU analog module to
combine the first stages of the frequency
down-conversion chain (1420 MHz down to
5 MHz) for the main OCXO and the ACT lock
loops,
upgrading of the RFU digital module to
combine the direct digital synthesis for the
maser output frequency adjustment, for the
ACT interrogation signals generation and for
the ACT digital processing of the cavity
response,
upgrading of the design and the layout of the
RFU boards for a phase noise reduction, and a
phase temperature sensitivity reduction,
splitting of the electronics boxes for improving
the thermal power dissipation.

The preliminary frequency stability of the SHM PP
(EM) and the SHM EP (EBB) is reported on Fig. 6. For
this measurement, only the maser receiver electronics
was operating, while the ACT was off. The Allan
standard deviation for both the ON laboratory
demonstrator (crosses) and the CSAG space electronics
(dots) shows similar and in specification performances
for integration times τ < 100 s. The degraded frequency
stability around τ = 50 s is ascribed to perturbations
from the thermal vacuum chamber on the SHM PP. This
fact has been proven by stopping temporarily this
thermal environment regulation, which eliminated this
perturbation. Finally, an excessive phase noise of the
space electronics has been recorded, which is currently
under investigation and improvement.
Allan standard deviation

optimizing the long-term performance of the ACT. Note
that the cavity center frequency is adjusted to the atomic
spin-exchange tuning point for minimizing the hydrogen
flux-related frequency dependence. Fcav is blue-detuned
with respect to the hydrogen clock transition frequency
F0. Finally, the output signals are amplitude-compared
and the error signal (ppm level) is fed-back to the
microwave cavity varactor diode for controlling the
cavity resonance frequency.

1.0E-12
Space EBB

Lab demonstrator
1.0E-13

1.0E-14

1.0E-15
1
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10000

Integration time Tau [s]

Fig. 6: Allan standard deviation of the SHM PP with
both the ON laboratory demonstrator (crosses) and the
CSAG space electronics (dots) vs. a reference hydrogen
maser. Only the maser receiver is operating (ACT is
off).
V CONCLUSIONS AND OUTLOOK
We have reported in these proceedings on the
development of the Space Hydrogen Maser (SHM) for
the scientific mission of Atomic Clock Ensemble in
Space (ACES). The Engineering Model of the SHM
Physics Package has been fully assembled, with
exceptions of the two ions pumps, the hydrogen getters
and the hydrogen distribution assembly (non critical
sub-assemblies for the performance demonstration). By
using ground electronics, we have experimentally
demonstrated the specified performance of the SHM PP
(< 1x10-15 @ 10’000 s). The functionality and the
performance of the last missing key electronics function
(Automatic Cavity Tuning) have also been
demonstrated at the laboratory demonstrator level,
which secures the complete SHM development.
Improvements on the space electronics have led to
preliminary and satisfactory functionalities and
performances of the SHM RF and control units.
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The forthcoming major milestones are the SHM end-toend performance demonstration in 2006, the delivery of
the validated SHM Engineering Model in 2007, and
finally the space-qualified SHM Proto Flight Model in
2008.
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The ACES ground user network
N. Dimarcq1 *, E. Cortiade2, D. Massonnet2, S. Zouiten2
LNE-SYRTE – Observatoire de Paris - 61, avenue de l’Observatoire – 75014 Paris – France
2
CNES – 18 avenue Edouard Belin – 31055 Toulouse Cedex - France
*Electronic address: noel.dimarcq@obspm.fr

1

We present the ACES ground segment concept and describe the roles of
the ACES science team, the ground users and the control center.
will allow to compare ground clocks with a frequency
stability of 10-17 at 1 day.

I. INTRODUCTION
The ACES mission (Atomic Clock Ensemble
in Space) is an ESA project which aims at installing on
board the International Space Station ISS two
ultrastable clocks (a cold atom clock PHARAO and an
hydrogen maser SHM) and comparing them to ground
based clocks. The ensemble of space clock will have a
frequency stability and a frequency accuracy at the level
of ∆f/f = 10-16. Among all scientific objectives, one can
point out the improvement of fundamental physics tests
precision (special and general relativity), the worldwide
comparison of atomic clocks contributing to atomic
time scales, …
PHARAO frequency will be compared to SHM
in space and to ground based clock frequencies using a
microwave link MWL [1]. This T/F transfer technique
is expected to have a time instability lower than 0.3 ps
(over one 300 seconds ISS pass) and 10 ps over 1 day
integration time (Figure 1). This is at least one order of
magnitude better than the time transfer techniques
currently used (GPS,TWSTFT).
PHARAO
SHM
MWL

σx(τ) [ps]

100

10

1

The ACES ground segment includes different
contributors (Figure 2) :
• the ACES science core team
• the ground users
• the mission and control center
The ACES Science Core Team, which is composed of
PI laboratories with the support of instrument
developers, optimizes the space clocks (PHARAO,
SHM) operation. For this purpose, the team receives
data from the ACES platform and from the type A
ground users. After data analysis, the team sends data
commands to the ACES control center
for
telecommands to the ISS.
The Users “type A” are worldwide laboratories
equipped with a ground MWL terminal and one or
several ultra-stable clocks. They can compare their local
clock to PHARAO/SHM. User A ground clocks can be
compared by common or non common views. Users A
may operate either during the whole ACES flight or
only during a fraction of the ACES flight. For these
short experiments, it will be possible to use a mobile
MWL terminal. This mobile terminal will be also
necessary for calibration purposes.
The Users “type B” are the other users without MWL
terminal. They will have access to specific ACES data
for analysis.
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Figure 1 - Time deviation of PHARAO, SHM and the
microwave link MWL.
With ACES, it will be possible to perform comparisons
between ground clocks either in common view or in
non-common-view with a resolution at the ps level. This

384

II. ORGANISATION OF THE ACES GROUND
SEGMENT

The ACES Mission and control Center has many
functions of interest for the ground users :
•

it organizes the MWL comparison sessions
(ground clock status, available MWL channels,
ISS status/visibility/elevation, …) under the
ACES science team responsibility,
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Figure 2 - ACES ground segment organisation
•
•
•

•

•

it collects, stores, and pre-processes data issued
from payload, ground users « type A », other
data (ISS orbit, microvibrations, …)
it organizes the data in a database using a
single time scale (UTC) and builds specific
products provided to ground users
it sends to the ACES Science Core Team the
data required for the optimisation of space
instrument operation and transmits to the
ACES payload the telecommands to set space
instrument parameters
it sends to ground users « type A » all the data
needed for space-ground comparisons :
comparison schedule, ISS orbit (predictive,
near real time, precise), space clock status, …
it sends to ground users « type B » specific
data and products for analysis

The ACES control center will be also the MWL master
station, and it will house the reference instruments for
ground tests of telecommands, validation of software
patches and trouble shooting activity.
II. GROUND USERS WITH A MWL TERMINAL
At least 5 “type A” ground users are required to fulfil
the science objectives : large variety of ground clocks in
microwave and optical domain for the search of
constant drifts, worldwide distribution for the Lorentz
invariance test. However, the expected number of
laboratories equipped with MWL terminals is between

10 and 20, depending on the cost of each MWL
terminal.
“Type A” ACES ground users will be equipped with
(Figure 3) :
• ultrastable atomic clocks
• a MWL terminal
• probably GPS, GALILEO or TWSTFT (Twoway T/F transfer) receivers in order to cross
correlate
ground
clocks
comparisons
performed with ACES and with these
techniques.
The processing of raw data acquired by the MWL
terminal will be done by the control center and the
computer controlling the MWL terminal. The objective
is to have a “plug and play” MWL station which
computes all the necessary corrections and provides the
final comparison result to the user. The combination of
all the data will be easier if each ground user is
synchronised to an international time scale (UTC, TAI)
During the mission, each “type A” ground user will
exchange data with the mission and control center.
Data received by ground users with MWL stations
(from the control center) :
•
•

before a comparison : ISS orbit data for MWL
antenna tracking and Doppler pre-setting
during the comparison : the results of the
phase comparisons both in ground and space
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MWL terminals (transmitted in real time by
MWL down link)
just after the comparison : ISS orbit data to
correct relativistic effects at 10-15
a few hours after the comparison : the status of
space instruments, the confirmation of the data
measured on board, the ISS orbit data to
correct relativistic effects at 10-16, …

•
•

The correction of relativistic effects requires the
knowledge of ISS orbit with a very low uncertainty. The
corresponding Allan deviations are shown on Figure 4
for the altitude and on Figure 5 for the velocity. In order
to properly correct the effects at 10-16, we require a
resolution of 25 cm on the altitude and 0.3 mm.s-1 on
the velocity, for an integration time of 10 days.
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Figure 4 - Required Allan deviation of the uncertainty
on ACES payload altitude
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Figure 5 - Required Allan deviation of the uncertainty
on ACES payload velocity
Data provided by “Type A” ground users (to the
ground center) :
• the status of their clock (stability, accuracy,
gravitation potential, position of the ground
MWL antenna, …)
• specific data (meteorological, …)
• MWL ground terminal data : phase
comparison
data,
signal
amplitudes,
temperatures, ...
• results of comparisons with other techniques
(GPS, TWSTFT, GALILEO, optical fibers)
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Figure 3 - ACES ground user equipment
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1. INTRODUCTION
CNES is funding the development and realization of the
PHARAO space clock program [1,2], since 2001. The
first step is to build an Engineering Model of the cold
cesium atoms space clock and to evaluate its
performances. The Microwave Source (SH) is one of
the four main PHARAO subsystems (the others are the
Cesium Tube, the Laser Source, the onboard Computer
and its Flight Software). CNES is procuring the
different subsystems [3,4] from several subcontractors.
PHARAO EM will be integrated and tested in Toulouse
CNES Space Center. A second clock, the Flight Model,
will follow the same logic and will be mounted on the
ESA ACES payload, planned to be installed onboard the
International Space Station (ISS) on the Columbus
Module. The SH main functions [5] are to provide 2
ultrastable signals at 9.192631770 GHz to drive the
microwave cavities (preparation and interrogation)
inside the Cesium Tube, and also to provide a
metrological 100 MHz signal for the comparison with
SHM Maser via the Frequency Comparator and
Distributor Package (FCDP). The development of the
SH was contracted to THALES Airbornes Systems
(TAS) : 3 models have been delivered, the Mechanical
Structural
Thermal
Model,
The
Engineering
Qualification Model and the Flight Model. The SH is
the only subsystem in straight interface with the ACES
payloads beside the digital buses which currently
connects the payload computers of each ACES
instrument. Moreover the SH is at the hearth of the
PHARAO clock accuracy, and very special care has
been devoted to the requirements, the design/realization
and the tests/measurements of the SH in stand alone
configuration or connected to an atomic fountain in full
operation condition.

2. REQUIREMENTS & DESIGN GUIDELINES
The projected accuracy of the PHARAO Clock is 10-16
with an expected frequency stability of 10-13τ-1/2. In
order to reach this ambitious target the Microwave
Source (SH) needs to be carefully designed.
The clock operation requires 2 microwave outputs with
large power range (60dB) and fine frequency tuning.
Here we shortly recall the main requirements and the
related main challenges :
• Phase noise < -60 dBrad2@1Hz at 9.192 GHz
• Electromagnetic leakage level relative to the output
signal : -70 dBc
• Phase stability below 2.5 ps in the thermal
environment (3°C peak-to-peak over 90 min) 100
MHz to 9.2 GHz synthesis
• Spurious levels below -70 dBc (1<f<100 Hz) at 9.2
GHz
• Harmonic and spurious levels at the 100MHz output
below -70 dBc
• Output frequency resolution 10-15
• Phase drift during the atom interrogation <10 μrad .

Figure 1 : SH Flight Model (top cover removed).
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3 OUTPUT SIGNALS FEATURES
To fulfil the metrological objectives of the ACES
mission, the interface signal at 100 MHz has been
strictly defined. All the timing errors need to be kept
below 10-16. Hence the VSWR of the input/output is
bounded on 1.5 10-3 peak-to-peak over 1 day for the
expected temperature variations in the ACES space
environment. The signal level is set to 0 dBm to
optimize the harmonic content while having a good
SNR. The harmonics (200 and 300 MHz) are specified
to be -70 dBc in order to reduce the errors in the phase
comparators inside the ACES FCDP. Special care is
devoted to the reverse isolation (better than 80 dB for
the FCDP) to further reduce timing error in the system.
The 2 microwave outputs at 9.2 GHz are also very
critical. The clock accuracy depends on the
characteristics of these signals. For instance the output
amplitude control needs to be strictly monotonic over 60
dB range and very linear over a smaller 10 dB fine
tuning range with an integral deviation from the ideal
behaviour below 0.1 dB and a resolution of 0.02 dB.
The outputs are tuneable in the range of +/- 100 kHz
around 9.192631770 GHz.
4 SYNTHESIZER SCHEMATIC
The clock frequency stability is given by the close to the
carrier (<10 Hz) phase noise of the interrogation signal.
For this reason, the synthesizer design, described in
Figure 2, starts from a very low phase noise 5 MHz
quartz oscillator USO (CMAC). To overcome all the
problems related to the tuning of this oscillator, a
sophisticated synthesis scheme which includes a 48 bits
Direct Digital Synthesizer (DDS1), produces a low
noise tuneable 100 MHz signal. It is worth noting that
the signal is generated by phase locking a low noise 100
MHz quartz oscillator, which acts as a clean-up.
USO
5 MHz

5. SPACE RELATED SH/USO
CHARACTERISTICS
In addition to the metrological requirements, the SH has
been design to withstand space environment. The
allocated volume is 8.3 l (dimensions 270 x 300 x 100
mm3), the mass is 7 kg and the power consumption
24.5 W. The operating and storage temperature are
respectively 10 to 33.5°C and -50 to +75°C. The SH
mechanical structure has been qualify for acceleration
levels such as 11.5 grms that will be seen during the
launch of PHARAO/ACES by the space shuttle. The SH
is compliant with EMC/EMI required by the
autocompatibity with PHARAO/ACES and the other
ISS payloads. The SH radiated susceptibility to
magnetic field is below 145 dBpT between 1 Hz and 50
Hz which is compatible with 160 dBpT at PHARAO
outer surface. The effect of microvibration onboard the
ISS is mainly a degradation of the USO phase noise.
The ISS microvibration PSD may vary from 10-9 g²/Hz
(0.3 Hz) to 10-7 g²/Hz (60 Hz). The first version of the
USO that equipped the SH had a sensitivity of 2.10-9/g,
a bit too high for our application. For SH FM, a new
USO has been developed by CMAC (figure 3) with an
acceleration sensitivity of 1.810-10/g, to overcome the
influence of the microvibration environment.

×77/4
DDS1
48 bits

100 MHz Out
VCXO
100 MHz

100 MHz In

× 85

The last step to synthesize the Cesium hyperfine signal
is accomplished by mixing a fine amplitude and phase
tuneable 693 MHz signal coherent with the 100 MHz
pivot signal. A second 48 bits DDS2 allows the
modulation and the fine tuning of the output microwave
signals.
An auxiliary 100 MHz input provides the possibility to
switch off the internal SH 100 MHz synthesis and to use
an external 100 MHz signal to drive the 100 MHz to 9.2
GHz synthesis.

Figure 3 : PHARAO Ultra stable oscillator.
DDS2
48 bits

×7

VCO
693 MHz
9.192 GHz ; -80 to -20 dBm

Figure 2 : schematics of the PHARAO SH synthesizer.
From the 100 MHz we derive the metrological output to
the ACES and by successive multiplications a
microwave signal at 8.5 GHz.
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Figure 4 : view of the SH bottom section (DC-DC
converter and the USO).

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

6. TESTS WITH AN ATOMIC FOUNTAIN
The SH EQM has been extensively tested on the FO2
atomic fountain at LNE-SYRTE during the summer
2004 : the schematics is presented in Figure 5, below.
The FO2 frequency stability using the SH as
interrogation oscillator is 7.10-14τ-1/2 (Figure 6). It is the
best stability ever achieved with a quartz oscillator.

which drives the atomic preparation stage (40 ms). This
jump is integrated by the external phase lock loop
(response time ~1s) and produce a phase drift during the
interrogation.
7. TESTS IN TOULOUSE
After their characterization by TAS and their delivery to
CNES, the performances of both the SH EQM and FM
have been verified in Toulouse by comparison to a CSO
and an H Maser, thanks to the Time & Frequency
service facilities [6].
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Figure 5 : differential frequency comparisons between
SYRTE synthesizers and the SH EQM with FO2
fountain.
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Complementary tests have been performed to
investigate in details the phase perturbations due to the
numerical commands. Only the ones synchronous to the
PHARAO clock cycle could be problematic. The 9.2
GHz frequency commands produce dispersive shaped
perturbations that average to zero within 0.5 µrad @
100 MHz. The preparation switch actuation produces a
phase jump. For the SH EQM, it is on the order of
10 µrad @ 100 MHz and it may vary within ~10% in
relation with the environment. The effect on the FM, 10
times lower, is on the edge to be acceptable for the goal
of PHARAO accuracy at 10-16.
To completely cancel out this phase perturbation, a
simple procedure is applied to the phase lock performed
by the ACES FCDP. It consists in holding the error
signal during the preparation command (Blanking).

Figure 6 : fractional frequency stability of the FO2
atomic fountain using the SHP EQM.

8. CONCLUSIONS & PROSPECTS

Using a set of high performance frequency synthesizers
developed at the LNE-SYRTE in conjunction with a
cryogenic sapphire oscillator (CSO), the SH has been
tested in a differential configuration driving the atomic
fountain. A frequency offset of ~6x10-16 has been
measured between the two operation modes. This
frequency shift is due to a phase jump of ~10 µrad on
the 100 MHz output synchronous with the digital signal

The PHARAO microwave source development is close
to be completed. The tests performed on both the EQM
and the FM demonstrated high performances, in terms
of phase noise, spectral purity and electromagnetic
leakage, compatible with the cold atoms clock accuracy
objectives, within the constrains of the space mission. A
short term stability of 7.10-14τ-1/2 has been obtained
when operating the SH EQM with an atomic fountain.
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Extensive tests showed that the delivered interrogation
signal is free of phase transient during nominal cycling
operation, except because of the preparation pulse
command. This defect is 10 times smaller on the FM.
Furthermore, any effect of the command will cancel out,
thanks to a blanking procedure applied in the ACES
FCDP phase lock loop.
The next step is the tests of the ACES loop at CNES
Toulouse using SH EQM, FCDP EM and a CSO. Later,
the SH will be integrated in PHARAO, and new
measurements of its performances will be performed to
validate the autocompatibility with the other
subsystems, and after, at ACES level. Presently, the SH
FM is upgraded with a USO having a lower acceleration
sensitivity, to reduce the effect of the microvibrations
onboard the ISS.
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Timing Infrastructure for Galileo System
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Following a successful launch of EGNOS (European Geostationary Navigation Overlay System) services in
2005, Europe is now well under its way towards implementation of its own global satellite navigation system
called Galileo. Its full operation capability is expected from 2010 onwards. Galileo is a third addition to GNSS
(Global Navigation Satellite System), however it is the only system under a civilian control as opposed to its
military controlled counterparts GPS and GLONASS.
This paper is aiming to outline the Galileo System timing architecture and infrastructure. A description of the
different time related actors and their corresponding roles within and outside the Galileo core infrastructure will
be given. The main contributors in this context are the Precision Timing Facility (PTF) being part of the Galileo
Ground Mission Segment (GMS), the Time Service Provider (TSP) and the GPS system for the provision of
GGTO (the latter two both external to the Galileo core infrastructure.
The purpose of the Galileo timing infrastructure is to:
• generate a stable time scale (GST) to fulfil the navigation needs
• provide UTC parameters for broadcast
• determine GPS to Galileo time offset (GGTO) in order to improve interoperability of the two systems.
The core function of the PTF is to generate a stable time scale (GST) including a physical realization for the
metrological purposes and for providing timing reference signals to all elements within the Galileo system. The
main task of the TSP is to provide the GST to UTC mod 1 sec steering corrections, and the offset between GST
(Galileo System Time) and UTC as required for the provision of the UTC time dissemination service.
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I. INTRODUCTION
Galileo system represents a third addition to the GNSS
world. The state of the art system backed up with the
cutting edge technology aims to provide exceptional
timing and navigational performance hand in hand with
the level of integrity [1] which can not be provided by
the other currently existing navigation systems. The
services offered by Galileo ranging from Open Service,
Safety of Live service, Commercial and SAR (Search
and Rescue) services to Public Regulated Services
covering all the needs of modern societies they could
have on navigation system. The Galileo Global
Component and its infrastructure were designed to
mitigate the issues related to the provision of the above
services and to meet their required performance.
The Galileo Global Component consists of the Ground
Mission Segment (GMS), Ground Control Segment
(GCS) and Space Segment (SSgt). The high level
overview of the system is given in Figure 1.
SPACE SEGMENT
30 MEO *Satellites (IOV:4)
C-Band

L-Band

TT&C
GROUND
CONTROL
SEGMENT

GROUND MISSION SEGMENT

*GSS

ULS

Sensor Station Sites (IOV:18) (FOC:40)

Satellite
Control

Mission U/L Sites (IOV:5) (FOC:9)

Communication Network (MDDN)

Galileo Control Centre – 1
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Operability

*PTF
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IPF
MGF

SPF

Galileo Control
Centre – 2

PKMF
MKMF
Security

Data Processing
ERIS
Communication Network (M-EDDN)

Service Centre (Commercial)
GRSP (Geodetic)
TSP (Time)

GPS(GGTO)

RLSP (SAR)

ERIS
ERIS

ERIS
ERIS

Figure 1: Overview of Galileo System
The timing infrastructure, which is the backbone of the
Galileo system, is spread across the Galileo Segments,
however it is the GMS above all, which plays the major
role. The Galileo timing infrastructure is also supported
by the TSP, the entity external to Galileo Global
Component. Please refer to Figure 1 where the elements
critical for the Galileo timing infrastructure are
highlighted with an asterisk.
Thus the Galileo timing infrastructure consists of two
PTF’s allocated one of each per Control Centre, a
number of globally distributed GSS’s and the 30
satellites. The following table summarizes the number
and type of clocks being deployed within the Galileo
timing infrastructure.

Table 1: Clocks within the timing infrastructure.
Each element is backing up the most important
functionalities of Galileo timing infrastructure which
are:
• autonomous generation of a stable timescale
for the purposes of
o the internal synchronisation of the
elements with Galileo system (PTF)
o the navigation needs (PTF, GSS
&OSPF)
• provision of the UTC dissemination timing
services (PTF+TSP)
• GGTO determination for the Galileo
interoperability with the GPS (PTF+GPS)
The performance of the Galileo timing infrastructure
from the Open Service (OS) user point of view is driven
by system level timing and frequency accuracy
requirements these can be translated as follows:
• Timing accuracy sets the upper limit of the
UTC prediction by the user equipped with a
standard timing/ calibration laboratory receiver
conforming to the Galileo receiver functional
and performance specifications, operating
under the normal OS environment for fixed
users and receiving the OS signals on E5a and
L1 or E5b and L1 to be less than 30 ns for 95%
of any 24 hours, without any other aids,
providing the TSP interface is operational.
• Frequency accuracy sets the upper limit of the
frequency
determination
uncertainty
(retrospective) expressed as a normalised
frequency offset relative to UTC in terms of
Allan standard deviation in any 24 hours to be
better than 3x10e-13 (2σ), without any other
aids, providing the TSP interface is operational
Besides the navigation accuracy is also tightly linked
with the timing infrastructure and its performance.
Taking into the consideration the system level
specification for the offset between the GST and UTC
mod 1 sec (to be less than 50 ns for 95% of time,) the
user shall be able to retrieve from the Galileo SIS the
time information which is within 50ns from the UTC
with the overall uncertainty of maximum of 30 ns (95%
of time) at user level.
II. GALILEO SYSTEM TIME
Galileo System Time (GST) is the system reference
timescale for Galileo. As such, GST will serve as a basis
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for characterisation and prediction of satellite clocks
which will be executed at OSPF in the frame of the
ODTS processing. OSPF will access GST through
Galileo Signal in Space (SIS) measurements collected
by a Galileo time receiver operated at the GSS (Galileo
Sensor Station) collocated with the PTF. The GST is
based on the PTF clock ensemble. The ensemble will
consist of at least 4 Caesiums (Cs) and 2 Active
Hydrogen Masers (A-HM). One maser will provide
GST(MC) (GST Master Clock), while the other maser
and one caesium will be working in a hot-redundant
mode as a backup, see Figure 2 refer also to a section
III .

keep the GST with in the specified offset (50ns for 95%
of time) and uncertainty (28 ns for 95% of time).
Following versions of the GST are defined within the
GMS:
•

GST(MC)

•

GST(GSS)

•

GST(OSPF)

•

GST(USER)

Galileo Spacecraft
Time Interval
Counter

Cs

TSP steering

Phase
comparator

GPS
RX
TWSTFT

GST(GSS)

Galileo
Rx
GSS

SIS

GST(MC)

NAV message
Uplink
(C-band)

Cs
Cs
(backup)

PTF

GST
Steering
algorithm

GST(USER)

GST(OSPF)

Gal. Rcv.
Antenna.

MGF

Gal Rcv.

Cs

SIS

GSS

OSPF

Gal Rcv.

ULS

User

(master clock)

A-HM
(backup)

A-HM

Micro-Stepper
IRIG-B
NTP

10 MHz,
1pps

Figure 2: Overview of PTF physical architecture
The GST is in its autonomous mode generated by
steering the output of the Master Clock to the ensemble
of caesium clocks. Each clock of the ensemble is
“weighted” against the MC, the results of such
weighting process are fed into the GST algorithm. The
GST algorithm then generates a composite clock which
as indicated above is based on the weighted average of
the Cs clocks ensemble. The capability of the inclusion
of the GSS clocks (Rubidium Atomic Frequency
Standard) together with the spacecraft clocks (Space
qualified RAFS and Passive Hydrogen Masers), thus
adding more than 70 clocks into the composite is
already being built into the system, allowing an
enhancement of the clock ensemble for future phases of
Galileo beyond the clocks installed in the local PTF.
The GST autonomy requirement dictates that GST shall
not accumulate more than 28 nanoseconds uncertainty
over 10 days with 95% confidence, should be the GST
to UTC mod 1 sec steering correction as provided by
TSP not available. The above process is also described
as „navigational“ timekeeping of the GST. The
„metrological“ timekeeping of GST is under the TSP
responsibility, which is further detailed in section IV
and V respectively. The task of the TSP is to supply to
PTF the GST to UTC mod 1 sec steering corrections to

Figure 3: Different realisations of the GST.
By the definition the GST(MC) is defined at a fixed and
clearly identified physical point of the electrical path at
PTF output of the timing signal used as reference by the
GSS Galileo receiver. Note that the GST(MC) at the
Master PTF is the reference point where the TSP has to
reference his steering products to.
The GST(MC) is characterized by its frequency stability
expressed in terms of Alan deviation which shall meet
the stability requirements given in the following table:

Table 2: GST(MC) Short Term Frequency Stability
In addition to specification given in the Table 2, the
stability of GST(MC) in terms of Allan standard
deviation shall be lower than 4.3x10e-15 in any 24
hours, including the contribution due to corrections for
the steering towards UTC mod 1sec. GST(MC)
contribution to the UTC dissemination uncertainty
includes the intrinsic characteristics of the MC itself, the
contribution due to the UTC mod 1sec steering and due
to hardware biases within the PTF.
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The GST(GSS) is defined at the antenna phase centre of
the Galileo receiver located at the GSS collocated with
the PTF. Thus GST(GSS) contribution to the UTC
dissemination
uncertainty includes also the GSS
hardware biases, however without considering the
measurement noise of the GSS receiver.

GST(USER) is the realisation of the GST as obtained by
the Galileo user through the reception of the Galileo
SIS. The realisation of the GST is essentially based on
the GST(OSPF), however additional uncertainty
contributions apply due to the user equipment biases,
uncompensated
SIS
propagation
effects
and
uncertainties of the satellite orbit and clock parameters
in the Galileo navigation message. At the end the OS
user should be able to obtain the UTC information with
a maximum uncertainty of 30ns for 95% of time.

III. PRECISION TIMING FACILITY
The PTF represents the core of Galileo timing
infrastructure and it is inevitably one of the most
important elements inside the GMS. The PTF’s main
task is to provide the GST “navigational” timekeeping,
hence to generate the GST and distribute its physical
realisation within the Galileo Core System via NTP,
IRIG-B and locally also via 10MHz RF and 1pps
interface. PTF infrastructure, see Figure 4, is to a certain
extend similar to the infrastructure of a primary timing
laboratory. Thus inside the PTF there will be atomic
clocks, basis for the Galileo timescale generating the
Galileo System Time (GST), the time and frequency
distribution systems, processing, measurement, steering
and time transfer facilities all connected to each other.
The communication and distribution of the data and
reference signals within the PTF will be catered for
with the LAN, RF and 1pps interfaces, see also Figure
2.
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Time
transfer

Timescale
Clocks

Steering

Measurement

The GST(OSPF) is the representation of the GST as
seen by the OSPF through the processing of Galileo SIS
measurements collected by the Galileo receiver at the
GSS collocated with the PTF, thus the receiver noise is
also included. During the PTF normal operation the
GST(OSPF) should not differ from the GST(GSS),
however any additional contributions to the UTC
dissemination due to the switching will apply.

PTF

Distribution
RF, 1pps, LAN

Processing

GMS & Ext. Entities

Figure 4: The Structure of the PTF
The atomic clock ensemble at each PTF will consist of
at least 4 high performance Caesium (Cs) clocks and 2
Active Hydrogen Masers (A-HM). Refer to Table 3 and
Table 4 respectively for the PTF clock specifications.
Noise
White phase 1 HzBW

Experimental Allan
Variance
σ y 2 (τ) = (2.0 x10-13xτ -1)2

White frequency

σ y 2 (τ) = (4x10-14xτ -1/2)2

Flicker frequency

σ y 2 (τ) = (2x10-15xτ 0)2

Random walk of
σ y 2 (τ) = [(2x10-15)2/day]xτ
frequency
Table 3: AHM frequency standard stability
Noise
White frequency

Experimental Allan
Variance
σ y 2 (τ) = (8.5x10-12xτ -1/2)2

Flicker frequency

σ y 2 (τ) = (2x10-14xτ 0)2

Table 4: Caesium frequency standard stability
Time transfer facility will include Ku-band VSAT
(Very Small Aperture Terminal), TWSTFT modem to
allow for the state of the art time transfer using the
TWSTFT method [2], [3] (Two Way Satellite Time and
Frequency Transfer). As a backup there will be also a
multi-channel dual frequency GPS timing receiver to
accommodate for the GPS-Common View time transfer
[4], [5], [6]. The IOV (In Orbit Validation-current phase
of the Project) deployment of the GPS-CV is necessary
due to a limited number of Galileo satellites (4 only)
being available during the IOV, thus deteriorating the
performance of the Galileo-CV. Concerning Galileo
Common View, the PTF time transfer facility will rely
on a GSS equipped with Galileo receiver which will be
collocated and its infrastructure connected with the PTF,
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thus it is assumed that the PTF can reuse the receiver for
the time transfer purposes if required. The GSS
collocated with the PTF will not be equipped with the
RAFS as opposed to remaining GSS, instead the GSS
receiver will be fed with the GST(MC) reference signals
from the PTF, refer to Figure 2. This receiver will be
used by OSPF to have GST available and to provide
navigation SIS observables for the navigation
processing.
The time transfer facility will be deployed for the
purposes of GST synchronisation with the TSP, GPS
and also for inter PTF synchronisation. As mentioned
above there will be two PTFs to provide the continuous
availability of the GST. The PTF’s will be
simultaneously operated working in a Master Slave
concept. Should the Master PTF fail, it will be
immediately replaced with the Slave PTF, which from
that point onwards will act as the Master. The process
of the PTF switching is controlled by the OSPF as part
of its ODTS (Orbit Determination and Time
Synchronisation) duties. In order to keep the impact of
switching to the Galileo navigation and UTC
dissemination services negligible, the OSPF will apply
during the transition period a steering law to
compensate for the time and frequency offset between
the PTFs. The PTF’s will be connected to each other by
the means of TWSTFT link, refer to Figure 5, which
will be periodically calibrated in order to know the
difference between the GST(MC) realisations with the
uncertainty less than 2 ns (1σ). The Galileo and GPS
CV synchronisation links will be used as a backup.
GEO
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of the GST. The TSP fulfils its task by generating the
frequency steering corrections for the alignment of the
GST(MC) to UTC mod 1 sec in terms of normalised
frequency steering correction and time of application. In
addition the TSP is also responsible for the provision of
the following products:
•

GST-UTC mod 1sec time offset, phase and
frequency offset prediction and their
uncertainties

•

Leap seconds: entire number of seconds to
recover UTC time scale information, starting
from the provided GST-UTC mod 1 sec offset

•

Detected PTF data anomalies (clock and time
transfer)

•

TWSTFT and CV schedules

•

Results of monitoring the Galileo signal in
space regarding the validation of GST and
UTC dissemination performance

The TSP however can not deliver all these products on
its own, mainly because the TSP is in fact considered a
processing and management facility and as such it will
not include any timing and time transfer infrastructure.
Therefore the TSP relies on the external support from
the timing community, such as the BIPM time section
and UTC(k) laboratories as well as on the delivery of
the timing data from the PTF. Limited number of
UTC(k) laboratories (also referred to as TSP/UTC(k))
selected and contractually bounded with the TSP are
considered to play an active role in the GST to UTC
mod 1sec steering. Involvement of the other than
TSP/UTC(k) laboratories will be most likely limited to
the provision of their timescale data to TSP.
As indicated above the PTF needs to deliver to TSP
products as follows:

IS

•

PTF internal clock comparison data for all the
PTF clocks including physical clock hardware
steers.

•

TWSTFT and CV measurements taken at the
PTF

•

Time and magnitude of GST(MC) steering
correction actually applied at both PTFs

•

Bulletins containing information on the GST
quality: information on the quality of GST
physical realisation necessary to the TSP for its
timing processing capabilities. It mainly
consists of reports on short, medium/long term
stability of the GST physical realisation in the
time range under observation.

_S
IS
GSS

TWSTFT&
Galileo
GPS-CV
-CV
10MHz&
PTF2

TWSTFT&
GPS-CV

1pps

PTF1

MC2

Galileo
-CV
10MHz&

(A-HM)

1pps
MC1

GMS

(A-HM)

Figure 5: The high level overview of PTF
synchronisation interfaces.
IV. TIME SERVICE PROVIDER
The TSP is the entity external to Galileo Global
Component core, as mentioned above the TSP is
charged with the task of the “metrological” timekeeping

In order to generate and exchange all of the products
outlined above it will be necessary to establish a number
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of interfaces between the PTF and TSP, these are
identified in Figure 6.

uncertainty of the GST- UTC mod 1 sec by
the GMS shall not exceed 9 ns (95%
confidence level), excluding PTF-TSP
synchronisation link uncertainty contributions
external to GMS.
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V. GST Steering Principle
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GMS

TSP_AnomalyToUTC

PTF GSS
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BIPM

TSP ProductsToBIPM

SPF_ProductsToTSP

TSP

TSP_ProductsToSPF
TSP_AnomalyToSPF

SPF
GCC1
GCC2

Figure 6: Interfaces between the TSP and PTF.

The process of the considered GST to UTC mod 1 sec
steering is depicted in Figure 7. During the normal
operation, when the TSP corrections are available, the
steering correction of the master clock is generated by
the GST algorithm which combines the steering
contribution derived from the paper composite clock
based on PTF caesium clock ensemble and TSP
contributions. In case, that the TSP steering corrections
are missing, the output of the MC is steered towards the
output of the composite clock. In this case the caesium
clock ensemble needs to perform to such extent so that
the GST autonomy requirement to not to accumulate the
uncertainty of more than 28 ns over 10 days is met.

The quality of the TSP steering products is driven with
the following performance requirements:
•

•

The offset between GST(MC) and UTC mod
1 sec shall be determined by the TSP with a
maximum uncertainty of 26 ns to 95%
confidence level assuming the estimation of
UTC mod 1 sec six weeks in advance,
excluding the GST(MC) –UTC mod 1 sec
offset uncertainty contributions due to GMS.
Note that the GMS contribution to the

MC1 output signal
(A-HM)
TSP External
Entities
BIPM
UTC (k)
UTC (k)

Auxiliary
Output
Generator

GST correction

TWSTT,
Galileo-CV
GPS-CV

GST

ALGORITHM

Clock and GST’ data

The offset between GST and UTC mod 1 sec
shall be less than 50 ns for 95% of time

ALGORITHM

TAIP – GST

•

GST’
Clocki – MC1
GST’ – MC1

The contribution to GST(MC) stability due to
the GST(MC)-to-UTC mod 1 sec steering
corrections as computed by the TSP shall not
exceed 3x10e-15 in terms of Allan deviation
over 24 h.

local
measurements

GST’ – Clocki

•

PTF clocks
(System designed
to Include GSS
and
Spacecraft clocks
in further
enhancements)

GST physical
realisation
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The Time Service Provider shall ensure a
GST(MC) frequency accuracy (expressed in
terms of normalised GST (MC) frequency
offset relative to UTC mod 1 sec frequency)
better than 5.4x10e-14 (95% confidence level)
in any period of 24 hours, excluding the
normalised GST(MC) –UTC mod 1 sec
frequency offset contribution due to GMS.
Note that The GMS contribution to the GST
frequency accuracy (in terms of normalized
GST-UTC mod 1 sec frequency offset) shall
not exceed 3.6x10e-14 (95% confidence
level) averaged over 24 hours, excluding the
contributions due to PTF-TSP synchronisation
link uncertainty external to GMS

TAI prediction
UTC (k) – GSTrt
ALGORITHM

Time Service Provider

Figure 7: GST to UTC mod 1 sec steering
TSP generates GST to UTC mod 1 sec steering
corrections based on its UTC mod 1 sec prediction
algorithm. The prediction algorithm is fed with the data
representing the differences between the timescales of
TSP/UTC(k) labs and the GST timescales (realised at
PTFs) as obtained by the means of the TWSTFT and
GPS/Galileo-CV time transfer links connecting the
TSP/UTC(k) labs with PTF. The TSP will gather this
comparison data from the PTFs and TSP/UTC(k). Note
the Galileo-CV is not envisaged to be used in the IOV
(In Orbit Validation) phase, as it will not be possible to
meet the required performance with only 4 Galileo
satellites available, however it will be fully
implemented for the FOC (Full Operational Capability)
phase, when the Galileo-CV is expected to replace the
GPS-CV.
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In addition the TSP will use the Circular-T bulletin to
obtain further GST-UTC(k) data and perhaps also other
BIPM products. Note the Circular-T bulletin contains
the information on the offset between the timescales of
the primary timing laboratories (UTC(k)) and UTC
timescale. The bulletin is issued every six weeks and
contains the data span of four weeks. For the delivery of
other products, see section IV, TSP uses also the
information on the quality of the GST (long/short term
stability), and GST clock ensemble measurements.
VI. GALILEO GPS TIME OFSET (GGTO)
The GGTO determination and its further distribution is
provided by Galileo Global Component in order to
enhance interoperability of the Galileo system with the
GPS. The GGTO is understood as the offset between the
GST and GPS Time as visible to users (i.e. as obtained
from the Galileo and GPS signal in space). From the
user point of view the offset between GPS and Galileo
system time can be calculated by the means of
combined receiver, however one additional range will
have to be “sacrificed” to solve for the system time
difference between Galileo and GPS. While the signals
from at least four satellites are required to solve the
positioning solution within one of the two navigation
systems (Galileo or GPS), at least a fifth signal is
required to fix the position in three dimensions if
working in an environment using satellites of both
constellations at the same time.
However, this might be an issue when navigating in
areas of reduced visibility of the satellite constellations,
as e.g. in urban canyons, where the reception of signals
only from a limited number of satellites is available.
The difference between the GPS and Galileo timescale
will result into ranging error prohibiting user from
fixing its true position with the required accuracy.
Whilst with the inclusion of GGTO in the navigation
message transmitted by the Galileo and GPS satellites,
the user can use all the satellites in view in order to
determine its position without having to sacrifice the 5th
range in order to solve for the time difference between
the systems. Note that the current GPS design
implementation does not consider the European Galileo
constellation and the GGTO will not be transmitted by
the current GPS satellites. It is foreseen that future
evolutions of GPS will consider the dissemination of
GGTO in the GPS SIS.
From Galileo system point of view the function of
determination and dissemination of GGTO is allocated
to GMS. Inside the GMS it is the PTF element, which is
charged with the task of GGTO determination. On the
GPS side the USNO (U.S. Naval Observatory) is
considered to act as GPS agent and as such it will

operate in coordination with the PTF the GGTO-related
interfaces between Galileo and GPS.
The detailed process of GGTO determination will not be
further discussed in this paper. For further information
please refer to reference document [7], [8]. However for
the sake of completeness, the GGTO Galileo system
level related requirements are given below.
Following performance constraints apply:
• The GGTO, once computed shall be valid 1
day.
• The accuracy of GGTO (modulo 1 sec) shall be
less than 5 ns (2σ) over any 24 hours
• The stability of GGTO, expressed as an Alan
deviation shall be better than 2x10e-14 over
any period of 24 hours.
Following implementation constraints apply:
• Galileo and GPS shall establish an interface for
TWSTFT, so that the difference between
GST(MC) and GPS time scale is known with
the total uncertainty lower than 2 ns (1 sigma).
VII. CONCLUSIONS
With the addition of Galileo System to the GNSS the
users worldwide will be able to freely use and rely on
the state of the art navigation system.
The Galileo system will provide to it’s users various
services, which rely on a highly accurate and stable
timing reference. In order to achieve this objective, a
timing infrastructure with shared responsibilities is
considered to be implemented. The various players are
the Galileo Global Component with the PTF element,
the TSP and the GPS system.
Within the scope of the timing infrastructure following
functions will be provided either by core elements or by
cooperating with the external elements.
• PTF:
o Navigation Time keeping
o Installation of clocks
o Physical realisation of GST
o Synchronisation of the GMS and GCS
elements
o GGTO determination
• TSP
o Metrological Timekeeping
o Interacting with e.g. BIPM (e.g. leap
seconds)
o Providing steering corrections to PTF
clocks, enabling PTF to meet it’s
performance objectives
• GPS
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o
o

Contribute to elaboration of GGTO
Dissemination of GGTO in future
evolutions of GPS

The Galileo Global Component will operate two PTFs
working in parallel. These will be equipped with the
best COTS time and frequency hardware available in
order to generate autonomously the stable timescales
and to allow for the implementation of the cutting edge
time transfer techniques such as TWSTFT and CV.
Furthermore Galileo spacecrafts will be flying PHM, the
best clocks being ever flown, thus providing the
unprecedented ranging signals parameters and
performance. The design of the PTFs is considered to be
expandable in order to include in the future other clocks
in addition to the clocks installed locally at each PTF.
Such extension of the PTFs clocks ensemble will allow
for even more resilient timescales to be generated.
With the support of the TSP Galileo System Time will
be kept within the close agreement with the UTC and by
providing the UTC corrections Galileo users will be
able through the reception of the Galileo SIS to
reconstruct with the high accuracy the UTC
information. The Galileo System will even further
enhance the Galileo GPS interoperability by including
the GGTO into its navigation messages.
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ESA’s Frequency and Timing Systems for Deep Space Operations and
Radio Science Investigations
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Following the successful operation of the first Deep Space Antenna (DSA1) in New Norcia,
Australia [1] and the recent inauguration of the 2nd Station (DSA2) in Cebreros, Spain [2],
the European Space Agency (ESA) is currently expanding its Deep Space tracking
capabilities, the next facility to be constructed in Kourou, French Guyana.
Deep space operations and research impose demanding phase stability on ground station
equipment, high frequency stability of the reference system and excellent phase noise of the
distributed reference signal. The combination of these aspects is certainly unique for
Frequency and Timing systems. An outline of ESA’s past and future design- and
development activities in support of advanced F&T systems is given, which demonstrates
ESA’s commitment to continuously improve its support of Deep Space Missions.
The paper describes the 2nd generation Hydrogen-Maser based Frequency and Timing
System in Cebreros, which has been optimized for a high stability and low phase noise 100
MHz distribution system. The architectural design and its operational aspects are presented.
The actual performance is given in terms of
Allan Deviation (< 1E-15 between 1000 and 10000 seconds),
Phase Noise (–102 dBc at 1 Hz offset for 100 MHz)
Long-Term Stability (1.2e-15/day).
The paper puts the present performance of ESA’s stations in perspective with future
mission requirements, which traditionally arise from state-of-the-art Radio Science
research. The evolution path to meet future mission demands, which might arise from
ambitious projects like BepiColombo [3], is presented.
I. INTRODUCTION
Deep Space missions impose stringent requirements on
the performance of radio links, both for system
operation and in support of Radio Science
investigations. Routine operations require high
availability combined with fully automatic operation,
while Radio Science is performed during dedicated
parts of the mission by extracting additional information
from the received signal. This rather unique
combination of performance- and operational aspects
call for excellent short- and medium-term frequency
stability in addition to state-of-the art phase-noise
performance on the Frequency & Time sources within
the ground segment. Active Hydrogen Masers are the
main references, as they are today’s most suitable
frequency sources to meet the target specifications.
This paper describes the architecture and performance
of the Frequency and Timing (F&T) Systems for ESA’s
new Deep Space Facilities. The first ESA station has
become operational in March 2003. It is located in New
Norcia [1], near Perth, Western Australia. The second
station is located at Cebreros, north of Madrid, Spain,

which is operational since September 2005. Kourou,
French Guayana, will become a backup station by end
of 2006. A further installation is presently under
consideration to achieve a full 24-hour coverage.
II. DEEP SPACE APPLICATIONS
ESA’s stations are designed to support multiple tasks
while using radio links. Although the primary objective
is support of deep-space missions, satellites in nearearth orbits can be operated as well. There are two
major application areas
1.
2.

Support of spacecraft operations
Conduction of Radio Science using RF links

Spacecraft operations include en-route tracking using
one-way and two-way Doppler data and round trip
signal delay measurements [4]. Main emphasis is on
frequency stability to support Doppler data during
observation periods of up to 8 hours. Orbit maneuvers,
including insertion into planetary orbits, comet
encounters etc., require accurate time for the precise
knowledge of the satellite’s position.
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Radio Science Investigations add requirements on shortterm stability for 0.1s ≤ τ ≤ 45min for occultation
experiments. Bi-static radar techniques and observations
of back-scatter from rough surfaces call for best phase
noise at offsets of 0.1Hz to 50 Hz from the carrier. The
detection of gravity waves and general planetary
research requires optimum frequency stability for time
periods ranging from seconds up to 20 min. [5]
These few samples already demonstrate the challenge in
the design of deep space stations and its F&T system.

stabilisation of the electronics and relying on low phasenoise 5 MHz USOs of selected performance. The BVAtype USOs, model 8607, are manufactured by
Oscilloquartz, Neuchâtel, Switzerland. The masers are
located in a dedicated maser room inside the Antenna
Equipment Room, well separated electrically and
environmentally from the remaining station elements,
and running from their dedicated un-interruptible power
supplies.
The electronics rack implements two redundant signal
generation chains, with outputs of 5, 10 and 100 MHz,
IRIG-1B and a proprietary 5 MHz IRIG code, 1pps
pulses and an optical cross-site link to distant
installations. The system has built-in performance
monitoring by phase-frequency comparators used to
compare the two masers and to monitor highperformance output signals. Two GPS receivers
(Motorola UT-Oncore) are used for long-term frequency
monitoring and time comparison to UTC. An internal
time-scale is maintained to supply the estimate of UTC
to the station elements via IRIG and NTP.
The system operates unattended. It is under remote
control by the European Space Operations Centre,
ESOC, Darmstadt, Germany. The monitoring system
relies on redundant Linux-based controllers, which
maintain history logs for all relevant measurement data
and a set of event logs. Telemetry data is retrieved
regularly from each maser, together with environmental
data (temperature, humidity and magnetic field) and
phase/frequency measurements to assess the short- and
long-term behavior of the masers.

Figure 1: Deep Space Antenna at Cebreros
The stations at New Norcia and Cebreros are equipped
with a 35m diameter antenna. They use low loss beam
wave-guide feed systems to ensure a low system noise
temperature. All major RF elements are placed at
ground level in the Antenna Equipment Room (AER)
within the antenna support structure. This includes cryocooled LNAs, up- and down-converters, high power RF
amplifiers and the F&T generation and distribution
system itself. The Kourou station, acting mainly as
backup station, has a 15m dish antenna only.
III. F&T SYSTEM ARCHITECTURE
The Frequency and Timing systems are designed around
EFOS-C type masers, manufactured by the Observatory
of Neuchâtel, Switzerland. This is an enhanced version
compared to previous models using improved thermal
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System monitoring includes input and output level of
each signal. The systems signal chains may be reconfigured under operator control. The only automatic
reconfiguration changes the reference maser once in
case of failure of the primary maser.
The redundancy concept is based on input signal
selection between redundant signal sources for each
distribution element and cross-strapping between
redundant chains. This scheme has been adopted in
favor of output signal switching to minimize the amount
of switches. Each signal user is supplied with two
redundant reference signals.
IV. F&T SYSTEM DESIGN
The first station at New Norcia is based on a 5 MHz
distribution system [6], whereas the 2nd station at
Cebreros relies on a 100 MHz distribution system, with
5 MHz signals being still available for secondary and
lower performance users. Enhancements include
• Improved 100 MHz signals from masers
• Multi-channel 100 MHz Phase Comparator
• Lower thermal sensitivity (1.5ps/K)
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•
•
•
•
•
•

Phase noise at 100 MHz: -130 dBc, 100 Hz offset
Dual 100 MHz Clean-up Oscillators
Digital control loops in clean-up units
Maser selection without phase discontinuity
Coherent signal combination to reduce noise
Improved thermal stabilisation of masers

The block diagramme of the overall F&T system is
contained in Annex 1-1. Major signal specifications are
listed in Table 1 below, which apply to the outputs at
the system’s interface panel.
Item

unit

100 MHz

5 MHz

Phase noise @ 1 Hz

dBc/Hz

- 102

-126

Phase noise @ 100 Hz

dBc/Hz

- 131

-145

Harmonics

dBc

≤ 40

≤ 53

Spurious

dBc

≤ 90

≤ 105

Isolation (I/O)

DB

80

80

Return Loss (I/O)

DB

40

35

Level

dBm

11.5

13

Table 1: Signal specifications
Table 2 shows the approximate gain in frequency
stability by use of the 100 MHz outputs instead of the
5 MHz outputs of the same maser. The table shows
average ADEV results from two units operated under
laboratory conditions, valid for a single maser.
5 MHz

100 MHz

Gain [%]

1

1.3E-13

1.0E-13

~ 20

10

2.0E-14

1.8E-14

~9

100

4.4E-15

2.8E-15

~ 30

1000

1.5E-15

1.0E-15

~ 30

ADEV @ τ [s]

Table 2: ADEV improvement by using 100 MHz
A six-channel phase comparator is used for the clean-up
oscillators, to monitor the relative frequency stability of
the masers and to measure the phase at the output of the
100 MHz distribution amplifier. Its residual Allan
Deviation is shown in Table 3.
Recorded phase data between the two masers may be
analysed a-posteriori to identify the possible cause or
nature of delay variations observed on the satellite
signal links and to enhance the confidence into the
primary maser acting as frequency reference to the
station.

ADEV @ τ [s]

100 MHz

1

1.8E-14

10

2.3E-15

100

3.3E-16

1000

8.5E-17

10000

2.7E-17

40000

1.6E-17

Table 3: Residual ADEV of 100 MHz phase comparator
Delay variation vs. temperature has been characterized
by means of the phase comparator. Together with
precise temperature readings, they are used for digital
compensation of the system’s temperature coefficient,
resulting in approximately 1.5ps/K between reference
maser and user outputs at 100 MHz.
Significant emphasis has been laid on the phase noise of
the 100 MHz signal between 1 Hz and 100 Hz offset
from carrier. Two clean-up oscillators are locked to the
reference maser by a digital PLL (see Annex 1-2).
The 100 MHz outputs of both units are kept in phase.
They are subsequently combined to form a single
reference to the distribution chains. After combination,
the 100 MHz phase-noise improves. There is even a
slight reduction on ADEV at 1 s. Ideally, the phase
noise improvement would be 3 dB assuming two similar
clean-units. The actual gain (see Table 4 below) is
smaller because of minor differences between the units.
Offset from
carrier [Hz]

Single
CLEAN

Combined
CLEANs

Gain [dB]

1

-101.7

-102.7

1

10

-117.2

-118.7

1.5

100

-130.0

-131.8

1.8

1000

-154.5

-155.7

1.2

Table 4: Phase-noise [dBc], improvement at 100 MHz
The series connection of maser source and clean-up
units causes a slight deterioration of the resulting
ADEV, in particular for τ around the loop time constant.
The measured degradation is shown in Table 5 below,
together with the final system performance, when the
masers are operated inside the heater-cooler boxes.
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Maser
Degradation

Final System
Performance

1

9%

1.0E-13 *)

10

9%

2.0E-14

100

4%

3.1E-15

1000

4%

8.6E-16 **)

10000

~0

5.9E-16 **)

ADEV @ τ [s]

station, a 5 MHz distribution system has been selected.
A major challenge for the Kourou installation is the
distance between the masers and the antenna site of
approx. 200 m. Even high quality cables would exhibit
prohibitively large temperature coefficients. Although
there are excellent optical link designs [7], their use had
been ruled out because of their mostly experimental
nature. Based on extensive tests, the Andrew cable type
FSJ4, UMTS grade, not thermally compensated, was
selected together with an active delay compensation.
The thermally compensated variant of the same cable
type ironically showed slightly worse result for the
relevant temperature range.

*) includes improvement due to combination of two
clean units
**) Masers are operated in heater-cooler boxes
Table 5: Maser ADEV degradation due to clean-up units
The digital phase comparator and the digitally
controlled phase-lock loop of the clean-up oscillators
provide an elegant means to select the reference maser
by selection of the respective phase comparator channel.
Any switchover is smoothed relying on the short-term
stability of the USOs inside the clean-up units.
Changing the reference maser results in a typical phasetransition of approx. 1ps within 10s at the 100 MHz
outputs, see Figure 2.

5 MHz

<-185 m outside->

τ

Mixer

τ
Figure 3: 5 MHz delay compensation for Kourou station
The delay compensation uses a bi-directional link with
symmetric paths and compensation elements. The
electronic phase shifters have no discernible impact on
the system’s phase noise and on its short-term TDEV.

[s]

Figure 2: Phase transition after maser re-selection [ps]
Each maser is operated inside its own heater-cooler box,
to keep the inside temperature unaffected from the
thermal variations due to the air conditioning system, to
slow down any external temperature variation and to
shield a maser during maintenance activities on the
other unit. The thermal gain of a heater-cooler box is 20,
see Table 6.
Location

Temperature
[°C]

Stability
[K]

Thermal
gain

Maser Room

20.5 °C

1

-

Maser Unit

26.3 °C

0.05

20

47 °C

0.01

100

Maser Electronics

Table 6: Maser temperature and temperature stabilities
V. NEXT STATION: KOUROU
For the next facility at Kourou, French Guyana, the
masers have been accepted already. Being a backup
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Figure 4: 5 MHz delay compensation for Kourou
Predicted performance based on thermal tests is shown
in Figure 4 for a 185m cable run subject to daily
temperature variations of 9.5K. For comparison, the
actual maser stability from New Norcia is included in
the same figure. The thermally induced cable delay
variation causes an increase of 12% of the maser’s
ADEV for τ around 30.000s. It is believed, that the final
system will be even better after fine-tuning of the
residual asymmetries of the system and by careful
selection of matching cable pairs.
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VI. MASER LONG-TERM STABILITY
Long-term performance data lasting about 1.5 years
exist for the two masers at New Norcia. The relative
frequency stability between the two masers is measured
by a phase-frequency at 5 MHz. Best stability is around
30.000s (see Table 7), which coincides well with the
useful tracking time of approx. 8 h for a single satellite.
ADEV @ τ

5 MHz New Norcia

10 s

1.4E-14

100 s

2.8E-15

1000 s

8.5E-15

10000 s

5.0E-16

30000 s

3.5E-16

1d

4.3E-16

3d

5.7E-15

VIII. SUMMARY
The European Space Agency ESA is pursuing major
technological developments in the following key areas
related to Ground Frequency and Time Generation:
•
•
•
•

Optical clocks: first studies awarded
Sapphire Clock research: under consideration
Optical fibre distribution: studies ongoing [7]
Improved electrical distribution systems: ongoing

To support future needs and requirements for
•
•
•
•
•

Table 7: Frequency stability, New Norcia, single unit
The long-term stability and ageing is determined by
comparison to GPS. The results are shown in Table 8.
Maser I

Maser II

Data set

620d

180d

Ageing

2.6E-16/d

1.3E-15/d

Precise spacecraft tracking, incl. formation flying
Radio Science
Fundamental Physics missions
Clocks on-board space-craft
Time Keeping

A good overview about clocks on-board space-craft can
be found in [8]. Up to now, two stations became
operational, already actively tracking key deep space
missions. The network is planned to be expanded to
ensure full 24h coverage.

5 MHz

This ambitious long-term programme ensures continued
research and development activities in the field of
Frequency and Timing systems, which will further fuel
the commercialization of key technologies. This enables
more applications and commercial opportunities, for
example in the field of global navigation systems.
Finally, access to high performance and highly accurate
Frequency- and Timing systems will be available for
larger communities on a commercial basis.

14 d

1E-15

Acknowledgements

54 d

2E-15 ± 0.5E-15

Table 8: Aging measured vs. GPS, New Norcia
The Hadamard Deviation presented in Table 9 shows
the excellent predictability of the maser’s frequency.
HDEV @ τ

Table 9: Hadamard deviation, New Norcia, two units
VII. MISSION SUPPORT
Up to now several deep-space missions have been
supported, including
• Ulysses
• Rosetta
• Mars Express
• Venus Express (orbit insertion: April 11th, 2006)
The network is ready for further missions, like
•
•
•
•

among others, all scheduled for launch in the next
decade.

Herschel Planck
LISA Pathfinder
Gaia
BepiColombo

This work is performed
No. 17137/03/D/SW.

under

ESA

contract
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LAN
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SEL5-1
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LAN
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12 * 100 MHz

Contr.

Maser2

LAN
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D

SEL5-2

A
USO 8607
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LAN

Buffer, Clean-Up and PCO (CLEAN-2)

DISOS-2

UPS2
UPS2

4 * 1pps
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OPT I/F

IRIG-1
IRIG-5

LAN

IRIG
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Annex 1-1: F&T architecture, 100 MHz distribution with clean-up units, Cebreros

CLEAN-1
Numeric Phase Data MASER-1 (Reference)

MAS1
MAS1

1) Maser 1 *
2) Maser 2

Clean-Up Oscillator-1
USO 8607

F ( s) = K +

(active)
Source
selection
logical switch

Digital Phase
Detector 1
(active)

KI
+ KDs
s

Analogue 100 MHz
PLL
VCXO

D

100 MHz

/ 20

A

24 Bit
Transfer function

LP

Numeric Phase Data MASER-2

Digital Phase
Detector 2
(stand by)

5 MHz

Numeric Phase Data MASER-1 (Reference)

1) Maser 1
2) Maser 2

Clean-Up Oscillator-2
USO 8607

F ( s) = K +

MAS2

Source
selection
logical switch

KI
+ KDs
s

D
A

Analogue
PLL

100 MHz
VCXO

/ 20

Digital Phase
Detector 1
(active)

100 MHz

24 Bit
Transfer function

LP

Numeric Phase Data MASER-2
(stand by)

CLEAN-2
100 MHz Buffer, Clean-Up and Distribution 2

Digital Phase
Detector 2
(stand by)

5 MHz

Annex 1-2: 100 MHz Clean-up unit design, digital PLL and cross-strapping scheme (Cebreros)
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Time and frequency requirements for geodetic space techniques
W. Schlüter
Bundesamt für Kartographie und Geodäsie, Fundamentalstation Wettzell
Sackenrieder Str. 25, D-93444 Kötzting
E-mail: wolfgang.schlueter@bkg.bund.de
Precise geodetic space techniques as Very Long Baseline Interferometry (VLBI), Laser
Ranging to artificial Satellites or to the Moon (SLR/LLR) and the geodetic application of
Global Navigation Satellite Systems as GPS, GLONASS and in the future GALILEO are
based -in general- on measurements of time and time intervals. The epochs of the global
observations are referenced to the timescale UTC. The offsets to UTC have to be known in
the domain of some nanoseconds. The observations require absolute frequencies which are
generated by precise frequency standards. To avoid scaling errors the frequencies offsets
should be less than 10-12. Moreover e.g. VLBI demands short term frequency stability
which active H-Masers are capable to provide today.
Recently the International Association of Geodesy (IAG) released its Project "Global
Geodetic Observing System (GGOS)", which will result in the realisation of a global
reference frame with a relative precision of 10-9, harmonizing the geometric and
geophysical parameters to the same level of precision. The reference frame should be stable
for decades. GGOS will become a backbone for research in the area of geosciences. It will
demand continuous observations of geodetic parameters as station positions and monitoring
of the Earth motions by the geodetic space techniques. The accuracy of the geodetic
observation techniques will be improved, which consequently will demand appropriate
clocks.
This paper will summarise the status of the geodetic space techniques, in particular the
achieved accuracy and some plans to increase the accuracy in order to meet the
requirements for GGOS. In particular it will focus on the demands for atomic frequency
standards, applied in the geodetic observation techniques.

I. EVOLVEMENT OF GEODETIC SPACE
TECHNIQUES PRECISION
Before geodetic space techniques were applied,
intercontinental distances were calculated from latitude
and longitude coordinates with reference to an ellipsoid,
best fitted to the figure of the Earth. Latitude and
Longitude
were
derived
from
astronomical
observations. Considering the systematic errors, in
particular due to personal influence of the observer, the
intercontinental distances could be estimated with an
accuracy of the order of only 100m. After the launch of
balloon satellites in the 60ies, which could be observed
with cameras, satellite triangulation technique was
developed which allow the measurement of directions
between far separated ground stations. A first global
network was established and simultaneous observations
with cameras were carried out, which provides the
directions between the network points. In combination
with a few distances, which were observed between a
few network points, employing classical terrestrial

geodetic techniques, coordinates were derived with an
accuracy of ~10m. During the 60ies, developments in
technology made enormous progress. Atomic clocks,
time interval measuring devices and LASERs were
invented. Employing a pulse laser, distance measuring
systems to artificial satellites could be set up. Satellite
Laser ranging systems of the 1st Generation achieved
an accuracy of the order of 1m. The first Satellite
Navigation System TRANSIT, based on Doppler
technique reached comparable precision in the submeter
domain during the 70ies. In the 80ies the technology
continued to improve. Satellite Laser Ranging (SLR)
achieved the centimeter domain. Very Long Baseline
Interferometry (VLBI), an observation technique
developed for Radioastronomy, was applied for the
geodetic research. Intercontinental baselines could be
measured with an accuracy of ~3 cm. The modern and
precise techniques enable since the 80ies to observe
plate motion. The evolvement of technology still
improves and reached the level a few millimeters today.
The most important developments, driving the progress
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in geodetic observing technique, employ time and time
intervals measurements. Satellite based navigation
systems as GPS, GLONASS or in the future Galileo
make use of atomic clocks orbiting the Earth.

and physical parameters describing the GGOS and
stable for decades [1].

Precise geodetic observation techniques are the basis for
the research of plate motions, sea level rise, Earth tides,
ocean and atmospheric loadings and Earth rotation etc..
Continuous observations are required for monitoring the
variations in order to improve the models for predictions
and to understand the geophysical phenomena.
Global reference frames are established in order to
describe positions in space -e.g. for positioning of space
crafts or satellites - and on Earth – e.g. for surface
positions. The global reference frames fixed in space is
realised by about 600 Quasars, for which positions are
known by coordinates as declination and rectascension.
The realisation is the International Celestial Reference
Frame (ICRF), see Figure 1.

Figure 2, the distribution of the global sites realizing the
ITRF

Figure 1, The International Celestial Reference Frame
(ICRF), distribution of Quasars
The Earth fixed reference frame is materialized through
geodetic observatories, for which the positions and the
velocities are known at an epoch e.g. 2000.0. The
realisation in know as International Terrestrial
Reference Frame ITRF2000 (figure 4). The
transformation between both global reference frames
needs the knowledge of the Earth Rotation, which is
described by the Earth Orientation Parameter (EOP), as
direction of the rotation axis in both frames and the
velocity of rotation (figure 5). ICRF and ITRF are
fundamental for research in all geosciences and related
disciplines. Due to the variations the global reference
frames ICRF and ITRF as well as the EOP’s need
continuous maintenance.
The International Association of Geodesy established
the project GGOS (Global Geodetic Observing System),
which should realise a global reference frame with
relative precision of 10-9, consistent in the geometrical
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Figure 3, Earth Rotation, described as precision and
nutation, polar motion and variations in the rotation
(UT1- UTC)

II. GEODETIC SPACE TECHNIQUES
The space techniques, which support the maintenance of
global reference frames are
o
o
o
o

VLBI (Very Long Baseline Interferometry)
SLR/LLR Satellite/Lunar Laser Ranging
GNSS (GPS, GLONASS, future: Galileo)
DORIS (Doppler Orbitography and Radio
Positioning Integrated by Satellite)

The techniques are coordinated through international
services of the International Association of Geodesy
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(IAG) and of the International Astronomical Union
(IAU) as
o International VLBI Service for Geodesy and
Astrometry (IVS)
o International Laser Ranging Service (ILRS)
o International GNSS Service (IGS)
o International DORIS Service (IDS)
The services coordinate the observations, the data flow
and the analysis and are finally responsible for the
timely provision of proved results.

o
o
o

Tropospheric, ionospheric parameter
Physical parameter (love numbers)
Clock parameter (need to be considered in the
analysis).

The accuracy is dependant on the
o Signal resolution (bandwidth, signal/noise), the
recorded data stream is < 1Gbps
o
Clock stability, H-Maser are used due to the
high short term stability up to parts in 10-15.

Figure 4, RMS position residuals from the space
techniques ( from D. Angermann, Deutsche Geodätische
Forschungsinstitut, München)
The accuracies in the north-, east- and height
components achieved by the four techniques are shown
in figure 4.
III. PRINCIPAL OF VLBI
Very Long Baseline Interferometry (VLBI) is employed
in Radioastronomy e.g. to investigate structures of
radiosources and in Geodesy to measure the baseline
lengths between radiotelescopes. The principle (figure
5) is based on the determination of the delay τ and the
assumption, that the positions of Quasars are known
(ICRF). Simultaneous observation signals emitted from
quasars with a set of radiotelescopes (minimum two)
and recording the signals including precise clock
information, derived from a H-Maser, allow the
determination of τ through a correlation process. Up to
400 quasars are observed during a 24h session. The
recorded data were transferred to a corellator in general
via courier or via Internet - if high speed Internet
facilities are available. Corellators, employing the
NASA recording technology MK5, are located in
Washington-USA, Haystack-USA and Bonn-Germany.
Out of the observables τ the following products can be
derived:
o Baseline-vectors and positions in order to
maintain ITRF
o Earth Orientation Parameter (EOP) for
monitoring the Earth rotation
o Quasar positions in order to maintain the ICRF

Figure 5, Scheme of the principal of VLBI
Figure 6 give an overview about the VLBI components
coordinated within the International VLBI Service for
Geodesy and Astrometry (IVS) [2]. Figure 7 shows the
20m Radiotelescope of the Fundamental Station
Wettzell.

Figure 6, IVS, global distribution of IVS components
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IV. REFERENCES

where
c:
τ:
s:
b:
∆T :
d∆T :
T-T0 :
∆f/f :
d∆f/f:

speed of light
time delay
unit vector in direction to Quasar
baseline vector
clock offset
error of the clock offset
elapsed time
relative frequency offset
error of the frequency offset

Under the assumption, that the influence should be less
than 1mm (cdτ < 1mm), the results are:

Figure 7, 20m Radiotelescope of the Fundamental
Station Wettzell, Germany
The strengths of VLBI are:
o only VLBI realizes and maintains the ICRF,
o only VLBI allows the determination of a
complete set of Earth Orientation Parameter
and
o uniquely VLBI provides the Earth rotation
parameter UT1-UTC, which is urgently needed
for satellite orbit determination or space
missions.
The IVS recently release the document VLBI 2010 [3],
summarizing the visions for the future to evolve the
next generation VLBI in order to meet future
requirements. Components will be developed or
improved, as digital recorders for data streams up to
2Gbps, e-VLBI, employing Internet data transmission to
provide products in near real time and to perform
continuous observations. Frequencies will be used in the
domain of 1 to 16Ghz. Finally the delay τ should be
observed better than 4ps. This leads to a request for
improvement of the time frequency devices, which are
currently used in VLBI.
IV. T&F REQUIREMENTS FOR VLBI

d∆T = 1[mm]/c ~ 3 ps

(1)

d∆f/f = 1[mm]/(c(T-T0)) ~ 3.3 *10-12/(T-T0)

(2)

The clock offset should be known to 3ps. As no time
transfer allow this accuracy so far, the offset is
estimated in the analysis. VLBI has the potential for
time transfer at highest level, but calibration of the
internal delays is still problematic.
The frequency offset provides a scale error. It should be
known better than 10-12, which is not a problem at all
employing regular time transfer technique. The
frequency offset can also be estimated by considering
the offset in the analysis. Correlation of timing
parameters with the height component
and the
troposphere parameter occur.
More problematic is the noise in the frequency (2) - see

σ

VLBI
1mm

10 -12

VLBI
1cm

10 -13

H-Maser
(normal)

10 -14
10 -15
10 -16

H-Maser
(best performance)

The requirements for the clock and frequency generator
can be estimated from the basic equation in VLBI, with
the extension to clock parameters (offset and frequency)

the sigma-τ plot in figure 8 (Allan Variance).

cτ = 1/c (s b) + c∆T + c (T-T0) ∆f/f + ....

Figure 8, VLBI requirements versus H-Maser stability

as

The diagram shows generally the Allan Variances for a
Maser as it is under normal conditions and as it could be
for a best performing Maser. The two other curves show
the requirements for VLBI calculated from equation (2)

cdτ = c d∆T + c(T-T0) d∆f/f
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under the assumption for cdτ not larger than 1cm (thin
blue curve) or 1mm (thick blue curve).
During the single scans, within some minutes, the
frequency stability is o.k.. After approximately 2 to 3
hours, however, the noise of the H-Maser does not meet
the wish to have coherent timescale precise enough for
more scans, which are observed during a period of
longer than 3h. Usually this problem is solved by the
estimation of clock parameters in the analysis. For
VLBI 2010, the best H-maser should be requested,
which today reaches stabilities in parts of 10-16.

The Accuracy is dependant on
o Event timer resolution
o Pulse lengths,
o receiving pulse (single photon level)
o Calibration
o Statistics (normal points)
o etc.

V. PRINCIPAL OF SLR/LLR
Satellite or Lunar Laser Ranging SLR resp. LLR is
based on the determination of the propagation delay of a
light pulse transmitted from an observatory to the target
and back (figure 9). The targets, satellite or the moon,
are equipped with corner cubes (figure 10), which allow
to return the pulse back to the observatory. Short Laser
pulses (pulse length: 30...100ps) are generated by
Nd:YAG(1064/532nm)
or
TiSaPP-Lasers
(850/425nm). Precise tracking of the target requires an
optical telescope (figure 11). Photomultipliers or
avalanche diodes are employed for the detection of the
returns at single photon level. Event timers measure the
propagation delay a few picoseconds precise. The
events are recorded with respect to UTC. Calibration
internal and external is required for the determination or
elimination of systematic biases.

Figure 10, LAGEOS with corner cubes and reflector on
the Moon from Apollo-missions

Figure 11, 75cm Telescope of the WLRS (Wettzell
Laser Ranging System)

Figure 9, Scheme of SLR
Laser ranging products are
o precise satellite orbits
o station coordinates and velocities with respect
to the Geo-center
o contributions to gravity field
o Polar motion
o Time transfer
o etc.

The mostly tracked satellites are
o LAGEOS1
o LAGEOS2
o Starlette
o Stella
o ETALON1
o ETALON2
o GPS35
o GPS 36
o 6 GLONASS
o ERS 2
o ENVISAT
o AJISAI
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For Lunar tracking the NASA Apollo missions and
Russian missions placed reflectors to the Moon. Figure
12 show the distribution of the SLR tracking sites.

Figure 12, Distribution of the SLR-tracking sites
Future developments focus on the increase of the Laser
repetition rate. While today 10Hz repetition rate is
applied in the future 1KHz will be realized for some
stations. Employing two wavelengths (e.g. 850nm and
435nm)
will give additional information to the
troposphere and support to improve the knowledge
about refraction. Laser transponders will be developed
in order to employ the technique for very long distances
to high orbiting satellites, to the moon or even for
interplanetary missions.

VI. SLR/ LLR: T&F REQUIREMENTS
The requirements for SLR and LLR today are estimated
considering the Assumption:
o ~1cm rms single shot
o ~ 3-4 mm rms normal points
o Satellite velocity ~ 7… 8 km/s

~1x10-10 for satellites over τ 0.3 s and
~ 1x10-11 for the Moon over τ = 3s
The employment of 1kHz Laser and two color system,
promises to reach the mm domain (< 1mm rms), it will
allow to see the structure of the reflector, and the
estimation of the spin of the satellite. The requirements
in time and frequency will increase by one order in
magnitude as
o Event timer resolution
< 2…3 ps
o Epoch with ref. to UTC ~ 10ns
o Frequency offsets
< 10-12
o Frequency stability
< 10-12 for τ ~0.3 s
The use of Rubidium frequency generators and
employing GPS time transfer technique will be
sufficient for SLR and LLR.
VII. T&F SYSTEM OF FS WETTZELL
The requirements from the space techniques can be met
with a timing system generating a time scale which is
in real time available with a
o precision of ~ 10ns
and providing frequencies with an
o offset of < 10-12 (absolute: compared to a
normal frequency) and a
o stability of 10-15 for τ ~ 103s
At the Fundamental Station Wettzell the hardware
devices are
o 5 Cs-Standards HP5071
o 3 H-Maser (EFOS)
o GPS-receivers, 1 Channel (AO 6TR, K&K)
o GPS modified geodetic receivers (Ashtech
Metronome, Septentrio)

The event timer has to provide a read out of better than
20 ps rms in order to derive the elapsed time between
the events of transmission and receive better than 30ps.
For the determination of the epoch of the observations,
the event timer has to be synchronized to the global
timescale UTC better than 100ns. Such an accuracy
could be easy achieved with the available time transfer
techniques. During 100ns the Satellite motion is
approximately 1mm and does not significantly influence
the observation accuracy of 1cm.
As a frequency offset effect the distances measurement
with a scale error ( ∆s/s = ∆f/f), the frequency offset
has to be eliminated with a resolution of
~1x 10-10 for satellites and
~ 1x10-11 for the Moon

Figure 13, H-Maser EFOS 18

with a stability of

The H-Maser (EFOS 18) , shown in figure 13 drives
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o
o
o

VLBI -clock and -frequency devices directly
SLR/LL event timer via 1 frequency distributor
GPS oscillators via 3 frequency distributors.
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Figure 15, T&F devices for comparison of the clocks
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Clocks in space missions∗
C. Lämmerzahl† and H. Dittus‡
ZARM, University of Bremen, Am Fallturm, 28359 Bremen, Germany
The status of present day physics which essentially is encoded in the Einstein Equivalence Principle
is reviewed. This includes the Universality of Free Fall, the Universality of the Gravitational Redshift
and the local validity of Lorentz invariance. This implies that gravity is a metric theory. This metric
can be explored by positioning of freely falling objects or by clocks. The need of a theory of quantum
gravity implies small deviations from this standard physics picture so that, e.g., diﬀerent clocks are
expected to behave diﬀerently in gravitational ﬁeld. Furthermore, there are some observations which
until now did not found a convincing explanation and may suggest that gravity should be modiﬁed
at large distances. Clocks play an important role in space explorations of such modiﬁcations.

I.

INTRODUCTION

Clocks play a fundamental role in the exploration
of the laws of physics. At ﬁrst, they provide the time
parameter for the description of dynamical processes,
and second, since clocks are by itself are governed by
physical laws, they give information of the physical
processes underlying the clocks. A particular connection exists between clocks and the theories of relativity, namely Special Relativity (SR) and General
Relativity (GR). The reason is that these are theories describe properties of space and time and, thus,
the measurements of time and distances. Since, furthermore, within SR and GR the measurement of distances can be replaced by the measurement of time,
clocks are the absolute basic and fundamental tools in
space–time theories.
Therefore it is not astonishing that most of the principles underlying SR and GR are related to a particular behavior of clocks. In particular, SR can solely
based on the properties of clocks, and GR is based on
SR, the behavior of clocks in gravitational ﬁelds and
on the free fall properties. Therefore, but the free fall
GR is based solely on the behavior of clocks.
One consequence of that is that clocks are also a basic tool for the search of deviations from SR and GR.
From the fact that GR and quantum theory are not
consistent and other reasons there are strong expectations that GR has to be modiﬁed. Such a modiﬁcation
are expected to lead to tiny deviations from SR and
GR, in particular, to tiny violations of their underlying principles.
Here we ﬁrst describe the status of present day
physics and then go to the hitherto unsolved problems and observation and then describe use of clocks
in exploring these issues. In doing so we emphasize
the use of space missions for that purpose.

∗ We

like to dedicate this article to H. Binnenbruck on occasion
of his 65th birthday.
† Electronic address: laemmerzahl@zarm.uni-bremen.de
‡ Electronic address: dittus@zarm.uni-bremen.de
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II.

PRESENT STATUS

The present scheme of physics is mainly encoded
in the Einstein Equivalence Principle consisting of (i)
the Universality of Free Fall (UFF), (ii) the Universality of the Gravitational Redshift (UGR), and (iii)
the validity of Local Lorentz Invariance. These three
principles imply that gravity can be geometrized and
can be described by a space–time metric gµν [1], that
is, within a Riemannian geometry. See Fig.1. For
recent reviews on the experimental status of tests of
gravity, see [2]. For technological applications, see [3].
A.

Universality of Free Fall

UFF holds for neutral point–like particles only. The
corresponding tests compare the accelerations a of
these particles in the reference frame of the gravitating
body. The characteristic quantity is the Eötvös factor
2
η = 2 aa11 +a
+a2 . In the frame of Newton’s theory this can
2
be expressed as η = 2 µµ11 +µ
+µ2 with µ = mg /mi , where
mg is the gravitational and mi the inertial mass. The
most precise tests yield a veriﬁcation of the UFF at the
order 5 · 10−13 [4]. Free fall tests led, due to the short
time span of free fall, to slightly less accurate results
[5]. UFF tests have also been carried through with
quantum systems, namely neutrons [6] and atoms [7].
Charged or spinning particles couple to curvature
and, thus, violate UFF. However, since this violation
is extremely small, it makes sense to look for an anomalous coupling of spin and charge to the gravitational
ﬁeld [8]. For charged particles the UFF has been conﬁrmed with a precision of approx. 10% [9] and for
particles with spin with a precision of 10−8 [10]. UFF
experiments with antimatter are in preparation [11]
with an anticipated accuracy 10−3 on ground and possibly 10−5 in space.
Physical system
neutral bulk matter
polarized matter
charged particles
Quantum system
antimatter

Method
torsion balance
weighting
time–of–ﬂight
atom interferometry
not yet carried through

Result: η <
5 · 10−13 [4]
10−8 [10]
10−1 [9]
10−9 [7]
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Einstein Equivalence Principle
Universality
of Free Fall

Universality of
Gravitat. Redshift

Lorentz
Invariance

Matter determines
gravity
Equations of motion for matter
Maxwell–equation
Dirac–equation

General Relativity
Gravity = Metric
Einstein–equations
Gravity determines
dynamics

FIG. 1: The Einstein Equivalence Principle and its implications.

B.

Universality of Gravitational Redshift

For a test of this principle the run of clocks based on
diﬀerent physical principles has to be compared during their common transport through a gravitational
potential. Clocks that have been used are (i) light
clocks (optical resonators), (ii) atomic clocks based
on electronic hyperﬁne transitions characterized by
g(me /mp )α2 f (α), where g and f are some functions,
and me and mp are the electron and proton mass,
respectively, and where α is the ﬁne structure constant, (iii) atomic clocks based on electronic ﬁne structure transitions, (iv) atomic clocks based on electronic
principal transitions, (v) molecular clocks based on
rotational transitions characterized by me /mp , (vi)
molecular
clocks based on vibrational transition given

by me /mp , (vii) gravitational clocks based on revolution of planets or binary systems, (viii) pulsar clocks
based on the spin of stars, and (ix) clocks based on
the decay time of elementary particles.
The possibility that the gravitational redshift of
clocks may depend on the used clock is described by
an additional clock–dependent parameter αclock :


U (x1 ) − U (x0 )
ν(x0 ) .
ν(x1 ) = 1 − (1 + αclock )
c2
(1)
This absolute gravitational redshift has been best
tested by the GP-A mission where a hydrogen maser
in a rocket has been compared with a ground maser.
With U = GM/r the result was |α − 1| ≤ 7 · 10−5 [12].
The comparison of two collocated clocks gives


ν1 (x1 )
U (x1 ) − U (x0 ) ν1 (x0 )
≈ 1 − ∆αclock2
,
ν2 (x1 )
c2
ν2 (x0 )
(2)
where ∆α = αclock2 − αclock1 . If this frequency ratio
does not depend on the gravitational potential then
the gravitational redshift is universal. It is preferable
to have available a large diﬀerence in the gravitational
potential. In the clock comparison experiments listed
below the variation of U was induced by the motion of
the Earth around the Sun what implies that the used
clocks should have a very good long term stability.

Comparison
Cs – Resonator
Mg – Cs (ﬁne structure)
Resonator – I2 (electronic)
Cs – H-Maser (hf)
H – Anti-H

C.

Result: |∆α|
2 · 10−2 [13]
7 · 10−4 [14]
4 · 10−2 [15]
2.5 · 10−5 [16]
not yet carried through

Local Lorentz invariance

Lorentz invariance can be based on two postulates:
(i) the speed of light c is constant, and (ii) the relativity principle. These two postulates have immediate
consequences which all can be tested in experiments:
• c does depend neither on the velocity of the
source or of the observer, on the direction of
propagation, nor on the polarization or frequency of the light ray.
• The relativity principle implies that the limiting velocity of all particles is the speed of light
and that all physics is the same in all inertial
systems, that is, experimental results do neither
depend on the orientation of the laboratory nor
on the velocity of the laboratory.
Accordingly, we have the following classes of experiments:
a. Constancy of c The independence of the speed
of light from the velocity of the source has been examined by (i) the observation by Brecher [17] who
analyzed the time of arrival of X–rays emitted from
distant a bright star orbiting a dark, heavy central
star, and at CERN where the velocity of light emitted
by pions moving with v = 0.99975 c has been measured. Within the model c = c + κv one obtains
κ ≤ 10−10 and κ ≤ 10−6 , respectively.
b. Universality of c The equality of the maximum speed of electrons, photons in various velocity
ranges, neutrinos and muons has been tested in laboratory experiments and astrophysical observations
leading to a relative equality at the 10−6 level [18].
Furthermore, a birefringence in vacuum can be ruled
out at 10−32 level [19].
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c. Isotropy of c The relative diﬀerence of the
speed of light in diﬀerent directions is smaller than
∆ϑ c/c ≤ 10−16 [20].
d. Independence of c from the velocity of the laboratory The diﬀerence of the speed of light in differently moving inertial systems is now smaller than
∆v c/c ≤ 10−16 [21].
e. Time dilation Also the time dilation factor
has been conﬁrmed with much better accuracy using ions in an storage ring moving with a velocity
of v = 0.064 c. With the time dilation factor γ in

 2
the parametrization γ(v) = 1 + 12 + α vc2 + . . . (for
SR we have α = 0) the most recent experiment gave
|α| ≤ 2.2. · 10−7 [22]. Time dilatation has also be veriﬁed by the decay of moving elementary particles, see
[23] for a recent version of these experiments where
time dilation has been veriﬁed at the 10−3 level.
f. Isotropy in the matter sector Other aspects of
violations of SR are anomalous inertial mass tensors
[24] in quantum equations or orientation–dependent
spin eﬀects, and eﬀects related to higher order derivatives in the Maxwell or Dirac equations. Anomalous
mass tensors are looked for in the famous Hughes–
Drever experiments [25] constraining these eﬀects by
an order of 10−30 . Also tests of anomalous couplings
of the spin to some given cosmological vector or tensor ﬁelds destroys the Lorentz invariance gave no evidence, neither for the neutron [26], the proton [27],
nor the electron [28, 29] which are all absent to the
order of 10−31 GeV (for a recent review on the experimental search for anomalous spin couplings, see
[30]). Spectroscopy of anti–hydrogen which may yield
information about the validity of the P CT symmetry
is in a planning status.
All the experiments testing the isotropy of c up to
the isotropy in the matter sector can be interpreted
as clock comparison tests, see Fig.2.
Since, as explained above, SR and GR are the
physics of space and time and since the measurement
of time and of positions is at the very foundation of
metrology, one may regard SR and GR as being equivalent to fundamental metrology, see Fig.3 for the important implications of the validity of the Einstein
Equivalence Principle for metrology. Furthermore, SR
and GR are necessary for a lot of technical applicaClock with hypothetic
dependence on position,
orientation, and velocity
Clock 1
ν1

Clock with diﬀerent hypothetic
dependence on position,
orientation, and velocity

×

Clock 2
ν2

comparison
ν2 − ν1

FIG. 2: Comparison of clocks of diﬀerent nature and in
diﬀerent states of motion yield a complete test of Special
Relativity and also test UGR.
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10−12 m
SR ensures
uniqueness of
timekeeping in
moving frames

A

4 · 10−8
8 · 10−8

SR: Constancy of
speed of light

mol

s
GR ensures
uniqueness of
timekeeping in
gravitational fields

3·

10−15
cd

GR ensures
uniqueness of
definition of mass

10−4

kg
unknown ageing
of prototype

K

3 · 10−7

FIG. 3: Metrology and the Einstein Equivalence Principle.

tions in daily life [3].

III.

PRESENT PHYSICS HAS TO BE
MODIFIED

Though until now all these high precision tests are
fully described within the present theoretical scheme
given by the Einstein Equivalence Principle, there are
diﬃculties with this scheme. One diﬃculty is that
there are some observations which do not ﬁt into that
scheme (see below) and the other is that this scheme
is not theoretically consistent. The inconsistency is
due to the fact that all known quantization schemes
are not applicable top GR and that time in GR has
a diﬀerent meaning than in quantum theory; while in
GR time is a dynamical variable, in quantum theory
it is an externally given parameter. The need for a
quantized version of GR emerges from the fact that if
matter is quantized also the interaction ﬁeld has to be
quantized. Furthermore, there is the expectation that
with a quantization of the gravitational one might get
rid of the problem of gravitational singularities, see
e.g. [31].
Due to these reasons there has to be a new theory
of gravity and of the quantum phenomena. Since the
standard theories like GR, QED etc. are based on
the Einstein Equivalence Principle, at least parts of
this principle has to be violated in the new theory.
Since most tests of this principle are based on clock
experiments, clocks play an essential role in the search
for a new quantum gravity theory.

IV.

”PREDICTIONS” FROM QUANTUM
GRAVITY

From string theory one can derive and motivate an
eﬀective Lagrangian for gravity with a long–ranged
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dilaton–like scalar ﬁeld [32]
1
1
1
R(g) −
Dµ ϕDµ ϕ − 2
Fµν F µν
Leﬀ =
16πG
8πG
4e (ϕ)


ψ̄A γ µ (Dµ − iAµ )ψA + mA (ϕ)ψ̄A ψA
(3)
−

present standard theories and, thus, have the potential to be ﬁrst hints to a new theory replacing the
present standard model:

V.

A

where ϕ, Fµν and ψA are the dilaton, the electromagnetic and fermion ﬁelds, respectively. This scalar ﬁeld
splits into a vacuum expectation value and small deviations from that: ϕ = ϕ0 +δϕ where ϕ0 is the vacuum
expectation value given by cosmological evolution. As
a consequence, the masses of the fermions mA (ϕ) and
the charge e(ϕ) now depend on the dilaton ﬁeld. Also
the energy levels will depend on the scalar ﬁeld.
The strength of the coupling of the matter parameters to the scalar ﬁeld is given by (i) αA =
(∂ ln mA (ϕ)/∂ϕ)ϕ=ϕ0 of coupling of dilaton to mass
mA , (ii) αem = (∂e2 (ϕ)/∂ϕ)ϕ=ϕ0 of coupling of
dilaton to electromagnetism, and (iii) αAA =
(∂EAA (ϕ)/∂ϕ)ϕ=ϕ0 .
Since the masses depend on the scalar ﬁeld, also
the gravitational constant will depend on it. The
gravitational attraction of a mass 2 exerted on a
test mass 1 at distance r12 is given by (mi )1 a1 =
2
(mg )1 G(mg )2 /r12
, where (mi )1 and (mg )1 are the inertial and gravitational mass of the test body. (mg )2
is the gravitational mass of the gravitating body and
G the bare gravitational constant. Therefore
a1 = G

(mg )1 (mg )2 (mi )2
(mi )2
= G12 2 .
2
(mi )1 (mi )2 r12
r12

(4)

Using (mg )1,2 /(mi )1,2 = 1 + α1,2 we obtain
G12 = G

(mg )1 (mg )2
≈ G (1 + α1 α2 ) .
(mi )1 (mi )2

(5)

what is the eﬀective gravitational constant which now
depends on the material. This implies (i) a violation
of UFF which may be as big as 10−13 , (ii) a violation
of UGR, and (iii) modiﬁed PPN–parameters β and
γ which inﬂuence the dynamics of particles and light
rays [32, 33].
Another scalar–tensor theory with a very similar
mathematical structure is an eﬀective grand uniﬁed
model with a time–dependent cosmon ﬁeld χ where
all mass scales and coupling constants depend on χ
[34]. Here the ratio of the Planck mass to the GUT
mass scale are a function of χ and, thus, time dependent. Furthermore, all particle parameters depend on
χ which is related to quintessence which is the dynamical description of the dark energy in the universe.
The prediction is a violation of UFF at the 10−14 and
of UGR at the 10−18 –level.
A further scenario is given be a varying elementary
charge e [35]. This again leads to a time– and space–
variation of the ﬁne structure constant which implies
a violation of UGR and also of UFF.
Apart from these predictions, there are already
some observations which seem not to ﬁt into the

UNEXPLAINED OBSERVATIONS IN
GRAVITY

Though the above scheme seems to be in full accordance to all tests there are a few observations which
still lack a convincing explanation. These observation
are (i) dark matter, (ii) dark energy, (iii) the Pioneer
anomaly, (iv) the ﬂyby anomaly, (v) the increase of
the Astronomical Unit, and (vi) the quadrupole and
octupole anomaly.
g. Dark matter Dark matter has been introduced
in order to “explain” the stronger gravitational ﬁeld
needed for the galactic rotation curves, the gravitational lensing of galaxies, and the formation of structures in our universe [36]. It also appears in the
spectral decomposition of the cosmic microwave background radiation [37]. Dark matter is needed if one
assumes Einsteins ﬁeld equations to be valid. However, since there is no observational hint at particles
which could make up this dark matter there are attempts to describe the same eﬀects by a modiﬁcation
of the gravitational ﬁeld equations or by a modiﬁcation of the dynamics of particles.
h. Dark energy Recent observations of type Ia
supernovae indicate that the expansion of the universe is accelerating and that 75% of the total energy density consist of a dark energy component with
negative pressure [38]. Furthermore WMAP measurements of the cosmic microwave background [39], the
galaxy power spectrum and the Lyman-alpha forest
data lines [40] also indicate – when compared with
standard cosmological models – the existence of Dark
Energy that leads to the acceleration of the universe,
rather than a modiﬁcation of the basic laws of gravitation [41]. Recently it has been claimed that dark
energy or, equivalently, the observed acceleration of
the universe can be explained by inhomogeneous cosmological models, such as the spherically–symmetric
Lemaitre–Tolman–Bondi model, see, e.g., [42].
i. The Pioneer anomaly The Pioneer anomaly is
an unexplained acceleration aPioneer = (8.74 ± 1.33) ·
10−10 m/s2 of the two Pioneer 10 and 11 spacecraft
which started with the last ﬂyby at Saturn. This acceleration is constant and directed toward the Sun
[43, 44].
No systematic error for this acceleration has been
found. There were speculations that the accelerated
expansion of our universe might be the reason for this
acceleration. However, an analysis of the Doppler
tracking, was well as of the modiﬁcation of the gravitational ﬁeld of the Sun and the planetary orbits all
embedded in an expanding universe shows that the
inﬂuence of the expansion is by orders of magnitude
too small to be responsible for the observation. An-
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FIG. 4: The velocity increase ∆v as function of the eccentricity e.

other speculation was that a quadratic drift of time
t → t + αPioneer t2 for α ≈ 2aPioneer/c ≈ 1.5 · 10−17 s−1
of the clocks on Earth may in principle be possible
for such an observation. However, this does not seem
to be compatible with the the tracking and ranging
data of other spacecraft [44] and with astrophysically
deﬁned clocks like pulsars and binary systems.
j. The flyby anomaly It has been observed at various occasions that satellites after an Earth swing–by
acquire a signiﬁcant unexplained velocity increase by
a few mm/s. This unexpected and unexplained velocity increase is called the flyby anomaly. No anomaly
has been observed for the direction.
The data can be put into diagrams where the velocity increase can be plotted as function of the eccentricity e, see Fig.4. Though from four data points it
is much too early to draw any serious conclusion one
may speculate the following: If the velocity increase
really is due to an unknown gravitational interaction,
then it makes sense that (i) the eﬀect goes down with
increasing eccentricity, and (ii) that it also should go
down for an eccentricity approaching e = 1 because
the transition to bound orbits, where no eﬀect has
been seen, certainly should show no discontinuity.
In addition, these available data suﬀer from low cadence (the anomaly often appears between two data
points). Precise data at a much higher cadence of
all the motion parameters of the spacecraft prior to,
during and after the ﬂyby would allow a qualitatively
improved analysis.
The anomalous acceleration, estimated by the velocity increase during the time of ﬂight near the Earth,
is of the order 10−4 m/s2 . This is considerably larger
than the above discussed Pioneer anomaly. The velocity increase has been observed in the two–way Doppler
measurements as well as in the ranging measurements.
An analysis covered all possible inﬂuences on the
spacecraft: (i) atmospheric mismodeling, (ii) ocean
tides, (iii) if the spacecraft becomes charged, then it
may experience an additional force due to the Earth’s
magnetic ﬁeld, (iv) also the interaction of a hypothetical magnetic moment of the spacecraft with the
Earth’s magnetic ﬁeld may give an additional force,
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(v) ion plasma drag, (vi) Earth albedo, and (vii) Solar
wind. Even with very rough pessimistic assumptions
none of these can be held responsible for the ﬂyby
anomaly [45].
In order to be able to pin down a speciﬁc interaction term it is necessary to make detailed studies of
the nature of the velocity increase: In the near future
there will be two Earth ﬂybys (November 2007 and
November 2009) and one Mars ﬂyby (February 2007)
by Rosetta [46]. We strongly suggest that one should
use these opportunities in order to carry through a
better observation of the Rosetta ﬂybys. In particular, a continuous observation also should give hints
to the particular direction of the local acceleration
and also on the strength and, thus, to the position
dependence of the anomalous force. Furthermore,
since Mars possesses other conditions than the Earth
(weaker atmosphere, almost no magnetic ﬁeld, other
gravitational ﬁeld, lower thermal radiation, etc.) the
eﬀect, if it will be observed, will turn out to be universal.
k. The increase of the Astronomical Unit From
the analysis of radiometric measurements of distances
between the Earth and the major planets including
observations from Martian orbiters and landers from
1961 to 2003 a secular increase of the Astronomical
Unit of approximately 10 m/cy has been reported [47]
(see also [48] and the discussion therein).
This increase cannot be explained by a time–
dependent gravitational constant G because the Ġ/G
needed is larger than the restrictions obtained from
LLR. Also a hypothetical time–dependent change in
the velocity of light cannot be responsible for this effect [45]. It also can be shown that the inﬂuence of
cosmic expansion by many orders of magnitude too
small, see [49, 50]. An increase of ranged distances
might also be due to a drift of the time scale of the
form t → t + αt2 for α > 0. From Kepler’s third law
one obtains α ≈ 3 ·10−20 s−1 what is astonishing close
to the clock drift needed for a clock drift simulation
of the Pioneer anomaly.
l. The quadrupole and octupole anomaly Recently an anomalous behavior of the low–l contributions to the cosmic microwave background has been
reported. It has been shown that (i) there exists an
alignment between the quadrupole and octupole with
> 99.87% C.L. [51], and (ii) that the quadrupole and
octupole are aligned to Solar system ecliptic to > 99%
C.L. [52]. No correlation with the galactic plane has
been found. The reason for this is totally unclear.

VI.

SCHEME OF EXPLORATION

Art ﬁrst one has to state that the observations concerning dark matter and dark energy are beyond any
doubt. The issues which are of concern here are the Pioneer anomaly, the ﬂyby anomaly and the increase of
the Astronomical Unit. These eﬀects may have some
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relation to the behavior of clocks and may be explored
by clocks. However, at ﬁrst one always has to take into
account that the above eﬀects are the result of some
systematic errors.
Below we propose a general scheme of how to treat
these anomalous eﬀects. Since gravity is related to the
measurements of time and position, we introduce two
diﬀerent concepts, namely a space–time metric and
paths. The metric describes the behavior of clocks,
the path the motion of spacecraft.
m. Clocks In Special Relativity the proper time
of clocks is given by ds2 = ηµν dxµ dxν where ηµν =
diag(+1, −1, −1, −1) is the Minkowski metric. Since
Special Relativity should be the local limit of a theory
of gravity, the general metric may be given the form
(we choose c = 1)


1 − 2U
g0i
gµν =
,
(6)
gi0
δij (1 − V )
where U , V , and g0i = gi0 are assumed to be small
quantities. U may be identiﬁed with the Newtonian
potential. We denote ds2 = gµν dxµ dxν . By deﬁnition,
the readout of moving clocks is given by

T =
ds

worldline of clock


2
1 2
1
≈
1 − U + 2 ẋ − 2 V ẋ dt + h · dx (7)
which is the proper time of the clock. A clock at rest
will measure the gravitational redshift given by

ν1
g00 (x1 )
≈ 1 + U (x2 ) − U (x1 ) .
=
(8)
ν2
g00 (x2 )
One may further generalize this to Finslerian metrics
where the distances are not given by a quadratic form
but, instead, by a form being just homogenous of degree 2. We will not do this here.
If, e.g., a Newtonian potential is responsible for the
Pioneer anomaly, that is, if aPioneer = ∂U/∂r, then
this would result in an additional time shift of
aPioneerL
∆TPioneer
=
≈ 10−13 ,
(9)
T
c2
for L ∼ 90 AU and where T is the time needed for traversing the distance L. That means, a clock is needed
with a stability of 10−13 over a timescale of 20 y. This
should be available with modern clocks. If the Pioneer
anomaly is due to the V term instead, then the clock
on board a Pioneer mission should show the standard
time. – In the case that the other potential V are
considered to be the reason for the Pioneer anomaly,
then we have to take aPioneer = ẋ2 ∂U/∂r which then
results in a velocity dependent clock readout.
Performing the same sort of analysis for the ﬂyby
anomaly, then a Newtonian cause for this would result
in a time shift of
aﬂyby L
∆Tﬂyby
=
≈ 10−14 ,
(10)
T
c2

where now L and T are now of the order 10000 km
and 1 h, respectively.
n. Paths An arbitrary path fulﬁlling the UFF
and the condition that posing an initial position and
initial velocity uniquely determines the path is described by a second order diﬀerential equation
µ
0 = v ν ∂µ v ν = { ρσ
} v µ v σ + γ µ (x, v)

(11)

µ
where { ρσ
} = 12 g µν (∂ρ gσν + ∂σ gρν − ∂ν gµν ) is the
Christoﬀel connection and γ µ (x, v) some function of
the position and the velocity. From this general equation of motion we can derive the 3–acceleration


d2 xi
dxi dxµ dxν
i
0
−
=
−
µν
µν
dt2
dt
dt dt


i
1
dx 0
γ (v, x)
+  2 γ i (v, x) −
dt
dt
ds

≈

∂i U + (∂i hj − ∂j hi )ẋj +ẋ2 ∂i V + ẋi V̇



Newton
i

+Υ +

Lense−Thirring

Υij ẋj

+ Υijk ẋj ẋk + . . . ,

(12)

where we neglected all relativistic corrections since
these play no role in the Pioneer and ﬂyby anomalies.
The term ẋ2 ∂i V is compatible with what we obtained
for the time–keeping. Note also that the Universality
of Free Fall is respected. However, it is no longer possible to make a transformation to a coordinate system
so that gravity disappears at one point (Einstein’s elevator is not possible). Physically this means that,
e.g., the acceleration of a body toward the Earth can
depend on the velocity of the body.
The ﬁrst term in (12) is the ordinary Newtonian
acceleration and the second term the action of the
gravitomagnetic ﬁeld on the orbit of a satellite which
has been observed by LAGEOS with a 10% accuracy
[53]. This ﬁeld also acts on spinning objects like gyroscopes and should be conﬁrmed by GP-B with an
accuracy better than 1%.
The other terms are hypothetical terms beyond ordinary post–Newtonian approximation. The V term
which can be motivated by a running coupling constant to be proportional to the distance, V ∼ r2 [54]
can account for the Pioneer acceleration. The other
terms, most of then are velocity dependent, have not
yet been analyzed. Since the inﬂuence of an arbitrary
force being responsible for the Pioneer anomaly is not
compatible with the recent analysis of the motion of
the outer planets [55] the modiﬁcation of the equation
of motion should include velocity–dependent terms.
The coeﬃcients Υijk... depend on the position
only and may vanish for vanishing gravitating mass.
Therefore, the coeﬃcients can contain M , r, and ri
only. Accordingly, these coeﬃcients can be of the form
GM
r2
GM
Υij = A21 2
r
Υi = A11

ri
r
ri rj
GM
+ A22 2 δji
2
r
r

(13)
(14)
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and similar expressions for Υijkl... , giving accelerations
GM ri
(15)
r2 r
GM ri r · ṙ
GM ṙi
ẍi = A21 2
+ A22 2
2
r
cr
r c
i
GM ri r · ṙ
GM ṙ⊥
(16)
= (A21 + A22 ) 2
+
A
22
r
cr2
r2 c
ẍi = A11

i
and similar terms for higher order Υijkl... , where r⊥
=
ri − ri (r · ṙ)/r2 is the body’s velocity orthogonal to
the vector r, and the Aij are some numerical factors.
The ﬁrst term associated with A11 is of Newtonian
form and amounts to a redeﬁnition of the gravitational
constant. The A22 term describes an additional acceleration in direction of the velocity. The A21 term
projects the component of the velocity which is parallel to the connecting vector and leads to an acceleration in direction of the connecting vector. This term
vanishes at the perigee.
These A21 – and A22 –terms yield
⎧
i
⎪
⎨A22 GM ṙ
for r ≈ rperigee
r2 c
(17)
ẍi =
i
⎪
⎩(A21 + A22 ) GM ṙ for r large
r2 c

Therefore, in principle it is possible to have an acceleration near the perigee (for A22 > 0) and a deceleration or vanishing acceleration for large distances (for
A21 + A22 < 0 or = 0). Note that for a typical perigee
and velocity at perigee the acceleration at perigee for
A22 = 1 is about 10−4 m/s2 what is just the value
given for a typical Earth ﬂyby. This model does not
include the Pioneer deceleration. The higher order
terms will be of more complicated but similar structure. A general discussion of the inﬂuence of a term of
the form (16) on general features planetary and satellite orbits, e.g., the perihelion shift, is in progress.
In general, this equation of motion does not respect
energy conservation: multiplication of (12) with the
velocity yields

d 1 2
ẋ − U = 2ẋ2 V̇ + ẋ · Υ + Υij ẋj ẋi + . . (.18)
2
dt

energy of moving bodies and, thus, may play a role in
the description of the ﬂyby or the Pioneer anomaly.
It should be clear from the independence of the metric from the equation of motion for point particles,
that it is necessary both to track position and velocity of the satellite and to have a clock on board in
order to determine all components of the space–time
metric.

VII.

CONCLUSION

From our analysis above we conclude that there are
at least four important issues which may be resolved
using precise clocks:
• Clocks comparison between Earth bound clocks
and stellar systems like pulsars, binary systems
etc. This may be of particular importance for
the analysis of the Pioneer anomaly and the increase of the AU.
• Exploration of the Pioneer anomaly with clocks
(for these clocks with a stability of 10−13 in 20
y are needed).
• Exploration of the ﬂyby anomaly with clocks
(needs clocks with a stability of 10−14 in 1 h).
• Search for position– and time–dependence of
fundamental constants (ACES, PARCS, RACE,
SPACETIME, OPTIS).
In any case, any improvement of the accuracy and
stability of clocks is mandatory for the exploration of
new physical regimes. For that, space clocks are best
suited.
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The On-Board Galileo Clocks:
Rubidium Standard and Passive Hydrogen Maser
- Current Status and PerformanceFabien Droz, Pierre Mosset, Gerald Barmaverain, Pascal Rochat, Qinghua Wang
Temex Neuchatel Time / Switzerland
Marco Belloni, Liano Mattioni Galileo Avionica / Italy
Ulrich Schmidt, Timothy Pike EADS Astrium / Germany
Francesco Emma, Pierre Waller
European Space Agency (ESTEC) / Netherlands

Galileo program is approved by the European Commission and the European Space Agency
(ESA). The activities related to GSTBV2 experimental satellite provide the first results and
the implementation of the In Orbit Validation (IOV) phase are in progress. Atomic clocks
represent critical equipment for the satellite navigation system and clocks development has
been continuously supported by ESA. The Rubidium Atomic Frequency Standard (RAFS)
and the Passive Hydrogen Maser (PHM) are at present the baseline clock technologies for
the Galileo navigation payload. This article gives a general overview on the RAFS and the
PHM developments and evolution up to now. It also provides updated information on the
performance measurement results on ground and the preliminary information available
related to the In Orbit behavior.

I. INTRODUCTION
GALILEO is a joint initiative of the European
Commission and the European Space Agency (ESA) for a
state-of-the-art global navigation satellite system, providing
a highly accurate, guaranteed global positioning service
under civilian control. It will probably be inter-operable with
GPS and GLONASS, the two other Global Navigation
Satellite Systems (GNSS) available today.
The fully deployed Galileo system consists of 30
satellites (27 operational and 3 active spares), stationed on
three circular Medium Earth Orbits (MEO) at an altitude of
23 222 km with an inclination of 56º to the equator.
Atomic clocks represent critical equipment for the
satellite navigation system. The Rubidium Atomic
Frequency Standard (RAFS) and Passive Hydrogen Maser
(PHM) are at present the baseline clock technologies for the
Galileo navigation payload. According to the present
baseline, every satellite will embark two RAFSs and two
PHMs. The adoption of a "dual technology" for the on-board
clocks is dictated by the need to insure a sufficient degree of
reliability (technology diversity) and to comply with the
Galileo lifetime requirement (12 years). Both developments
are based on early studies performed at the Observatory of
Neuchatel (ON) from end of 1980s and Temex Neuchâtel
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Time (TNT) since 1995. These studies have been
continuously supported by Switzerland within ESA
technological programs especially since the set-up of the
European GNSS2 program.
The activities related to Galileo System Test Bed (GSTBV2) experimental satellite as well as the implementation of
the In Orbit Validation phase are in progress. Two
experimental satellites will be launched by the end of 2005
or beginning of 2006, to secure the Galileo frequency
fillings, to test some of the critical technologies, such as the
atomic clocks, to make experimentation on Galileo signals
and to characterise the MEO environment. There will be one
PHM and two RAFS on board the satellite supplied by
Galileo Industries and two RAFS on the satellite supplied by
Surrey Satellite Technologies Ltd.
This article gives a general overview on the space RAFS
and the PHM developments and evolution up to now,
lifetime expectation and qualification status.
II.

DEVELOPMENT ACTIVITIES OF ON-BOARD CLOCKS

Development & Qualification Activities of Rubidium
Atomic Frequency Standard
The RAFS development milestones are chronologically
listed as below:

A.
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1) The first development activity kicked off at TNT in
1997, and completed in 2000 with one Engineering Model
(EM) RAFS1 produced [1].
2) The updated RAFS1 development started in June
2000 and completed at the beginning of 2002. The industrial
consortium is led by TNT with Astrium Germany as the
subcontractor for the electronics package. In this phase, the
achieved activities include:
• Improved clock stability with inclusion of
thermally regulated base plate. Fig. 1 is the picture
of the updated RAFS1.
•

Review of electronics package layout
components in view of flight production.

•

Manufacturing of 5 Engineering Qualification
Models (EQM) for lifetime qualification. Fig. 2
shows 5 EQMs without external cover and 5
vacuum chambers for life test with ‘Picotime’
measurement systems.

and

• Manufacturing of 1 Qualification Model (QM).
Besides the vibration and EMC/EMI qualification tests,
two radiation tests were carried out at CNES in Toulouse:
one test with Galileo orbit simulation, i.e. 4 cycles of 3rad
per day during one week, and the other with total dose
simulation over the mission duration, i.e. 30 krad continuous
radiation @ 400 rad/h during 3 days. No frequency radiation
sensitivity was observed during the former test. For the latter
test no electronic failure or performance degradation was
observed, but it showed the need for wider compensation of
the drift of the crystal oscillator. The modification has been
implemented on subsequent models. The stability achieved
<2.5*10-14/day in ‘best temperature conditions’ under
vacuum of the RAFS1 model is shown in Fig. 3.

Figure 2. Five EQMs without external cover and vacuum chambers for
life test with ‘Picotime’ measurement systems

3) A third development and qualifications step was
initiated at the end of 2001 and completed at the beginning
of 2003 with the delivery of an EM, which is the baseline
unit for the development of the flight models for GSTB-V2.
Two main objectives were achieved [2]:

Figure 1. Picture of the updated RAFS1 once closed including the
thermally regulated base plate

Figure 3. RAFS1 EQM frequency data and frequency stability
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•

Further optimisation of the physics package to
reduce temperature sensitivity resulting better
short/mid term stability with a temperature &
vacuum environment similar to satellite platform
environement ( with +- 1°C temperature changes).

•

Inclusion of a DC/DC converter and the satellite
TT&C interface compatible with ESA's new
requirements. Fig. 4 shows the performances
achieved in term of frequency & time stabilities.
Within this configuration RAFS2 shows
capabilities to perform time stability close to 1 ns
over 1 day.

4) In the frame of GSTB-V2, one EQM, one ProtoFlight Model (PFM) and five Flight Model (FM) units have
been delivered. The PFM and FM1 are integrated in
GIOVE-B and ready for launch. The FM4 and FM5 are
integrated in GIOVE-A and in orbit since 28th December
2005. In additon, the FM2 and FM3 are available as FM
spare units. Table I lists the achieved RAFS performance
for GSTB-V2. Fig. 6 shows the measured frequency
stability of GSTB-V2 PFM and FM1 to FM5.
5) Further investigations to improve the flicker floor
and temperature sensitivity are under way . Beside the
‘zero’ temperature coefficient provided by the light shift and
gaz pressure shift into the cell , the lamp has also been
optimized and demonstrates ‘zero’ temperature coefficient.
Nevertheless, still temperature coefficients of 5*10-14/°C
have been observed. By improving the RF atomic
interrogation signal stabilisation circuitry , RAFS has
demonstrated stabilities in a range fo 7*10-15 for half of day
(Fig. 7) or more observation time. Power shift coefficient
has been measured arround 1*10-10/dB change in power.
Therefore, few ppm / °C of atomic interrogation signal is
required to reach stabilities within the 10-15 range. A
carreful worst case analysis of possibles temperature drifts
of parameters associated to the automatic gain control has
been performed and demonstates the feasibility and possible
repeatability of a RAFS having short term stability over one
day lower than 1*10-14.

Fig. 5 shows the internal construction consisting in RAFS
core unit equipped with the thermally regulated baseplate &
DC-DC converter.
Figure 4. RAFS2 core model frequency and time stabilities
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TABLE I.

RAFS FOR GSTB-V2 PERFORMANCE ACHIEVED
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Figure 5. RAFS2 internal construction

Measurement
-14

Frequency stability

< 4*10 @ 10’000 sec

Flicker floor

< 3*10-14 (drift removed)

Thermal sensitivity

< 5*10-14 /°C

Magnetic sensitivity

< 1*10-13 / Gauss

Mass and volume

3.3 kg and 2.4 liter

Frequency stability of GSTB-V2 RAFS (Q4 2005) drift removed
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Figure 6. GSTB-V2 RAFS2 frequency stability
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Figure 8. Picture of PHM EM. ON&GA
Figure 7. RAFS3 frequency stability
Averaging time, T, in seconds

The development of the EM (Fig. 8) [3] was completed at
the beginning of 2003, under the lead of ON with Galileo
Avionica (GA) subcontractor for the electronics package and
TNT supporting the activity in view of the future PHM
industrialisation. The instrument has been under continuous
test since June 2003 for assessment of long term
performance and early identification of reliability and
lifetime problems. This EM model (Fig. 9) shows the
frequency and time stability at first stage. By comparison,
about 5 years of design optimisation and intensive testing has
been necessary to reach such level of performances with the
RAFS.
The industrialization activity aimed at PHM design
consolidation for future flight production was started in
January 2003 [4]. The industrial consortium is led by GA
designing the electronics package with TNT responsible for
the manufacturing of the physical package and the ON
supporting the transfer of technology. The overall structure
of the instrument was reviewed to increase compactness and
to ease the Assembly, Integration and Test (AIT) processes
on the satellite by the inclusion of an external vacuum
envelope. Main efforts in the industrialization frame focused
on the definition of repeatable and reliable manufacturing
processes and fixtures, particularly for the physical package:
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B. Development & Qualification Activities of Passive
Hydrogen Maser
The space hydrogen maser will be the master clock on
the Galileo navigation payload. The first maser development
activity tailored to navigation applications was kicked off in
1998. It was initiated by the development of an active maser
at ON However, at the Galileo definition phase, it became
clear that the accommodation of the active maser on the
satellite was too penalizing in term of mass and volume, and
the excellent frequency stability performances of the active
maser were not required. In 2000 it was re-orientated
towards the development of a PHM based on the industrial
design and ON heritage on active maser studies.

1.0E-13

PHM spec.

1.0E-14

1.0E-15

Figure 9. PHM EM frequency and time stabilities

•

Teflonization of the quartz storage Bulb

•

Hydrogen beam assembly

•

Getters assembly

•

Tuning of the microwave cavity

•

H2 purifier assembly

•

Magnetic shield assembly

•

State selector assembly

•

Hydrogen supply and dissociator

Fig. 10 shows the atomic response of the PHM physics
package, measured with 15Hz span exhibiting atomic signal
gain of 3.8dB and atomic line width of 2 Hz.
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The new design of the physics package has been also
focussed on parts count reduction. Less than one half
individual parts has been used in the new design compared to
the EM model.
For the electronics package and the whole instrument:
•

Reduction of PHM volume and footprint

•

Improvement of TM/TC interface

•

Ground operability at ambient pressure

•

Redesign of hydrogen dissociator

•

Improvement of thermal and pressure controls

•

Redesign of PHM and Purifier supply

Two technological models (Fig. 11), a Structural Model
and an EQM were built for these objectives and to qualify
the new upgraded design. In addition, four EQMs for life
demonstration are being manufactured and will be submitted
to prolonged testing. In the frame of GSTB-V2, which is
presently being tested at P/L level (GIOVE-B), one PFM
(Fig. 12) has completed the proto-qualification testing and
has been delivered. One spare FM has been delivered by Q1
2006. Table II shows the achieved performance of
PHM/PFM for GSTBV2. Significant improvement has been
achieved by a better silver coating process and surface
polishing of the magnetron cavity (Fig 13). Fig. 14 is
showing the performances improvements of the physics
package of FM1 model before its integration, obtained by the
quality factor improvement.

H signal

Amplitude [V]

1.15

1.05
0.95

0.85
0.75
744

746

748

750

752

754

756

758

Frequency 1'420'405 kHz + …Hz

Figure 10. PHM atomic signal measured in FM1

Figure 12. Picture of PHM PFM

TABLE II.

PHM FOR GSTB-V2 PERFORMANCE ACHIEVED

Parameter

Figure 11. Technological models with/without cover
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Measurement

Frequency stability

< 1*10-14 @ 10’000 sec

Flicker floor

< 7*10-15

Thermal sensitivity

< 3*10-14 /°C

Magnetic sensitivity

< 4*10-14 / Gauss

Mass and volume

18 kg and 28 liter

Figure 13. PHM magnetron cavity
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Figure 15. H2 consumption test
Figure 14. PHM performance improvement

PHM Lifetime
The PHM is being sized to guarantee 12 years of orbit
life plus 1 year of ground storage, as well as the complete
AIT program. The operational life is mainly limited by
capacities of the hydrogen container (for H2 supply), bulk
getters (for H2 sorption), ion pump (for pumping
ungetterable background gases) and the total dose of ionising
radiation. The lifetime is assessed by analysis and tests of
subassemblies.
Fig. 15 shows the H2 consumption test made in June
2005, which indicates the consumption of 1.53 bar*l/year at
nominal flux, by measuring the pressure decay in the known
volume of the high pressure pipeline. Taking account of the
margin from the real consumption and the retrievable H2
amount in the fixed pressure of the metal hydride, the H2
container with the capacity of 30 bar*l is sufficient for the
operational life time.
A novel custom built getter pump is developed for the
PHM. The getter material provides high sorption capability
and mechanical stability. The H2 sorption test on the getter
cartridge was performed in Sep 2003. Fig. 16 shows several
cycles of the H2 filling and pumping during the test. It has
demonstrated that the getter pump is capable of sorbing the
required amount of H2 of 20 bar*l without embrittlement and
the base pressure after the sorption was in the low 10-7 mbar
range with only the getter cartridge pumping.
For the ion pump, the operating life at 5*10-6mbar is
specified 8000 hours, corresponding to 400'000 hours (45
years) at the nominal high vacuum of 10-7 mbar. Moreover,
accelerated lifetime tests of the pump in a gas composition as
close to the PHM situation as possible will be performed to
assure the pump life.
The total dose of ionising radiation over the mission
lifetime on board of the Galileo Spacecraft was analysed on
the PHM physics package and electronics package,
respectively by the approach of ‘sector’. The radiation test
will be performed.

Figure 16. H2 sorption test

In order to gain more field data on the reliability and
lifetime of PP subassemblies four EQMs will be produced
dedicated to the lifetime. The objective of the lifetime test is
to monitor, during the scheduled two years, the critical
parameters drift or degradation in order to predict the
lifetime of the instrument and identify possible correction
areas.
III. CONCLUSIONS
Table III summarizes the Galileo clocks status up to now.
Both clocks are subjected to electrical (functional, thermal
vacuum, EMC, etc.), as well as, mechanical tests (shock and
vibrations). Eight flight models were produced for GSTBV2, which provide the first flight opportunity for Galileo
clocks qualification. GIOVE-A with two RAFS on-board is
in orbit since 28th December 2005. Both RAFS are fully
operational with expected very good frequency stability.
With more than 10 years of efforts, two clock technologies
for Galileo are qualified. Those clocks use reliable and
mature technologies leaving room from further
improvements in term of mass & performances.
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TABLE III.

Steps

RAFS

BB

Completed in 1995

EM

Completed in 2000

EQM
QM
EQM
for
GSTB-V2
FM
for
GSTB-V2
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Development of a single-frequency optically-pumped cesium beam resonator for space
applications
S. Lecomte*, M. Haldimann, R. Ruffieux, P. Thomann, and P. Berthoud
Observatoire de Neuchâtel
Rue de l’Observatoire 58
CH-2000 Neuchâtel, Switzerland
*Electronic address: steve.lecomte@ne.ch

Observatoire de Neuchâtel (ON) is developing a compact optically-pumped cesium beam
frequency standard in the frame of an ESA-ARTES 5 project. The simplest optical scheme,
which is based on a single optical frequency for both preparation and detection processes of
atoms, has been chosen to fulfill reliability constraints of space applications. With our
laboratory demonstrator, we have measured a frequency stability of σy=2.74x10-12 τ-1/2,
which is compliant with the Galileo requirement. Present performance limitations are
discussed and further improvements are proposed in order to reach our ultimate frequency
stability goal of σy=1x10-12 τ-1/2.

I

INTRODUCTION

Several space applications like navigation systems,
telecommunications, long-term missions, and scientific
missions require atomic clocks. The system capability is
mainly defined by the atomic clock performance.
Although atomic clock technology is well mastered for
ground systems, they have to be adapted to the space
environment in order to exhibit similar performances
with rugged packaging and high system reliability as
well as with strong reductions of mass, volume and
power consumption.
The two atomic clocks foreseen to take place onboard
the first generation of Galileo satellites are respectively
the Passive Hydrogen Maser (PHM) and the Rubidium
Atomic Frequency Standard (RAFS). While the RAFS
is a very compact clock (2.4 litres, 3.4 kg), the PHM is
bigger (26 litres, 18 kg) [1], but exhibits a 5-fold
improvement of the long-term frequency stability σy
(< 10-14 for τ > 104 s). These two frequency standards
being operated in vapour cell conditions, the influence
of the environment is dramatic (frequency temperature
coefficient). To overcome the long-term frequency
instability of these standards, the atomic-beam
frequency standard is an elegant alternative presently in
wide use for GPS and GLONASS. Compared to a
magnetically-deflected atomic-beam device, a laserpumped device has a better short-term stability, owing
to the fact that it makes use of the full atomic velocity
distribution and of the 2-fold increase of the useful
atoms due to optical pumping, and can compete with the
PHM in terms of frequency stability. Moreover, due to
its inherently simple design, its manufacturing and its
reliability can be strongly improved with respect to the
PHM.

Observatoire de Neuchâtel (ON) is presently developing
such an Optically-pumped Space Cesium Atomic
Resonator (OSCAR) in the frame of an ESA-ARTES 5
project. Our goal is to demonstrate a frequency stability
of σy≤1x10-12 τ-1/2 with a compact atomic resonator and
only one optical frequency. This choice is motivated by
space application prerequisites and has already been
discussed [2]. The best measured frequency stability
with a 1-frequency scheme is σy=4x10-12 τ-1/2 with a
compact laboratory atomic resonator and a single laser
diode (852 nm, 25-MHz linewidth) [3]. By also using a
compact atomic resonator, but a more complex optical
setup (2-frequency scheme: one laboratory extendedcavity diode laser and one acousto-optic modulator), the
frequency stability was improved to σy=1.4x10-12 τ-1/2
using either a Cs beam [4,5] or a Rb beam [6].
In these proceedings, we report on developments of our
compact atomic resonator. First we describe the
experimental setup (§II), then we present the
experimental results and discuss the current limitations
to the frequency stability performances (§III). Finally
we present solutions to improve the atomic resonator
frequency stability in the conclusion (§IV).
II EXPERIMETAL SETUP
The architecture of the frequency standard is shown in
Fig. 1: the Physics Package (PP) is composed of the
Atomic Resonator (AR), while the Opto-Electronics
Package (OEP) contains the Optics and Laser modules
(OL), the Optics and Laser Control module (OLC) and
the Atomic Resonator Control module (ARC).
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Fig. 1 : Block diagram of the Optically-pumped Space
Cesium Atomic Resonator (OSCAR). The blue module
in the middle is the Physics Package and the orange side
modules are parts of the Opto-Electronics Package.
The AR is fairly standard for an optically-pumped
atomic beam resonator. This atomic beam is produced
by an oven containing 2g of Cesium, fitted with a multichannel collimator. It crosses a first laser beam in the
Laser Stabilization Unit (LSU), which takes advantage
of the fluorescence signal to stabilize the laser
frequency. Then, the atomic beam propagates through a
second zone to achieve the required ground state
population
inversion
(Pumping
Unit,
PU).
Subsequently, the atomic beam crosses a short Ramsey
cavity (12 cm), where the microwave resonance takes
place. Finally, the atomic beam crosses the third laser
beam (generated by the same laser) in the Detection
Unit (DU), in which the final atomic state is optically
probed. In both the LSU and in the DU, the atomic
beam fluorescence light is first collected by a speciallymachined optical module, then converted into photocurrents by a Si photodiode (100 mm2) placed under
vacuum, and finally converted into a photo-voltage by a
low noise pre-amplifier outside of the vacuum
enclosure. The three optical units and the microwave
cavity are surrounded by a solenoid coil which produces
a uniform magnetic C-field (52 mG). The AR is
maintained under ultra high vacuum by Cesium getters
(graphite) and by a commercial ion pump.
The OL has been assembled to operate the atomic
resonator with the 1-frequency scheme. Note however
that it could be easily adapted for the 2-frequency
scheme, by simply adding an acousto-optic modulator to
frequency shift the laser detection beam.
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The optical beam propagates in free space. The single
852-nm laser source is a Distributed Feed-Back diode
(DFB), with an output power > 15 mW and a spectral
linewidth < 2 MHz. The diverging laser beam is first
collimated, then isolated (40 dB), and finally split into
three beams. Neutral density filters and polarisers
properly prepare their respective power and polarisation
before entering the AR by windows.
The ARC is composed of the necessary power supplies
and driving electronics for the Cs oven temperature
regulation, for the C-field solenoid current provision
and for the ion pump high voltage supply. The
microwave frequency chain (local oscillator, frequency
multiplier and phase modulator) is a commercial device.
The frequency locking of the quartz oscillator and of the
laser diode are performed digitally in a single Digital
Signal Processor (DSP). In addition, the C-field
amplitude and the RF interrogation power servo-loops
are implemented sequentially with the quartz frequency
servo loop. Their different relevant parameters such as
modulation amplitudes, gains, duty cycle and filter
topologies can be adapted very conveniently with a
digital electronics. Moreover it offers additional
capabilities such as automatic atomic line searching,
which however has not yet been implemented.
The OLC uses the Cesium beam inside the AR as the
frequency discriminator (LSU photo-detector). The laser
frequency is modulated by its injection current at
10 kHz and locked on the pumping transition line
Cs D2:44’ by synchronous detection. This hyperfine
transition has been chosen for its highest population
inversion ratio (15.5%), and for its high fluorescence
yield (2.4 ph/at) [7]. Because of the residual cesium
vapor in the LSU, the frequency of the fluorescence
peak, which is on the side of a broad Doppler
background, has a frequency offset with respect to the
same hyperfine transition peak in DU (no residual Cs
vapor, so no Doppler background). This offset is
electronically corrected in order to minimize the clock
signal noise.
III EXPERIMENTAL RESULTS
Before investigating optically the atomic beam, we have
calibrated its overall flux with an ionization detector
located downstream of the atomic resonator. Its
detection solid angle is 6.6x10-5 sr (open surface of
5 mm2 at a distance of 275 mm from the oven). The flux
has been measured for oven temperatures from 90 °C to
130 °C by steps of 10 K. The measured ion current
(proportional to the atomic flux) has been compared to
the calculated Cs vapor density (Fig. 2). Both increase
monotonously with the oven temperature up to about
100 °C. For higher temperature, the atomic flux starts to
saturate with respect to the Cs vapor density, which
indicates the transition from molecular flow to viscous
flow in the collimator). The useful atomic flux for the
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atomic resonator (atoms in the mF = 0 hyperfine state) is
4.2x109 at/s at the oven temperature of 130°C.
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Fig. 2: Measured Cs beam ionic current and calculated
Cs vapor density vs. oven temperature.
The two fluorescence light collection optics with 100mm2 silicon photodiodes collect about 24% of the
fluorescence photons. Ideally the collection efficiency
should be 42%. This is justified by the fact that the
quantum selection rules of the Cs D2:44’ transition
emits 2.4 photons on average until the atom has changed
its quantum state and becomes optically transparent to
the laser light. This implies that there is optimum
collection efficiency at 2.4-1 = 42%: lower detection
efficiency will reduce the available Ramsey signal
whereas higher detection efficiency will introduce
additional partition noise. This collection efficiency is
presently limited by the optical surface quality, and by
the low reflectivity of aluminum at 852 nm.
The laser beams in the PU and the DU are depolarized
by using a birefringent optical element [8]. A
polarization gradient along the atomic beam increases
the efficiency of the optical pumping in the PU without
requiring a strong static magnetic field [9], or a 1D
optical molasses [10].
The optical power in both the PU and DU was
optimized for maximum SNR in order to increase the
frequency stability of the standard. In the PU, the atoms
are pumped with 1 mW of optical power whereas we
apply 150 µW in the DU. In the LSU, the SNR for laser
stabilization is maximum with 35 µW of optical power.
In Fig. 3, the central Ramsey fringe recorded at an oven
temperature of 130°C is plotted. A weak and uniform Cfield of 52 mG in applied over all optical units (LSU,
PU, and DU) and over the microwave Ramsey cavity
(Fig. 1). The RF power is adjusted for maximizing the
clock signal. The AR has the following performances:
the atomic linewidth is 940 Hz, yielding an atomic
quality factor of 107, the Ramsey central fringe peak-tovalley photo-current is 727 pA, the background photocurrent is 1.1 nA, and the noise current density at
resonance is of 49 fA/Hz1/2 yielding a clock SNR of
14’800 Hz1/2.

Fig. 3: Ramsey central fringe recorded with an oven
temperature of 130°C.
By operating the atomic resonator with these optimal
parameters, and frequency locking the quartz local
oscillator with the digital electronics, we have measured
its frequency stability with respect to an active hydrogen
maser (Fig. 4). The Allan deviation extrapolated down
to 1s gives at short term frequency stability of
σy=2.74x10-12 τ-1/2. To the best of our knowledge, this
frequency stability of is the best ever measured with a
compact optically-pumped atomic beam frequency
standard operated with a single optical frequency
scheme (single laser diode, but no acousto-optic
modulator). For short integration time constants (up to
10s), the improved short-term frequency stability with
respect to the atomic resonator performance
extrapolation, is due to a better quartz frequency
stability but a short time constant of the quartz
frequency lock loop. For long integration time constants
(from 2000s), environmental magnetic and thermal
perturbation degrade the clock frequency stability. For
this laboratory demonstration, we remind that only a
single magnetic shield is assembled. Moreover, neither
C-field nor RF power servo loops are operating.

σy = 2.74x10-12 τ-1/2

Fig. 4: Measured frequency stability of OSCAR
operated with a single wavelength (852nm).
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Although the stability of the clock is better than the
requirement for the Galileo satellite navigation system
(σy ≤3x10-12 τ-1/2), the ultimate frequency stability goal
of σy ≤1x10-12 τ-1/2 has not been yet reached. In fact, the
clock noise is not atomic shot-noise limited. In the
following we will analyze the various noise
contributions to the total clock noise and discuss the
improvements to be performed in order to increase the
clock SNR and reach the atomic shot-noise limit.
In Fig. 5, we plot the different noise current densities as
a function of the Ramsey peak-valley photocurrent. The
corresponding oven temperatures are given for
information.
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Fig. 5: Noise budget and overall SNR of OSCAR.
We have identified four noise contributions in the clock
signal noise budget:
1. Photodetector noise: it is measured in the dark
and is independent of the Ramsey
photocurrent; for nominal operating atomic
flux, this contribution is negligible in the
overall noise budget.
2. Stray light noise: it is measured with the
nominal optical power but off-resonance, is
proportional to the square root of the DC stray
light level (shot noise), but is independent of
the Ramsey photocurrent; this technical noise
contribution is mainly due to strong light
scattering by the optical windows mounted on
the vacuum enclosure.
3. Atomic shot-noise: it is calculated as the square
root of the atomic signal; presently this noise
contribution is largely dominating the technical
noise.
4. Fluorescence noise: it is computed from the
total noise minus the other contributions in
RMS values. This noise contribution appears to
be proportional to the Ramsey signal and is
related to the residual frequency noise of the
laser converted into amplitude the atomic beam
frequency discriminator.

430

At high atomic flux where the atomic resonator will
finally operate, the major noise contribution is the
fluorescence noise (Fig. 5). In order to reduce it, the
residual frequency noise of the laser has to be
minimized in closed loop operation. Presently, our laser
stabilization electronics has a very narrow servo-loop
bandwidth (<100 Hz), limited by the ADC/DAC stage
of our digital electronics. By increasing it by a factor
100, the amount of proportional noise should be reduced
to an acceptable value.
The second major noise contribution arises from the
stray light level and its associated shot-noise. While the
light traps placed under vacuum are sufficiently
absorbent, the large amount of stray light is induced by
the laser scattering on the optical windows of the
vacuum enclosure. New windows of better optical
quality with efficient anti-reflection (AR) coating will
be mounted and should strongly reduce the amount of
stray light. By effectively reducing these two major
noise contributions, the total noise of the clock should
be close to the atomic shot-noise contribution.
IV CONCLUSIONS AND OUTLOOK
We have reported in these proceedings on the
experimental setup of an optically-pumped cesium beam
frequency standard. Its concept relies on the simplest
optical scheme, in which we use only one optical
frequency (one laser, no AOM). By depolarizing the
laser beams for the optical pumping processes
(preparation and detection), we can use a single,
uniform and weak magnetic C-field for the optical units
without trapping atoms in dark states. A fully digital
electronics based on a DSP processor has been specially
developed for frequency locking both the laser and the
quartz local oscillator. This digital electronics also
allows to sequentially lock the magnetic C-field and the
RF injection power in the Ramsey cavity.
We have demonstrated what is, to the best of our
knowledge, the best ever-measured frequency stability
of σy=2.74x10-12 τ-1/2 with a compact optically-pumped
atomic beam frequency standard operated with a single
optical frequency scheme. Although the demonstrated
frequency stability is sufficient for Galileo, the clock
SNR is not yet limited by the atomic shot-noise. The
noise budget has identified the two major noise sources:
the “fluorescence noise” and the “stray light noise”.
While the former could be reduced by increasing the
laser frequency servo loop bandwidth, the later will call
for top quality optical windows. The marginal
fluorescence light collection efficiency will be increased
by implementing new and optimize optical collectors.
Finally, the presence of a significant Cs vapor pressure
close to the oven will be addressed by using more
efficient Cs getters. All these improvements are under
way in order to reach on OSCAR our ultimate
frequency stability goal of σy≤1x10-12 τ-1/2.
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INDUSTRIAL DEVELOPMENT OF AN OPTICALLY PUMPED Cs BEAM
FREQUENCY STANDARD FOR HIGH PERFORMANCE APPLICATIONS
Virgile HERMANN*, Benoit LEGER, Céline VIAN, Jean-François JARNO and Maryse GAZARD
Thales Electron Devices - 2, rue Latécoère F-78141 Vélizy - FRANCE
*virgile.hermann@thales-electrondevices.com

Since 2003, Thales Electron Devices (Thales ED) develops frequency standards activities
with the objective to set-up an industrial and reliable European source of Cs beam tubes
and Cs clocks for space, metrology, military and telecom applications.
In the framework of these activities Thales ED realizes an industrial prototype based on the
technology developed by Tekelec and transferred to Thales ED end of 2003. Thales ED’s
objective is to demonstrate the frequency performances required for ground applications
with technical solutions compatible of the industrial means. The main critical item in a
industrial Cs frequency standard is the atomic resonator. Several compact laboratory
breadboards demonstrated frequency unstability down to 1.4x10-12 τ -1/2 with the two laser
frequencies optical configuration, and 4x10-12 τ -1/2 with the single laser frequency setup. [1]
The atomic resonator developed by Thales ED gives a quality factor in magnitude of
14x106 and a measured signal to noise ratio in a 1Hz bandwidth higher than 12000 leading
to a theoretical stability lower than 4 x10-12 τ -1/2. This demonstrator, realized with industrial
processes, includes a 2 liter vacuum chamber and uses the single frequency laser optical
configuration. Contrary to other industrial developments [2][3], we chose this simplest
optical architecture in view of space developments. An optimization study allowed us to
identify significant potential improvements on sub-systems of the Cs tube. This lead us to
be confident in the achievement of the frequency stability required for satellites navigation
systems such as Galileo (3x10-12 τ -1/2) with a sufficient margin to guarantee the
industrialization of the clock.

I. INTRODUCTION
More and more application domains require new atomic
clocks allowing to reach greater frequency
specifications. However, although the European
scientific activity in the time-frequency domain is very
productive, the European industrial production of
atomic clocks remains limited compared to the
American production.
It is in this framework that a few years ago Thales
Electron Devices identified Cs beam atomic clocks as a
diversification activity because of several synergies with
its core activity. First of all, technological synergies:
Between electron tubes and atomic clock resonator, the
ultra-high vacuum techniques or the hyperfrequency
domain are two important common competencies. It is
also about market synergies: as electron tube amplifiers,
atomic clocks are highly technological and strategic
products, made in small series.
Our short term objective is to use all our expertise from
microwave tubes and devices to develop and
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manufacture Cs atomic resonators and Cs atomic clocks
with the purpose to set up a reliable European industrial
source of Cs frequency standards.
The initial contribution of Thales ED in the timefrequency domain was on PHARAO with the realization
of the microwave interrogation cavity. This cavity, with
very high microwave specifications, was the occasion
for Thales to develop new processes of brazing. The
flight model of the PHARAO’s cavity was tested last
year at SYRTE (Observatoire de Paris) on the Cs
fountain FO1. The results were impressive especially
the cavity phase shift which was measured under the
specification of 100 µrad with an important margin.
In fact, the time-frequency activity began at Thales ED
with a license agreement signed with TEKELEC for the
transfer of their past activities on optically pumped Cs
clocks. The optical pumping technology was chosen by
Thales for those new developments mainly for the short
and middle term stability potential. The laser optical
pumping represents an innovative solution to improve
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the clock performances, today limited with the existing
technology based on the magnetic deflexion. The optical
pumping technology is compatible with the frequency
stability and the life time specifications required for
satellite navigation.
Several studies on optical pumping have been realized
by SYRTE since the beginning of the 80s. Thales ED
benefits from this know-how with the transfer to Thales
facilities of the lab atomic clock prototype Cs4. This
demonstrator was developed in the beginning of the 90s
and was used until 2002. Cs4 has been the experimental
device of many SYRTE publications on compact
optically pumped Cs beam clocks.
Building on those different competency acquisitions, we
began this industrial development activity on Cs atomic
frequency standards.

II. DESCRIPTION OF THE THALES
BREADBORD DEVELOPMENT
Following the acquisition of the Tekelec know-how, our
main objective was to validate the industrial files by
using our industrial processes. But, the performance
demonstration has not been done already, so we decided
first to build a new atomic resonator breadboard to
insure the frequency stability demonstration.
Our development project is called Thales Optically
Pumped Cs (TOP-Cs) and it is constructed in 4 phases.
The first one involves the critical analysis of the
Tekelec industrial files.
The second phase is the development of a new atomic
resonator followed by its validation using a lab optical
bench and a lab electronic.
Once the tube breadboard has been evaluated, the third
phase is the validation of the other industrial subsystems of the clock like the industrial optical bench
and the industrial electronic setup.
Currently, we are concluding the second phase with the
final evaluations of the tube breadboard and in parallel
we are beginning the third phase.
After those three first development phases, we will
perform the industrialization of the clock.
During the first phase of the project, to insure the
stability performance demonstration, we decided to
develop a dismountable vacuum chamber to make
iterations possible. But of course we took into account
all the industrial constraints to be as close as possible of
the future industrial prototype.
As it’s shown on Figure 1, the TOP-Cs tube breadboard
has the same vacuum volume, and the same optical and
electrical interfaces as the mechanical prototype.

Figure 1. The TOP-Cs tube breadbord (background) vs the
industrial mechanical prototype (foreground).

It is also important to mention that we built the TOP-Cs
breadboard with industrial processes. For example, this
tube is adapted for high temperature baking over 300°C.
The scientific choices for the heart of the clock
resonator come from SYRTE technology. The
configurations of the main sub-systems are the
following:
- The microwave cavity is a “dark fringe” configuration
of 17.5 cm length where the tube signal is minimal at
resonance. The corresponding expected bandwidth is in
the order of 650 Hz leading to a quality factor of
14x106.
- The magnetic field configuration is developed with
three magnetic regions to minimize dark state effects
[4]. Two magnetic shields are inside the vacuum
chamber.
- Both optical regions (pumping and detection) use an
external photodiode. The frequency locking of the laser
diode is made on the fluorescent signal of the pumping
region.
- The Cs oven has a common structure with multichannel collimator.
- The optical configuration is on the single-frequency
setup. Contrary to other industrial developments [2][3],
we chose this optical architecture for its simplicity with
respect to its potential performances.

III. FIRST RESULTS
The first step of the breadboard validation was to
measure the optimal signal to noise ratio (SNR). For
those measurements, the breadboard has been tested
with a lab electronic and a lab optical bench on the
single frequency configuration using a DBR laser diode
at 852 nm. All results have been obtained with the
D2:3-3’ atomic transition in pumping and detection
regions.
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our experimental setup is limited to the short term
stability because of our frequency reference. For the
moment, we are only using a high performance quartz
oscillator as frequency reference. This quartz is good
enough to measure a frequency stability in order of 10-12
until a few 102 s. So this frequency reference is
sufficient to measure the frequency stability at 1 s and to
identify the characteristic slope in τ-1/2, signature of the
atomic resonator. Figure 4 presents a first stability
measurement, with the theoretical stability objective of
4x10-12τ-1/2 in green.
Overlapping Allan Deviation σy(τ )

Figure 2 presents the inversed Ramsey fringe of the
resonator. The resonance bandwidth is in the order of
650 Hz, the fringe amplitude is 58 mV for a background
level of 60 mV. These two values lead to a contrast ratio
in magnitude of 1. This good contrast can also be
observed on the measured microwave spectrum of the
tube (Figure 3).

Figure 2. TOP-Cs measured Ramsey fringe with a minimal
signal at resonance (dark fringe).

The Ramsey fringe was obtained with a useful atomic
flux in the detection region of 3x109 at/s leading to a
theoretical Cs consumption in magnitude of 0.1 g/year.
0,16
0,15

Detection signal [V]

0,14
0,13
0,12

1,0E-12

4.10-12 stability goal for
a measured SNR of 12000

1,0E-13
1,0E+00

1,0E+01

1,0E+02

1,0E+03

Averaging time τ [s]

Figure 4. Frequency stability measurement limited to the
short term stability by the used frequency reference

At this time, we measure a short term stability of
6.1x10-12 at 1 s. This measurement is limited by
electronic issues that we recently identified. In the
upcoming weeks, we will optimize the electronic setup
to cancel this limiting factor on the frequency stability
measurement. The final objective of the breadboard
validation phase is to measure a frequency stability with
respect to our signal to noise ratio measurements.

0,11
0,1

IV. PERSPECTIVES

0,09
0,08
0,07
0,06
Frequency [u.a.]

Figure 3. Measured microwave spectrum of the atomic
resonator.

The noise density at the frequency modulation depth,
measured in a 1 Hz bandwidth is 4.8 µV.Hz-1/2. It leads
to a signal to noise ratio higher than 12000 Hz-1/2 with a
very good reproducibility. The expected theoretical
frequency stability for this value of SNR is lower than
4x10-12 at 1 s.
The second step of the breadboard evaluation is of
course the frequency stability measurement. However,
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1,0E-11

Besides the electronic issue which limits the stability
measurement, the signal to noise ratio SNR of the
resonator is limited today by three different noise
factors. The photodetector noise (3.2 µV.Hz-1/2) and the
stray light noise (3.8 µV.Hz-1/2) are in the same
magnitude as the total measured noise. The stray light
could be reduced with very high quality processes on
the optical windows with the purpose of reducing the
laser beam scattering, the main source of stray light.
However, the principal gain could come from the
detection noise itself. Today the collection efficiency of
the detection region is not sufficient enough to detect all
the atoms of the beam and reach the atomic shot noise.
This collection efficiency has been evaluated in order of
25% by using two different numerical simulation
softwares. As the average number of emitted photons
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per atoms is 4, it will be interesting to develop a new
optical region to increase the collection efficiency. With
an optical simulation study, we identified several
possibilities to optimize the design of our optical
regions to reach the atomic shot noise.

V. TOWARDS A SPACE PROJECT
One of the applications for an optically pumped Cs
clock is satellite navigation systems. This is why,
Thales ED submitted, in association with a FrenchSwiss consortium, a proposal to the European Space
Agency (ESA) for the development of a Galileo space
Cs clock.
The consortium is composed by two important
European laboratories and two space industries :
Observatoire de Neuchâtel (ON) in Switzerland,
SYRTE (Observatoire de Paris) in France, Contraves
Space in Switzerland and Thales Electron Devices in
France. This consortium, led by Thales ED, has a very
important background in atomic clock activities and in
space projects. For example, ON was involved in many
space clock developments such as the Rb clock for
RadioAstron, the Space Passive Hydrogen Maser
(SPHM) for Galileo or the Space active Hydrogen
Maser (SHM) for ACES.
Since 1981, SYRTE has been involved in many
optically pumped Cs activities, including a preindustrial development of compact Cs beam clocks
during the 90’s.
As it is presented in this paper, the industrial partners
have also competencies in the time frequency domain.
But Thales ED and Contraves Space have especially an
important know-how in space developments and space
products.
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Our first step objective is to share our different
competencies inherited from French and Swiss Cs
activities, to define the best clock architecture. The
Thales ED’s results on Cs developments, as well as the
recent results obtained by ON from the OSCAR project
[5] make us very confident on the achievement of the
frequency stability required for GALILEO (3x10-12τ-1/2)
with sufficient margin to guarantee the industrialization
of the clock.
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Using a redundant time link system in TAI computation
G. Petit* and Z. Jiang
Bureau International des Poids et Mesures, 92312 Sèvres, France
*Electronic address: gpetit@bipm.org
The network of time links for the computation of TAI has always be chosen such as to
allow a unique solution, i.e. not using any redundancy. In the present situation, many links
can be computed with two or more techniques (mostly Two Way time transfer -TW- and
Global Positioning System -GPS-) and the TW network itself is highly redundant.
Therefore it makes sense to use all the available information and to compute TAI links
using the available redundant network. In the paper, we examine a practical formalism to be
used in this aim and we present results of test computations using real TAI data.

1. INTRODUCTION
The network of TAI time links has always been nonredundant and the measurements used are considered
independent. This choice was adapted to the situation
that prevailed until the end of the 1990s when a single
time transfer technique was used, GPS with Commonview computation, in which correlations are also
difficult to estimate. Now two main techniques are used
for TAI time links (GPS and TW), several types of
measurements exist for each technique (e.g. single
frequency or dual frequency code, or dual frequency
code and phase for GPS), and, at least in the case of the
TW network that encompasses Europe and North
America, a nearly complete set of redundant
measurements is available. In addition, other systems
are already available, or may soon become available,
such as GLONASS, GPS augmentation systems and
GALILEO. We have therefore to envision a better use
of all the data available for the computation of TAI time
links.
In a preceding paper [1] we studied the general
formalism used to solve the time scale system with
redundant time links. However we considered an ideal
situation where all techniques used are perfectly
calibrated and where no systematic effects exist
between techniques. In the real world, we have to
account for the fact that these systematics exist and we
here propose a method to account for these. In section II
we present the practical implementation of the
formalism of the redundant time link system. In section
III, we present some tests carried out with the whole
TAI network of links. Finally we discuss the results in
section IV.
II. FORMALISM OF THE REDUNDANT TIME
LINK SYSTEM
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The basic equation of a time link measurement (index k)
between laboratories i and j participating to TAI is
UTCi (t) - UTCj (t) + b k (t) = xk (t) + v k (t)
Where t is a date of computation of TAI (MJD ending
with 4 and 9 at 0h UTC), b k (t) is a bias value associated
to this particular link at time t, xk (t) is the measured link
value, and v k (t) is the residual error of the measurement.
Having N laboratories and M time link measurements,
we consider here the redundant case where M > N-1.
The uncertainty uk (t) associated with measurement k
represents the statistical uncertainty of the link,
represented as the uA values for the TAI links in [2].
Using M measured links, we want to determine at time t
(N-1) independent link values and M bias parameters,
which form together the parameter vector Y of
dimension (M+N-1), along with its covariance matrix
SY . As such a system is clearly underdetermined, we
introduce as additional measurements two series of
constraints on the bias parameters:
a) Continuity constraints of the form
b k (t) - b k (t-δt) = vcok (t) ± scok (t)
where vco k (t) is the expected variation of the value of
the bias parameter between time t and the preceding
time t-δt (in the context of TAI, δt can be taken as the
interval between TAI standard dates, i.e. 5 days).
Usually, the value vco k (t) is zero and the uncertainty
scok (t) associated to this constraint is chosen in
consideration of the expected instability of each link.
However it can also be used to either give precedence to
a given type of link (by setting sco to a small value) or
alternately to effectively remove the measurement from
the ensemble (by setting sco to a large value) e.g. in
case of an unexpected step of a given link.
b) Calibration constraints of the form
b k (t) = cak ± scak
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where cak represents the a priori value o f the technique
biases obtained by calibration and sca k is the uncertainty
of the calibration.
The number of continuity constraints is M while the
number of calibration constraints may be between 0 and
M. However we can consider for simplicity M
calibration constraints, assuming that any non-existent
calibration is introduced with a very large uncertainty.
The time link system, augmented by the constraints,
may be written as
C Y = L+ V
where C is the (3*M,M+N-1) design matrix, Y is the
(M+N-1,1) vector of parameters, L is the (3*M,1)
vector of measurements and V is the vector of residuals .
C, Y and L may be more explicitly represented as in
Figure 1, where cok = b k (t-δt) + vco k (t).

Figure 1: The redundant time link system, augmented
for continuity constraints and calibration constraints .
If the covariance matrix of L is noted SL , the system is
solved as
Y = (CT SL -1 C) -1 CT SL -1 L
and the covariance matrix SY is obtained as
SY = (CT SL -1 C) -1 .
III. TESTS WITH THE REAL TAI NETWORK
We have carried out some tests of the formalism above
using the network of TAI links over four months, from
October 2005 to January 2006. As seen on Figure 2, the
network of TAI links consists of some 55 "official"
links (solid lines) and a number of back-up links
(dashed lines). Not shown on Figure 2 are additional
TW links, e.g. the extra links between all stations
participating to the Europe-USA TW network. The
techniques used are designated TW for TW in the Ku
band, X band for TW in the X band, GPS P3 for dual
frequency P-code, GPS MC for single frequency multichannel C/A code, GPS SC for single frequency single
channel C/A code.

directly used the link results from the TAI computations
of the four months to carry out these tests.

Figure 2: The network of TAI links in April 2005.
For each TAI standard date (MJD ending with 4 or 9)
from MJD 53644 to MJD 53764, we compute a
redundant solution (noted RED in the following) using
the formalism in section 2, with the choices below:
Uncertainties u k (t) = u A values taken from [2].
Uncertainties scok = u k /v2
Uncertainties scak = uB values taken from [2] for official
links, additional links unconstrained.
Biases values for additional links were initialized at
MJD 53639 to a priori values derived from the previous
TAI computation.
The RED solutions were then derived and compared to
the standard TAI solutions. For each link which has
some redundancy we compare 1. the link values, 2. the
link standard uncertainties, 3. the biases for the different
techniques.
For the link values, we find that the TAI and RED
solutions differ typically by less than their standard
uncertainty, after removing a bias. It is expected that
significant biases may exist between the TAI and RED
solutions e.g. because the additional TW links (which
are not used in TAI) have generally not been calibrated.
For the link USNO-PTB, shown in Figure 3, the two
solutions differ by 0.41 ns RMS, after accounting for a
mean bias, while the standard uncertainty of the link is
0.50 ns for TAI and 0.35 ns for RED (see Table 1).
However a mean bias of around 1.5 ns exists between
the two solutions. Therefore, in practice, some a priori
calibration should be performed before actually using
such redundant links for TAI, if such a redundant
computation was actually performed.

All these links are regularly computed every month, the
official links being used for the TAI computation and
the back-up links being used for checking. Most of the
link comparisons can be found on the web site [3]. We
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techniques (GPS P3) experiences an unexpected
systematic variation in the second half of the interval.

USNO-PTB TAI-RED RMS=0.41ns
2.5
2

USNO-PTB Technique biases (offset removed)
X Band

ns

1.5
1

GPS P3

GPS MC

2
1.5
1
ns

0.5
0
53630

53680

MJD

53730

53780

Figure 3: Difference between the TAI and RED
solutions for the link USNO-PTB from October 2005 to
January 2006.
For the link standard uncertainties we find that, as
expected, they are reduced in the RED solutions with
respect to the TAI one (see Table 1). Note that the RED
standard uncertainties are all the more decreased when
the scok values are chosen small. It is possible that the
values chosen for this test (sco k = u k /v2) may be
somewhat conservative.
Link with PTB USNO NIST NPL OP IT ROA CH NICT
Standard TAI
0.50 0.50 1.5/0.5 0.50 0.50 0.70 0.70
1.50
Redundant (typ.) 0.35 0.40 0.31 0.32 0.48 0.61 0.50 1.45/0.6

Table 1: Standard uncertainties in the TAI solution and
the corresponding typical values in the RED solution for
some of the links with redundancy. Note that the link
NICT -PTB has two values for the RED solution, the
value 0.6 ns corresponds to one month when TW data
was available in addition to GPS-P3 and GPS-M C.
Note also that the standard uncertainty in the RED
solution generally do not decrease for a given link if the
redundant technique has an uncertainty uk (t) typically
much larger than that of the standard TAI technique.
This is because each additional technique needs an
additional bias parameter, which affects the number of
degrees of freedom and the covariance matrix of the
system. This is e.g. the case if the redundant technique
is GPS Common View with a single channel receiver
(GPS SC) for which the uA values are of order several
ns [2]. Therefore it is advised, when computing a
redundant solution, to use only techniques with
comparable uncertainties. In our RED solution, no
additional GPS SC link was used.
For the biases between different techniques we find that
the stability of the series of biases do represent the
stability of each technique. However the series have to
be checked for trends and steps which may indicate
problems in the corresponding link and technique. As an
example we show (Figure 4) a link where one of the
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-1.5
-2
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Figure 4: Technique biases in the RED solutions for the
link USNO-PTB from October 2005 to January 2006,
after removing a mean bias value for the GPS P3
technique.
IV. CONCLUSIONS AND PROSPECTS
The TAI link network is now highly redundant, but this
capacity is not used. Using redundancy is expected to
improve both the uncertainty and the reliability of the
results. It has also been shown [4] that the present nonredundant network of TW links may limit the
achievable stability of the TAI links.
We have tested a formalism to introduce the available
redundant measurements, accounting for the known
systematics between techniques . If the correlations
between the different measurements used are known,
they can be readily introduced in this formalism. Thus it
is particularly adapted to using a TAI network
composed of all available and calibrated TW links plus
the All-in-view links to GPS time for all laboratories.
It is to be noted that using a redundant network is all the
more important when several techniques of similar
quality are available. This is now the case if one
considers that 31% of TAI laboratories, providing 80%
of the total clock weight and all primary standards, are
equipped with TW and with GPS dual frequency
receivers providing code and carrier phase
measurements [5]. These techniques use completely
independent equipments and provide results of
comparable quality [5,6]. The future availability of
multi-systems GNSS receivers providing measurements
on GPS, Galileo and GLONASS satellites, will further
enhance the need of using all available information in a
redundant solution.
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COMPARISON AND COMBINATION OF TAI TIME LINKS WITH
CONTINUOUS GPS CARRIER PHASE RESULTS
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1 Bureau International des Poids et Mesures
2 Astronomical Institute of University of Bern
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The time transfer techniques used to generate TAI are currently the TWSTFT (TW), GPS C/A, and GPS
P3. About 19% of all TAI laboratories possess P3, 12% possess TW backed up with P3, i.e., in total only
31% of the TAI laboratories transfer 100% of the primary frequency standards (PFS) including all the Cs
fountains and 80% of the total weighted clocks for TAI. GPS carrier phase (CP) data are co-products of
P3 receivers and they are never used in TAI. An effective strategy to improve TAI is to strengthen these
TW+P3 links by using the already available CP information.
We first review the classical TAI time transfer techniques and solutions of different analysis strategies of
the CP data, namely the IGS [1], the AIUB [2], and the NRCan PPP [3]. To evaluate all the different time
transfer techniques, we carried out an extensive comparison between the above techniques, over different
periods from hours to 4 months and over different distances on inner- resp. inter-continental baselines
between laboratories in Asia, Australia, Europe, and America. We conclude that the CP only solution
without using the pseudorange data at all supplies high short term time stability. Comparison over 4
months between all the GPS code supported CP solutions agree perfectly with each other within 0.5 ns
and their agreements with TW are of the order of 1 ns or below. However neither TW nor GPS has as a
single technique a dominant advantage w.r.t. the others: the TW would be affected by a diurnal
disturbance, the CP only by a drift and the P-code solutions by strong noise.
The solutions of IGS, AIUB, and PPP are the direct combinations of GPS only Code+CP observations. In
fact, the GPS CP-only information can be combined with any absolute time scale [4]. We briefly
discussed the concept of the post combination of CP with TW, GPS P3 and C/A code. We studied the
methods to combine different techniques which allow maintaining the advantages of a link while reducing
its disadvantages. The Vondrak-Cepek method is applied [5]. We prove that the combination of TW and
CP greatly reduces the diurnal disturbance in TW Ku band as well as the drift effect in CP only solutions
such that the short and long stabilities are both improved. With a careful configuration of the weights and
filters, it is possible to combine more than three types of links, like TW, P3, and CP. This allows us to
improve both the uB and uA uncertainties in the TAI time transfer. With the help of the high precision
TW and CP solutions, we evaluated also the GPS common view (CV) and all in view (AV) time transfer
techniques [6]. The latter is considered to replace the common view in the TAI computation.

I. INTRODUCTION
I-1 A strategy to improve the TAI
The general goal of this study is to improve the TAI
time transfer stability. Till now, TW (TWSTFT, Two
Way Satellite Time and Frequency Transfer), GPS C/A
and GPS P3 are used to generate TAI (cf. Fig. I-1).
However, the TAI international time transfer network is
highly redundant [4]. About 26% of the TAI time
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laboratories are equipped with both TW and GPS
receivers providing dual frequency code data for GPS
P3 and carrier phase measurements (CP). 12% of them
use TW as their official transfer links (cf. Fig. I-1 and
Tab. I-1). In total 31% of the laboratories possess GPS
CP receivers though the CP information has never been
used for TAI. On the other hand, these laboratories
contribute about 80% of the total weighted clocks and
they host all the PFS (Primary Frequency Standards)
including all the Cs fountains for the TAI computation.
Improving these links implies a direct gain in the TAI.
An effective and potentially the simplest strategy is to
fully use the already available CP information.
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the carrier phase observations (hereafter Code+CP
solution), or the carrier phase data only (hereafter CP or
CP-only solution) as long as they are continuously
available. As the IGS solution, both solutions are the
result of a global consistent network adjustment.

SC 28%
P3 19%

TW 12%

MC 39%

GT 2%

GPS SC : 1-frequency, single-channel C/A code
GPS MC : 1-frequency, multi-channel C/A code
GPS P3: 2-frequency, multi-channel P codes
TW:
Two Way Time Transfer
G T:
GPS Time and internal link

Fig. I-1: Time transfer techniques used in TAI
Tab. I-1 Equipment at the 8 laboratories owning PFS
fountains or contributing to TAI
with heavy clock weight
LAB
IEN
NIST
NICT
NMIJ
NPL
OP
PTB
USNO

TAI link
TW
TW
P3/CP
P3/CP
TW
TW
TW
TW

Back up 1
P3/CP
P3/CP
TW
TW
P3/CP
P3/CP
P3/CP
TW-X band

Back up 2
MC
SC
MC
MC
MC
MC
MC
P3/CP

Back up 3
SC
SC
SC
SC
SC
SC
SC
MC

I-2 Application of the CP information in TAI
The GPS CP measurements are two orders of magnitude
more precise than the GPS code data and much less
sensitive to multi-path effects, one of the dominant
errors in usual GPS time transfer based on the code
measurements (GPS C/A and GPS P3). A main
characteristic of the CP method is the one-to-one
correlation between the phase ambiguity and the clock
parameters. For time transfer the code data may be used
to solve this problem [7]. If the combined code and
phase data processing is performed in the form of daily
independent solutions, the continuous ambiguities are
artificially interrupted at midnight which may produce
the so called day-boundary discontinuities of up to one
nanosecond. Such solutions are not used in the TAI
generation due to the unwanted discontinuities although
they are routinely produced by the International GNSS
Service (hereafter IGS solution) for a large number of
stations including several timing laboratories [1].
New approaches allow producing continuous GPS CP
solutions for the time transfer.
Recent developments in the Bernese GPS Software
package [10] carried out at the Astronomical Institute of
the University of Bern (AIUB) enable the reconnection
of the phase ambiguities from two days at midnight to
generate continuous GPS carrier phase solutions [2].
These continuous solutions can use either the code plus

In Precise Point Positioning (PPP) [3], phase and code
measurements from a dual frequency geodetic-type time
transfer receiver, together with the IGS precise orbits
and clock solutions for the GPS satellites, are used to
continuously determine the offset between the local
clock and the IGS time reference. Similar as the CCTFCGGTTS standard data set, the PPP solution is a single
point solution. Any time link between participating
stations can then be computed by forming the simple
differences. We use the GPSPPP software [3],
developed by NRCan. Among other features, the
software allows nearly infinite continuous processing of
a time solution by ensuring the continuity of phase
ambiguities at day boundaries.
The Combined-Smoothing-Solution (hereafter combined solution) is a single baseline solution. Two or
more links measured by different techniques are
combined. One of the links supplies the absolute time
scale, for example TW, and the other, for example the
CP, supplies the derivatives of the link, that is, the
variations of the clock differences in time.
Using the derivatives of the CP solutions for the
combination has the advantage that the undetermined
(CP only) or less accurately determined (Code+CP,
resp. PPP) time difference, possible discontinuities in
the CP solutions caused by interrupts in the continuous
tracking of the phase measurements, as well as potential
inter-technique biases are cancelled. The drift in the CP
only solution as it will be described in Section II-2.1 can
also be mitigated in this way. With this a posteriori
combination any two different techniques can be
combined, such as TW and GPS CP. By an optimal
configuration of the weights and filters of the smoothing
function, it is possible to combine also three or more
types of links, like TW, P3, and CP. The intertechniques’ biases and the calibration errors as well as
the measurement errors are averaged out. This approach
allows us to improve both the type A and type B
uncertainties (uA, uB) in the TAI time transfer.
We compare the new solutions with each other and with
the classical TAI time transfer techniques. Special
attention is paid to the estimation of the long-term
stability (days to months averaging time), which is
essential for TAI computation. Among the TAI
techniques, we also examine the GPS AV (all in view
[6]) method which is considered to replace the CV
(common view) in the TAI computation.
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I-3 Data
All available linking techniques are studied: TW, GPS
P3, MC, SC (CV/AV), CP only, Code+CP, PPP. Data
were analysed over different periods: short period of
hours to 10 days and long period of 4 months (Oct. 2005
to Jan. 2006) and over different distances: inner- resp.
inter-continental links between Asia, Australia, Europe,
and America.
Data analysed stem from 13 laboratories which possess
both the TW and GPS P3/CP receivers: AUS, CH,
IEN(IT), KRIS, NICT, NIST, NPL, OP, PTB, ROA, SP,
TL, and USNO. More than 300 links were computed
and 500 pairs of links were compared and analysed.
Since Oct. 2005, a new TW schedule of 12-24 points
per day is used and new inter-continental links between
Europe, America, Asia, and Australia are measured.
This gives on one hand an independent control to
estimate the stability of the GPS CP solutions and on the
other hand enables us to study the potential disturbances
in the TW links and to improve the TW with the help of
the CP information. In addition to Ku band links, there
are also X band TW data between USNO and PTB
available. The X band link is more stable than the Ku
band data due to its higher density, better continuity and
lower diurnal disturbance [8].

example). As in all similar plots, the numbers give the
values for the points marked by the triangles.
We clearly see that for the entire time interval the TW
link NICT-PTB (Fig. II-1) shows significant diurnal
signals of 2 to 3 ns peak to peak. The lower plot of Fig.
II-1 is a zoom of 8 days. The TDev (Time Deviations)
in the lower right plot confirms the diurnal signal in the
TW series of this baseline. In the TDev plots, h stands
for hour, d for day, ddd for 3 days and wk for week.
In the USNO-PTB link (Fig. II-2a), similar signals of 1
to 2.5 ns peak to peak are found, but only for a period of
9 days (MJD 53724 to 53733). However these diurnal
variations are not found in the TW X band link nor in
the GPS CP links for the same periods. Comparing the
related TDev of different techniques in Fig. II-2a and
2b, we know that these diurnal variations are not caused
by the clocks but originate from the TW Ku band time
transfer.
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We study the link stability over an averaging time of
less than or about one week.
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Thanks to the density that changed from 4 to 12 resp. 24
points per day since Oct 2006 a diurnal signal in some
of the TW links was detected. The upper plots in Fig. II1 and II-2a show typical TW links between NICT-PTB
and USNO-PTB as they are used for the monthly TAI
computation (here TAI 0512 resp. Dec. 2005 as an
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Also other baselines are affected by the diurnal
variations. Fig. II-3 shows comparison of the TW and
GPS CP links of NIST-NPL. The diurnal variations
exist only in the TW Ku link but not in the CP link. Fig.
II-4 shows the TDev of three baselines linked with OP:
OP-USNO, OP-NIST, and OP-PTB for the same period
of 53744 to 53754. Again there are diurnal signals in the
TW Ku band links. By now, we can conclude that the
TW links measured using different satellites and ground
equipment over different areas seem to be disturbed
from time to time by a diurnal disturbance. The reason
is unknown at present. The amplitudes of this
disturbance may reach a magnitude of 1 up to 3 ns.

behaviour of the code data. The day-boundary
discontinuities of the individual stations are regularly
monitored within the IGS [11].
11 days
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II-1.2 Day-boundary discontinuities in the IGS daily
solutions
We compare three time transfer solutions based on a
combined processing of GPS code and phase
measurements: IGS, AIUB (Code+CP), and PPP. The
upper plot in Fig. II-5 shows the typical day-boundary
discontinuities in the IGS solution. For the period of 11
days there are 11 pieces with 10 discontinuities at the
day-boundaries which are as large as 1 ns (or in a few
cases even bigger). TAI is computed and published for
midnight of the standard MJDs and the values are given
up to a tenth of a nanosecond. These day-boundary
discontinuities thus cannot be accepted for TAI time
transfer. The lower plot in Fig. II-5 shows the
continuously generated PPP solution for the same
period. The PPP solution is in general very close to the
AIUB Code+CP solution within 0.1 to 0.4 ns. Both
results stem from a continuous analysis of the CP data.
They agree with the corresponding TW link within 1 ns.
The baseline NPL-NIST is a trans-Atlantic link between
two H-masers. It should be pointed out that the
magnitude of these day-boundary discontinuities is not
related to the length of the baseline but to the noise

Fig. II-6 displays the time differences between USNO
and PTB obtained with different techniques for the
interval of MJD 53723-53733. The results for the
individual techniques are shifted by 8 ns for plotting.
The scatter indicates the short term noise level of each
time transfer method. The TDev(2h) computed from the
11 day interval is added to the labels in the plot. The
PPP and AIUB Code+CP solutions are very close to
each other and therefore shown together.
From the figure, the short term stabilities over two hours
for the GPS P3 and MC are 0.5 and 0.8 ns respectively.
That of the TW, the GPS CP only and Code+CP/PPP
solutions are all about 0.2 ns. The CP information may
mainly contribute to reduce the noise in the GPS code
data. The TW Ku band link seems to be affected by the
diurnal disturbance during the interval displayed in the
Figure. USNO-PTB is a trans-Atlantic baseline. The
clock at USNO is a H-maser and that at PTB is a Cs
standard. The TDev of the inner-continental baselines is
in general better.
II-2 Long term comparisons
Long term means in this context a period of days to
months which is essential for TAI stability. A time
transfer technique might be affected by a bias which can
be detected by comparing with other completely
independent techniques. Long-term inter-technique
comparisons of GPS and TW may help to investigate
the influence of common biases on the results of the
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GPS based techniques due to, for example, the IGS
corrections of the orbit, clock, atmosphere models etc.
Extensive comparisons were made between more than
500 pairs of the inner resp. inter-continental baselines.
We show here only some examples.
TW Ku band 0.21ns
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0.0
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The CP only solution is affected by a quasi-linear drift.
Fig. II-8 is an extreme example of the drift with a
frequency shift of about 2*10-15 . Comparisons for other
baselines show that similar drifts exist in almost all
baselines although they may have a smaller magnitude
or are not always so quasi-linear. For example, the drift
of USNO-PTB was very small during Oct.-Nov. 2005
but became stronger for the following two months. For
this moment, we cannot explain the reason of this drift.
However it is important to point out that this drift does
not affect solutions that use the code measurements
together with the phase data in a combined analysis
(IGS, Code+CP, and PPP, see Tab. II-1).
NIST-OP: TW vs. CP Only

0.0
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Fig. II-6 Comparison of the time differences between
USNO and PTB obtained with different techniques. The
TDev(2h) computed from the data is added to the labels

4 months St.D. = 7.48ns

II-2.1 Long term comparison of TW vs. GPS CP
contributed solutions
The upper plots in Fig. II-7 and II-8 are two different
link results and lower plots are the differences of the
two links. Fig. II-7 compiles the time transfer results
from TW and the AIUB Code+CP solution for the link
NIST-OP, which is a trans-Atlantic baseline between
two H-masers. Tab. II-1 provides the statistical results
of the comparisons. Most TAI baselines are shorter and
their inter-technique discrepancies are usually smaller.
In Tab. II-1, all the P-codes contributed CP solutions of
IGS, Code+CP (AIUB) and PPP agree with each other
within 0.3~0.4 ns (St.D.). Their agreements with the
TW Ku link are within 0.7~0.8 ns, noting that the TW
Ku link may be disturbed by the diurnal variations. It is
interesting to note that the time transfer based only on
the SC (single channel GPS C/A code) links agree
within a St.D. of 0.9~1.1 ns with the other ‘high
precision’ techniques, like TW or CP.
NIST-OP: TW vs. AIUB
Code+CP
20ns

Fig. II-8 Long term comparison over four months of
TW and AIUB CP only solution for NIST-OP
Tab. II-1 Inter-technique comparison NIST-OP
(Standard deviation of the differences over four months)

Link comparison

St.D./ns

Link comparison

St.D./ns

Link comparison

St.D./ns

TW-(Code+CP)
TW - IGS
TW - PPP
SC-( Code+CP)
SC - IGS
SC - PPP
SC - TW

(Code+CP) - PPP
(Code+CP) - IGS
IGS - PPP

0.71
0.77
0.79
0.95
1.08
1.01
1.10
0.29
0.39
0.25

II-2.2 Comparison of long term stability of different
techniques

4 months St.D = 0.71ns

20ns

4 months

Fig. II-7 Long term comparison over four months of
TW and AIUB Code+CP solution for NIST-OP
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20ns

Fig. II-9 shows TDev of the 6 techniques for the
baseline USNO-PTB over an averaging time of four
months. The TW Ku band link is disturbed by diurnal
variations. The short term stability of GPS P3 and the
GPS multi channel C/A code are limited by the noise of
the GPS code data. The TW X band data provide good
short term stability. Nevertheless, the GPS CP
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contributed solutions have even a slightly better short
term stability. For the averaging time of 1~3 days, the
solutions using only GPS code data P3 and MC have
worse stability than the others. MC shows the largest
instability. For an averaging time longer than 3 day, all
the techniques have almost the same TDev.
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Fig. II-9 Long term comparison over four months of
TDev between 6 different techniques for USNO-PTB
Tab. II-2 Comparison of the results obtained from
different techniques with respect to the TW X band for
the baseline USNO-PTB
(Standard deviation of the differences over four months)

X band compared to
TW Ku
AIUB Code+CP
PPP
IGS
AIUB CP only

St.D./ns
0.90
0.80
0.68
0.70
1.25

As shown in Fig. II-9 and as concluded in [8], for at
least the period of Oct. 2005 – Feb. 2006, the TW X
band is more accurate than TW Ku band and can be
used as a good reference for the comparisons. Tab. II-2
gives the comparison of the TW X band link with
respect to the others. The standard deviation of the
differences between TW X and Ku bands is 0.90 ns.
This is more than that between the TW X band and the
three independent GPS solutions: 0.68~0.80 ns.
Probably the diurnal disturbance in Ku band increases
its error budget. The standard deviation for the
differences between the TW X band and the CP only
solution is 1.25 ns, for Oct.-Nov. 2005 it is 0.53 ns

while for Dec. 2005 – Jan. 2006 it rises to 1.49 ns,
dominated obviously by the drift in the CP-only
solution.
III. COMBINATION OF DIFFERENT TIME
TRANSFER TECHNIQUES
The TAI network is highly redundant. This redundancy
can be adjusted at the global network level as discussed
in [4] and [9] or at the baseline level as follows. As
shown above, none of the single techniques has an
absolute advantage vs. the others: TW is affected by the
diurnal disturbances; CP only solutions by the drift and
missing access to a time scale; the IGS, AIUB Code+CP
and PPP solutions, e.g., by multipath effects of the code
data.
It is preferable to combine the different techniques in
order to keep the advantages and overcome the
disadvantages of each of them. The baseline
combination is easier than the network adjustment. If
we consider a series of time transfer observation L(T) as
a function of time, the derivative at a time epoch i can
be defined by [L(Ti+1 )-L(Ti )]/(Ti+1 -Ti ). The principal idea
of the baseline combination is to use a redundant link
measurement as the derivatives to smooth the link
function measured by another technique. Obviously the
CP only solution is the best candidate for the derivatives
due to its high short term stability while its ambiguities,
discontinuities and drifts are cancelled or greatly
reduced. In such a way the CP information can be
combined with one or several ‘absolute’ links. The
latter(s) supply the ‘absolute’ time scale. By an optimal
configuration of the weights and filters, we can greatly
improve the uncertainty uA thanks to the high short
term accuracy of CP and the uncertainty uB thanks to
the combination of different ‘absolute’ techniques, such
as the TW and GPS P3. We do not give here all the
details in the methodology that will be discussed in
another paper.
There exist numerous smoothing techniques using the
measured derivatives. We decided to use the VondrakCepek combined smoothing method [5] because it is
adapted for the application in timing metrology.
As Fig. II-2a has shown the USNO-PTB TW Ku link
was seriously disturbed by the diurnal variations during
the period of MJD 53723-53733. In Fig. III-1a the
combined TW Ku and CP result for the same period is
plotted. The curve and its TDev in Fig. III-1b confirm
the diurnal disturbances in TW Ku band have
disappeared thanks to the contribution of the GPS CP
information. To prove that the combined result
approaches really the true value, we use the independent
and more accurate TW X-band link as an objective
reference. Fig. III-2 contains the comparison of the
combined TW Ku band and the CP only results with the
independent TW X band measurements. It confirms that
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the drift of the CP only solution as well as the diurnal
variations in the TW Ku band results are smoothed out.

Tab. III-1 TW X band compared to the combined links

Tab. III-1 gives the comparison of TW X band with
different combined results for a period of 4 months for
the baseline USNO-PTB. The standard deviation of the
differences between the TW X band and TW Ku band
of 0.90 ns is reduced to 0.64 ns due to the combination
with the CP only solution. In analogy, the combination
of GPS C/A MC resp. GPS P3 with the CP only solution
reduces the standard deviation of the differences with
the TW X band results from 1.66 to 1.15 ns and from
0.98 to 0.71 ns respectively. The latter is at the same
level as the comparison of the results from the rigorous
combined GPS code and CP analysis w.r.t. the TW X
band measurements listed in Tab. II-2. The CP
information helps to reduce the error budgets by
mitigating the influences on the resulting time series of
diurnal disturbances in the case of TW Ku band; of the
effects of the troposphere and multi-path in the case of
P3; of the noise, the ionosphere and troposphere delays
as well as the effects of multi-path in the case of C/A
MC. On average, a gain of 20 to 30 % is obtained due to
the combination of the results from the individual time
transfer techniques with the CP only information.

X band Compared to St.D./ns
Main error sources
Raw TW Ku band
0.90
diurnal variation
Combined KU+CP
0.64
Raw P3 CV
0.98
tropo, multi -path
Combined P3+CP
0.71
Raw C/A MC CV
1.66
iono, tropo, multi-path
Combined MC+CP
1.15

4.0

3.0

8 ns

2.0

1.0

0.0

-1.0

-2.0

-3.0

(Standard deviation of the differences over four months)

IV. GPS ALL IN VIEW AND COMMON VIEW
GPS AV (all in view) is considered to replace the GPS
CV (common view) in the near future for the TAI
generation. As shown in Fig. IV-1, for the baseline
USNO-OP between two H-masers the TDev issued by
GPS P3 AV is obviously lower than that by GPS P3 CV
for averaging times less than one day.
Tab. IV-1 presents the standard deviation of the
differences over four months of the GPS P3 AV and
GPS P3 CV compared to related TW and PPP solutions.
The baselines in Tab. IV-1 are listed according to their
lengths. The NICT-PTB is the longest baseline in the
TAI world-wide network about ten thousand kilometres.
The AV results are closer to TW and PPP solutions than
the CV results. The averaged gain is from 4% to 30%
according roughly to the distance. In most cases, the AV
is more advantageous than the CV, especially for the
very long baselines. The exceptions are often caused by
gaps due to missing data.

USNO-PTB Combined TW Ku + CP
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Fig. III-1a Combination of TW Ku and GPS CP for
USNO-PTB MJD 53723-53733
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Fig. IV-1 TDev of GPS P3 AV and P3 CV for USNOOP over four months
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Tab. IV-1 Comparison over four months of GPS P3 AV
and CV vs. TW and PPP solutions

Fig. III-1b TDev of Fig. III-1a
34.0

32.0

Raw Ku–X band
StD=0.90 ns

(Standard deviation of the differences in ns)

Combined Ku+CP
StD=0.64 ns

30.0

Baseline

28.0

26.0

24.0

22.0

20.0

18.0

TW X band and
TW Ku+CP Combined

16.0
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53700.0
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53720.0

53730.0

53740.0

53750.0

53760.0

Fig. III-2 Comparison of TW X band and the combined
Ku+CP for USNO-PTB over four months
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Length
/km
OP-PTB
696
SP-USNO
7004
USNO-PTB
7032
NICT-PTB
10640

TW
-AV
0.77
1.23
0.88
1.30

TW
-CV
0.80
1.38
0.95
1.67

PPP
-AV
0.67
0.85
0.64
0.69

PPP
-CV
0.71
1.05
0.82
1.48

Gain
~4%
~15%
~14%
~30%
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V. CONCLUSION
The combined solutions derived from the code and the
continuous carrier phase observations using the Bernese
GPS Software (AIUB) or the GPSPPP program
provided by NRCan have high short term stability. The
long term agreement with TW measurements based on
the standard deviation of the differences is in the order
of 0.8 ns. Carrier phase solutions that are processed in
daily independent batches (e.g. the IGS solution) are
disturbed by day boundary discontinuities with a
magnitude of up to 1 ns. Furthermore, earlier
conclusions [6] on the advantages of GPS AV w.r.t.
GPS CV – especially for long and very long baselines are confirmed by this study. The long term agreements
between all the above listed solutions are within or at
about 1 ns.
The comparison study has pointed out a few items that
need further investigations. First some of the TW links
are disturbed by diurnal variations of 1 ~ 3 ns peak to
peak in maximum. Furthermore, the GPS CP only
solution is affected by a drift with a magnitude of
usually several nanoseconds (up to 20 ns for some
stations) over four months.
To benefit from the advantages of each technique the
combination of the individual results seems to be
preferable. The Vondrak-Cepek combined smoothing
method for the TW measurements and the GPS CP only
solution was carried out. It can considerably reduce the
diurnal disturbance in the TW Ku band links and absorb
the drift in the GPS CP solution. The results of the a
posteriori combination of GPS P3 with CP only are
comparable with the combined continuous analysis of
the code and carrier phase data (PPP and Code+CP
solution of AIUB). Because the same data are used this
agreement confirms the adequate data processing and
the correct setup of the combination filter.
The rigorous combination of TW, GPS code, and carrier
phase information for the generation of TAI can
considerably improve the uncertainties of both uA and
uB. The advantage of this approach is that the TAI
laboratories need no further hardware investments
because the GPS P3 receivers also provide the carrier
phase data that is currently not used for the TAI
generation. This is supported by the fact that 80% of
total weighted clocks and 100% of primary frequency

standards are contributed by only 31% of the total TAI
laboratories. All of them are equipped with both TW
and GPS P3/CP receivers.
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Recent work on the uncertainties of [UTC-UTC(k)] has made it possible to
quantify the effects of different configurations of the time-transfer links used to
generate International Atomic Time (TAI). The optimal topology depends upon
the magnitude and character of the time-transfer noise of the relevant systems, the
correlations between the time-transfer links, the required degree of robustness, the
operational practices and equipment at pivot and crossover sites, and the
operational complexity of generating TAI on a routine basis. The authors are
members of a study group of the Consultative Committee for Time and Frequency
(CCTF) Working Group on TAI that is studying these issues, and this paper will
present considerations relevant to the problem.
I. INTRODUCTION

Time transfer for the generation of International
Atomic Time (TAI) is achieved by a variety of
techniques, including single-channel and multichannel GPS Common View (CV), dualfrequency P-Code GPS data from geodetic
receivers (P3), Ku-band Two Way Satellite Time
and Frequency Transfer (TWSTFT), and X-band
TWSTFT [1].
In order to improve TAIgeneration, the BIPM Time Section has asked
the CCTF to study certain proposals. One
involved replacing CV time transfer by GPS Allin-View (AV) [2-4] time transfer.
The
difference is minimal on short links. Longdistance links would benefit through the greater
number of observations and the more equal
distribution of satellite observation angles, at the
price of sensitivity to the corrected time of the
satellites.
This paper is presented by a study group of the
Working Group on TAI to analyze possible
means of combining the set of available timetransfer links to reduce the uncertainties in and
increase the robustness of the creation of TAI.
The existing theory is described, the utility of
using redundant links is discussed, and the
importance of monitoring hardware at crossover
sites is developed.
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II. THEORY OF TIME TRANSFER
UNCERTAINTIES
The theory described in this section has recently
been developed for numerical computation of the
uncertainty of the difference [UTC-UTC(k)]
between Coordinated Universal Time (UTC) and
its realization by any laboratory k, UTC(k) [5-7].
UTC is generated by adding leap seconds to TAI.
TAI is generated by steering the Free Atomic
Timescale (Echelle Atomique Libre, EAL) to a
weighted average of the frequencies of primary
frequency standards so that the TAI second will
realize the SI second. EAL is created by
averaging clock data from participating
laboratories, whose times are differenced via the
several time-transfer links. TAI and EAL are
currently created using the minimum necessary
number of time transfer links between
laboratories. One significant element in the
uncertainty analysis is the distinction between
link-based
uncertainties
and
site-based
uncertainties (Figure 1). Site-based uncertainties
depend only on the site and contribute equally to
all links involving the site.
Link-based
uncertainties are a property of the pair of sites
that make up the link. They cannot be estimated
from separately-computed uncertainties of each
site. The total uncertainty of any link is assumed
to be the quadratic sum of the link-based
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uncertainty and the two laboratories' site-based
uncertainties.
UTC (A)

UTC (B)

us,A

us,AB

us,B
us,CB

us,AC

us,C

UTC(C)

Figure 1. Site-based uncertainties (Us,X) and
link-based uncertainties (Us,XY).
In a network dominated by site-based noise, it
makes no difference which links are used to
create the non-redundant set. In the example
shown in Figure 1, the time transfer between any
two sites or clocks A and B is written A-B.
Time transfer between A and B achieved by
links with C would be written as (A-C) + (C-B).
If all uncertainties associated with C are sitebased, then A-B is independent of C. Also, the
closure of the three signed pair-differences
between any three systems, (A-C)+(C-B)+(B-A),
is zero. Hence, averaging redundant links would
have no effect and TAI would be independent of
the topology of any network dominated by sitebased noise.

Figure 2. Example in which the USNO is a
crossover site if the APL-USNO link is via
GPS and the USNO-PTB link is via TWSTFT.
In contrast, link-based noise contributes to the
uncertainties between all pairs of laboratories
that include the link in the chain of timing links
between them. If link-based noise was not
negligible compared to site-based noise, the
numerical computation of EAL would be
topology-dependent. The weight of the primary

standards used to measure the frequency
difference between TAI and the SI second would
also
be
topology-dependent.
Numerical
computations show that a system dominated by
an equal amount of site-based noise in all links
has 50% smaller uncertainties than one
dominated by an equal amount of noise per link,
but which is link-based [7]. The effects of linkbased noise would be reduced by averaging
redundant links, and this is investigated below.
The uncertainties of GPS observations are
largely site-based because antenna, receiver, and
signal-path delays depend only on the satellite in
view, the laboratory receiver system, and their
geometric relationship. In CV, however, linkbased uncertainties are generated through linkdependent sampling in time and observation
direction. In unfiltered AV link-based noise is
nonexistent because the time and satellite
direction samplings do not depend on the link.
Link- based noise can exist in filtered AV, if the
BIPM applies Vondrak smoothing after
generating AV differences between two sites.
This can be observed through nonzero closures
[8].
The uncertainties of TWSTFT are largely sitebased and typically attributed to uncalibrated
long-term delay variations in the full signal path.
However, some link-dependent effects come into
play. Systematic effects are due to the slightly
different frequencies used in some links, the
slightly different spread-spectrum codes in the
links, the link-dependent character of the
calibrations, and multiplicative bandpass effects.
The latter is due to the overall instrumental delay
being the average of the delays at each
frequency, weighted by the product of the
amplitudes of the two system bandpasses. Linkdependent noise is also introduced from
equipment and timescale instabilities between
observations.
Of particular interest for TAI-generation are
“crossover sites”, which are pivot sites that
involve links using different techniques or
different equipment. Because the uncertainties in
TWSTFT and GPS are completely uncorrelated,
at crossover sites even a system dominated by
site-based uncertainties acts as if the
uncertainties were link-based. In a hybrid
situation in which a TWSTFT link is calibrated
by GPS, the crossover properties would apply
only to the uncertainties that do not involve the
calibration.
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The topologies used by the BIPM involve a
minimum number of pivots, all of which are
currently crossover sites. Numerical simulations
using the tools developed for references [5-7]
have confirmed that such topologies can
minimize the overall effect of link-based noise.
For example, assume that all TWSTFT
observations have link-based uncertainties of
400 ps. In this case the USNO-PTB TWSTFT
link could be replaced by a USNO-NPL
TWSTFT link, which would act in conjunction
with the NPL-PTB TWSTFT link already in use.
But this would add the NPL-PTB link's 400 ps
uncertainty to every link between the USNO and
the European, Asian, Australian, and American
laboratories linked to the USNO via NPL. This
includes almost every other laboratory, and
would
raise
the
uncertainty
of
[UTC-UTC(USNO)] due to statistical (type A)
errors by 25%, and those of other laboratories by
5-10%.

The current configuration of time links used for
TAI (Figure 3) includes four crossover sites:
NICT, NIST, PTB, and USNO, with most of the
links going to PTB or NICT. To optimize the
precision and accuracy of the configuration, it is
best to minimize the number of crossover sites,
because each one contributes link-based errors
that affect all time transfer between laboratories
on one side of the site and those on the other
side. If one were to measure the overall
sensitivity to biases at crossover sites by the
product of the weighted number of clocks on
each side and the sensitivity of their UTCmeasurement to a bias at the crossover site, then
one can show that it is almost always better to
have fewer crossover sites. It is better to have
multiple GPS receivers at any crossover site, if
an average bias can be determined by zero
baseline CV between the GPS receivers.

III. THE CROSSOVER SITES
Although interesting studies of the benefits of
averaging different modes of time transfer data
are underway [9], in practice the BIPM has
followed a strategy of shifting from GPS links to
more precise and accurate TWSTFT links.
Should the BIPM switch to the AV
methodology, link-based noise will virtually
disappear from all GPS links. At the crossover
sites, however, all site-based GPS and TWSTFT
uncertainties, noise, and uncalibrated delay
variations will act as if link-based. For this
reason the ideal crossover site would have at
least two TWSTFT and GPS systems so that
instrumental effects can be identified and
removed. Traceability to a site maser would be
needed so as to have the ability to relate
observations made at different times should it be
necessary.
The environmental effect on
observations should be minimized through
environmentally insensitive components, with
minimal exposure to exterior or even room
temperature variations.
Multipath due to
reflections from exterior structures and to
reflections within cables should be minimized.
All key components should be monitored
electronically and through human oversight. An
automated warning system will allow rapid
correction of problems, while a postprocessed
analysis will ensure data quality.
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Figure 3. Links used in April, 2005 by the
BIPM to generate EAL, and with it TAI and
UTC.
In the case of GPS time-transfer via AV the
concept of averaging collocated receivers at
crossover sites can be extended to a global
average over all or most sites that have
operational TWSTFT and GPS systems. This
averaging can be realized in the form of a leastsquares fit to determine one bias parameter per
crossover site, with an overall average bias
constrained to be zero. The solution to that fit
yields extra link calibrations for input into the
BIPM's software package used to generate EAL
and therefore TAI. Alternately, this fit can be
used to monitor the delay variations at the
crossover site. A simulation assuming TWSTFT
data have 300 ps of link-based noise and that
GPS has 100 ps of link-based noise plus 1.0 ns of
site-based noise at five TWSTFT and GPSenabled sites indicated that any bias variation at
the crossover site can be identified to within
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80 ps. The magnitude of the fitted bias is
decreased by the contribution of the crossover
site's simulated bias change to the average bias.
IV. USE OF REDUNDANT TWSTFT LINKS

Figure 4. Non-redundant configuration of
TWSTFT links in which PTB is the pivot.

primary clock CS2 [12] or NPL whose time
reference is a maser. These fits determined the
time of each laboratory's master clock relative to
the reference laboratory, weighting all links
equally. No significant statistical reduction in
the scatter of the master clock differences was
noted between observations, even in the 2-hour
intervals. The RMS difference between the
actual link between each lab and the PTB
differed from the fitted master clock difference
between 100 and 400 ps. From this we conclude
that no significant precision improvements can
be expected from the simplest method of
averaging redundant TWSTFT links.
The
robustness of the system would be improved
through averaging, but only if the data inspection
and integrity checking procedures were
improved commensurately with the increased
complexity. Figure 6 shows histograms of the
difference between using the direct link to
determine [UTC(PTB)-UTC(k)] and using the fit,
for all October, 2005 data. Figure 7 shows the
closure about all possible triplets of North
American and European labs in 2005. The
results are consistent with an overall link-based
uncertainty of 300-400 ps for TWSTFT.

Change in UTC(k) With Redundant
TWSTFT Baselines
Number of Hourly Fits

PAPERS

Figure 5. Complete set of European and
American TWSTFT links available from sites
contributing to previous figure.
It may be possible to improve TWSTFT time
transfer through use of redundant links [10-11].
In order to study this, a trial least-squares fit was
made using TWSTFT data, taken every 2 hours,
from European and North American labs
(Figures 4 and 5). The first step was to create a
software calibration of all links not involving the
reference laboratory, so that they would be
consistent with the links between each laboratory
and a reference laboratory. Once the calibrations
were made consistent, the fits used as reference
laboratory either the PTB (the current pivot used
by the BIPM, whose time reference is the

600
400
200
0
-1.5

-1

-0.5

0

0.5

1

1.5

Change in ns

Figure 6. Histogram of differences in UTC(k)
generated by including redundant links to
TAI-generation.
[UTC(k)-UTC(PTB) was
computed for each hour using redundant
links,
and
differenced
with
direct
measurements.
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Figure 7. Histogram of hourly closures of
available over all triplets of N. American and
European labs. RMS was computed from
algebraic sum of timing differences for each
triplet, and is thus a measure of the link-based
noise over the three links.
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Figure 9. Histogram of RMS of daily
difference between AV and CV techniques,
over all laboratory pairs.

CV Closures
Norm alized Triplet Num ber

Figures 12 and 13 show the average and RMS
differences between daily averages of all GPS
data taken towards one hemisphere at the site
(east or north) and those data taken towards the
opposite hemisphere (west or south). Also
shown are the differences between all data taken
above 30 degrees elevation and between 10 and
30 degrees elevation. These differences cause
link-based effects in CV that are not present in
AV. Note that northern observations tend to be
low-elevation at higher latitudes.

5

Figure 8. Histogram of daily bias between CV
and AV techniques, over all laboratory pairs.
differences reflect link-based effects with CV
that are not present in AV.

V. USE OF REDUNDANT GPS LINKS
Because unfiltered AV has no link-based noise,
no improvement could be expected from
averaging redundant AV links. In order to study
possible benefits from averaging redundant CV
differences, ionosphere and orbit-corrected GPS
time transfer data made publicly available by the
BIPM were analyzed for the year 2005. Figures
8 and 9 show the biases and RMS differences
between AV and CV for all pairs of laboratories.
Figures 10 and 11 show analogous histograms of
the CV closures among all triplets of
laboratories.
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Daily Average Bias (ns)
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P3 Receivers
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Average Daily Closure (ns)

Figure 10. Histogram of bias of closure of
daily CV reductions over all lab triplets. Plots
are normalized for display.
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Number of CV Triplets

CV RMS Closures
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400
Single Freq. (SF)
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SF, Europe Only
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5
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15

CV Closure RMS (ns)

Figure 11. Histogram of RMS of closures of
daily CV reductions over all lab triplets. For
display, the number of European SF triplets is
multiplied by 5, and of P3 triplets by 20.
Bias of Site Azimuth and Elevation Differences
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Figure 14. Differences between ionosphere
and orbit-corrected single-frequency GPS
observations at different elevations or in
opposing cardinal directions, from the four
crossover sites. Sites from top down are
NICT, NIST, PTB, and USNO. North-south
differences are shown by a blue dot, east-west
differences by a green +, and hi-low elevation
differences by a red x. Seasonal effects are
apparent. Plots are not to same vertical scale.
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Figure 12. Histogram of difference between
daily averages of all GPS observations at
different elevations or opposing cardinal
directions, for all labs.
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Figure 13. Histogram of RMS of daily
difference between averages of all GPS
observations at different elevations or
opposing cardinal directions, for all sites.

Figure 15. Hemispheric differences of orbitcorrected P3 data from three crossover sites.
Sites from top down are NICT, PTB, and
USNO, and otherwise as in previous figure.
Since the crossover sites are of particular
concern, their hemisphere differences are plotted
next. Seasonal effects are apparent, as is the
higher quality of the P3 data.
For completeness, we also show how the
receiver instrumental delay at the L1 frequency
has varied between two receivers at each of the 3
crossover sites contributing to the P3 program.
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may not improve precision, and use of redundant
AV links would make minimal difference to
precision or robustness. Combining different
techniques could lead to still more
improvements, but this has not been investigated.
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1

Dual-frequency P-code GPS receivers have been used for time comparisons for several
years. They are now standard equipment with units in operation in some 25 time
laboratories contributing to TAI. Calibration of these receivers is necessary to ensure the
accuracy and long-term stability of time links used in the computation of TAI. A few years
ago, only one model of dual-frequency receiver was commercially available and the
calibration effort was focused on this receiver. Presently, several different models of
receivers are available and used in time laboratories. The paper presents inter-comparison
methods and calibration procedures for these three types of receivers, along with some
results of differential calibrations. The list of such receivers is due to expand as new models
are being introduced.
Disclaimer: Some commercial equipment are identified in this paper in order to describe
the experimental procedure adequately. It does not imply recommendation or endorsement
by the authors or their institutions.

1. INTRODUCTION
Dual-frequency P-code GPS receivers have been used in
geodesy for many years. After their adaptation to the
needs of time transfer [1], they have been used for time
comparisons in the computation of TAI for several years
[2]. They are now standard equipment with several tens
of units in operation in nearly half the time laboratories
contributing to TAI. Calibration of these equipment is
necessary to ensure the accuracy and long-term stability
of time links used in the computation of TAI. A few
years ago, only one model of dual-frequency receiver
(Ashtech Z12T) was commercially available and the
calibration effort was focused on this receiver [3,4].
Nearly all units of this type, in operation in TAI
laboratories, have been differentially calibrated with
respect to one unit from the BIPM travelling to each
laboratory. Presently, several different models of
receivers are available and used in time laboratories.
The paper presents inter-comparison methods and
calibration procedures that allow three types of
receivers (Ashtech Z12T, Septentrio PolaRx2, Topcon
Euro80) to be meaningfully intercompared.
In section II we present the general procedure use to
differentially calibrate dual frequency receivers. In
section III, we present three such receivers presently
used in time laboratories and some results on their

calibration are shown in section IV. Finally we discuss
the results in section V.
II. CALIBRATION OF DUAL FREQUENCY
GEODETIC-TYPE GPS RECEIVERS
Geodetic GPS receivers used for time transfer are
characterized by two features: 1. The internal clock of
the receiver is driven by an external frequency provided
by the laboratory; 2. the receiver accepts an 1PPS input
that allows to unambiguously define an "internal
reference" from the internal clock. The precise
definition of the internal reference may depend on each
model of receiver.
Calibration of GPS receivers is usually performed by
differential measurements with respect to a travelling
receiver, where the two receivers are referenced to the
same clock. The usual set-up of each system is that
given is Figure 1. We define standard notations to
represent the various delays that enter in the procedure
of calibration.
XSi is the antenna delay at frequency i.
XRi is the receiver internal delay at frequency i. The
delay is measured from the internal reference, as
defined for each type of receiver.
XC is the delay of the antenna cable.
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XO is the delay from the 1PPS-input to the internal
reference.
XP is the delay from the laboratory reference to the
1PPS-input.

effect will be different for the two receivers. Overall it
is expected that the values XRi + XSi may be determined
with a 1σ uncertainty of order 2 ns at each of the two
frequencies, and that the inter-frequency bias may be
determined with a 1σ uncertainty of order 1 ns.
III. THREE EXISTING SYSTEMS

XS antenna delay

Antenna

III.1. The Ashtech Z12-T
Andrew
Cable N/N
XC cable delay

1-PPS out

XR internal delay
XO Int. Ref. offset
XP 1-PPS offset

Input freq
Receiver
Int. Ref.
1-PPS in

Local
Reference

Figure 1: Standard set-up of a receiver showing the
definition of the different quantities that enter in the
calibration.
Using the above notations, the procedure to carry out
the differential calibration of a geodetic-type dual
frequency receiver consists of two steps
a) Determine all measurable delays, i.e. the antenna
cable XC and the sum XO + X P, which relates the internal
reference of the receiver to the laboratory reference: The
procedure for obtaining XO depends on each type of
receiver and is further described in the next section.
b) Operate the two systems side by side, with
independent set-ups, and using the same laboratory
clock as a reference (‘short-baseline’ configuration).
The difference in the measured pseudo-ranges at
frequency i yields, after taking into account the
geometric term due to the different positions of the two
antennas, the difference in XRi + XSi + XC - XO - XP
between the two receivers. Thus the values of XRi + XSi
for the receiver under calibration are determined with
respect to the travelling receiver.
With less than one day of data, the difference in the
pseudo range measurements may easily be performed
with a 1σ statistical uncertainty from the measurement
noise well below 100 ps. The dominant uncertainty on
this quantity is likely to be the sensitivity of the
equipment to the temperature and the multi-paths which
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The Ashtech Z12-T receiver performs pseudo-range and
carrier phase measurements which are referred to an
“internal reference” derived from an externally provided
20 MHz signal. The externally provided 1-PPS signal
allows the receiver to unambiguously choose one
particular cycle of the 20 MHz to form the internal
reference, therefore providing repeatability of this
reference in case of any interruption of the tracking or
operation of the receiver. According to the Ashtech
documentation, we define the internal clock as the input
20 MHz inverted and delayed by 15.8 ns. For some
versions of the receiver equipped with a 20 MHz output,
the internal clock should coincide with this signal,
advanced by 2.4 ns. The internal reference is then
defined as the first positive zero crossing of the internal
clock following the 1-PPS in signal [3].
The delay XO between the 1-PPS signal entering the
receiver and the internal reference is to be measured
with a digital oscilloscope, where the 1-PPS signal
triggers the data acquisition. By direct measurement on
the oscilloscope display, it is possible to determine the
relative phase of the two signals with an uncertainty of a
few hundred ps. It is reminded that, for proper operation
of the receiver, XO may not be arbitrary fixed but a
small range of values is excluded [4].
As of 2005, the Ashtech
commercially available.

Z12-T

is

no

more

III.2. The Septentrio PolaRx2
The Septentrio PolaRx2 receiver provides dualfrequency tracking of the GPS signal and simultaneous
tracking of up to 6 Space-Based Augmentation System
(SBAS) satellites. The receiver accepts a 10 MHz
external frequency and an associated 1 pps input. As for
the Ashtech Z12T, the receiver internal time scale is
synchronized on the 1 pps signal, providing
repeatability of this reference in case of any interruption
of the tracking or operation of the receiver. The internal
clock is 30 MHz frequency, obtained from the input 10
MHz frequency, through a multiplication by 6 followed
by a division by two. The receiver synchronizes its
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measurement latching with the first low-to-high
transition it detects on the 1PPS input connector. The
delay between a low-to-high transition on the 1PPS
input connector and the latching of the measurements in
the receiver is between 221.7 and 255ns (±2ns). The
exact delay depends on the phase relationship between
the 10-MHz frequency reference and the 1PPS input
signal. This delay is constant, and is insensitive to
powering off and on the receiver. In order to measure
the delay between the 1PPS input pulse and the
measurement latching, it is possible to synchronize the
1PPS output signal from the receiver with the
measurement latching epoch. The constant offset
between the 1pps output and the measurement latching
is indicated in Septentrio PolaRx2’s documentation:
"measurement latching" = "Output 1PPS" plus 8.7 ns
(for firmware version 2.3 and higher).
Thus, by measuring the delay from the 1PPS input to
the 1PPS output, we have access to the internal
reference that we have defined.
III.3. The Euro-80
The Topcon Euro-80 receiver refers pseudo-range and
carrier phase measurements to an internal reference
oscillator. The receiver provides raw GPS data,
including pseudo-ranges and ephemerides, that are used
to generate GPS time-transfer data referred to the 1PPSin, following the standard CGGTTS protocol for
common-view data processing. Time -transfer systems
developed at the National Measurement Institute in
Australia (NMIA) and based on this receiver are in use
in a number of laboratories in Asia.
The Euro-160 receiver, in the same OEM family, also
accepts an external 10 MHz reference, and an external 1
pps ‘event marker’ input identifies a particular cycle of
the 10 MHz reference as for the Z12-T. Data from this
receiver can therefore be processed independently into
two standard formats: CGGTTS for time transfer, and
RINEX for geodesy. A number of stations in the IGS
geodetic network use the Euro-160 as the local receiver,
for example including the SYDN node at NMIA in
Sydney.
The Euro-80 and Euro-160 receivers are no longer
manufactured, but new OEM receivers in the same
family are available from Javad Navigation Systems (a
five-year agreement between Topcon and Javad expired
in September 2005).
IV. SOME CALIBRATION RES ULTS

We present some results of differential calibrations for
the receivers. For the PolaRx2, the calibration campaign
has not yet stared and we only report on the procedure
that will be used in coming calibration exercises.
IV.1. Repeated calibrations of Z12-T systems.
The BIPM started regular calibration campaigns for
Z12-T receivers in 2001-2002 and some receivers have
been calibrated several times. This would allow to
estimate the long term (years) stability that can be
expected from these receivers, however in many cases
the set-up of the receiver is not kept unchanged during
several years so that results cannot be meaningfully
inter-compared. In Table 1, results of repeated
calibrations are shown for three receivers. Two of them
(BP0M at the BIPM and PTBB at the PTB) have been
kept in a stable set-up and the results indicate
consistency at a level of 1 to 1.5 ns peak to peak. The
third one displays larger variations (a few ns) which are
correlated to set-up changes between 2001 (no antenna
splitter), 2002 (one antenna splitter used) and 2004 (two
antenna splitters used).
Receiver
BP0M
BP0M
BP0M
BP0M

Date
05/2004
02/2005
03/2005
02/2006

Ref.
BIPC
BIPC
BIPC
BIPC

P1 result
Ref - 0.3 ns
Ref - 0.8 ns
Ref - 1.2 ns
Ref - 2.0 ns

P2 result
Ref + 2.0 ns
Ref + 2.8 ns
Ref + 2.3 ns
Ref + 2.2 ns

PTBB
PTBB
PTBB

07/2002
06/2003
08/2004

BIPC Ref - 1.5 ns
BIPC Ref - 0.6 ns
BIPC Ref - 1.6 ns

Ref - 3.4 ns
Ref - 2.6 ns
Ref - 2.9 ns

OPMT
OPMT
OPMT

03/2001
02/2002
06/2004

BIPC Ref + 4.9 ns Ref + 0.2 ns
BIPC Ref + 6.0 ns Ref + 1.3 ns
BIPC Ref + 8.8 ns Ref + 4.5 ns

Table 1: Results of some repeated calibrations of Z12-T
receivers. Note that, for OPMT, the set-up has changed
between the measurements (see text).
IV.2 Calibration procedure for the Septentrio PolaRx2.
For this receiver, the delay Xo from the 1PPS input to
the "measurement latching" depends on the phase
relation between the 10MHz-in and the 1PPS-in, and
should be between 221.7 and 255.0 ns (+/- 2ns), as
indicated in the receiver manual. We have measured Xo
for various values of the phas e relation covering the
whole range of one 10MHz cycle (Figure 2). For all
values of the phase that have been tested, the results are
consistent with the stated interval.

457

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

c) Measure the delay between local reference and 1PPSin: XP (Ref) and XP (Study).
d) Measure the delay between 1PPS-in and internal
reference of the reference receiver: XO (Ref).
e) Also measure the antenna cable delay XC(Study).
Obtain a few days of differential pseudo-range
measurements and average to obtain ∆Pi.
Then
(XRi + X Si)(Study) = ∆Pi
+ (X Ri + XSi + XC - X O - XP )(Ref)
– (XC - XO - XP )(Study)
Figure 2: Values of the quantity XO in ns for various
values of the relative phase of the input frequency vs.
the 1PPS-in (bottom plot). Properly accounting for the
measured reference delays, the internal delay of the
PolaRx may be obtained vs the Z12-T in all cases (top
plot).
In the differential calibration of a complete system
“Study” with respect to a reference system “Ref”, we
have
(XRi + X Si + XC - XO - XP )(Study)
- (X Ri + XSi + XC - X O - XP)(Ref) = ∆Pi
where ∆Pi is the average difference of the pseudoranges at frequency Li, corrected by taking into account
the different positions of the antenna phase centers.
Thus, when the reference receiver is in a constant setup, ∆Pi + XO(Study) should be constant.
We have tested this for the PolaRx2 receiver, using
various values of the phase relation between the
10MHz-in and the 1PPS-in, by comparing the PolaRx2
to an Ashtech Z12T kept in a stable set-up. The results
are shown in Figure 2 for the P1 and P2 measurement.
The values obtained for ∆Pi + XO (Study) are indeed
constant; the standard deviation of the points measured
is 0.5 ns.
We therefore propose the following calibration
procedure for the Septentrio PolaRx2 (noted Study); it
differs from that of the Z12T only in the determination
of XO .
If the reference receiver is a Z12-T, the values XO(Ref)
and XP(Ref) are determined according to the usual
calibration guidelines.
a) Synchronize the 1PPS output signal from the
PolaRx2 receiver with the measurement latching epoch
using the command:
“SetPPSParameters 1 0 local”
(or equivalently “spp 1 0 3”)
b) Measure the delay between 1PPS-in and 1PPS-out.
Then add 8.7 ns to obtain X0 (Study)
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IV.3. Comparison of different calibrations of Euro-80
systems.
Several different calibration measurements are available
for a network of Euro-80 receivers:
a) C/A calibration trips organized by the BIPM, and also
by the Asia-Pacific Metrology Program (APMP).
b) Calibration of P1-P2 for a receiver at NMIA obtained
using synthetic data from a Global Simulation Systems
STR 4760 GPS simulator at the Australian Defence
Science and Technology Organisation (DSTO) in
Salisbury near Adelaide. The 1σ statistical uncertainty
in this value is estimated to be 0.3 ns, and the
uncertainty associated with the L1/L2 bias of the
simulator is specified to be less than 0.17 ns.
c) Calibration of C/A and P1-P2 delays for Euro-80
systems now in operation at APMP institutes, by
transfer from an NMIA receiver calibrated by (a) and
(b).
d) During a Z12-T calibration trip in 2005, it was
possible to compare the travelling receiver from the
BIPM to several Euro-80 units in the Asia-Pacific
region. Note that the results presented here compare the
P1 measurements from the Z12-T to the C/A
measurements from the Euro-80, which are not directly
comparable due to different biases in the satellites and
in the receiver.
The agreement between thes e complementary
calibration results appears encouraging (see Table 2). In
particular, there appears to be good agreement between
the two independent methods of determining P1-P2 for
the NMIA receiver, with reference to the BIPM Z12-T
and to the DSTO simulator. The history of C/A
calibration values extends over a number of years, and
like the Z12-T suggests good consistency of this internal
delay at the level of 2– 3 nanoseconds in the best cases.
Note that it is also possible to compare the BIPM Z12-T
to the Euro-160 which forms the IGS SYDN node,
using data already recorded for both receivers at NMIA,
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but this analysis has not yet been completed. Note also
that there has not yet been any comprehensive study of
the P1-C/A offset for these receivers, as noted above
(d).
Receiver
NMIA/DF1
NMIA/DF1
NMIA/DF1

Date
09/2005
09/2002
2005

Ref.
BIPC
BIPH
APMP

TL
TL
TL

05/2005
09/2002
01/2005

BIPC
BIPH
APMP

45.1 ns
47 ns

KRISS
KRISS

08/2005
08/2003

BIPC
BIPK

36.5 ns

NICT
NICT

06/2004
11/2003

BIPC
BIPK

42.4 ns

[4] G. Petit, Z. Jiang, P. Moussay, “Progresses in the
calibration of geodetic type GPS receivers”, Proc.
EFTF, 2002.

C/A result P1 - C/A P2-P1 (Z12-sim)
- 3.8 ns
- 1.6 ns
37.5 ns
42.5 ns
-1.5 ns

-1.6 ns

-3.2 ns

-2.1 ns

0.3 ns

-1.4 ns

Table 2: Results of different calibrations of Euro-80
receivers. Values in red are nominal values to be
presently used in the receivers.
V. CONCLUSIONS
Dual-frequency GPS time receivers are now commonplace in the TAI network and are regularly used for TAI
links. At least 3 different systems are currently in
regular operation, with a few more coming. Calibration
of Z12-T systems has been operational for some years
and has shown consistency at the level of less than 2 ns
peak to peak over several years in the best cases .
Calibration of new systems will start soon, that will
allow to compute mixed links using dual frequency (P3)
code (or code + phase) measurements for TAI links.
Other systems using both C/A and P3 codes are
operationally used. Inter-comparison with Z12-T shows
good consistency of the independent calibrations.
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Calibration of Six European TWSTFT Earth Stations Using a Portable Station
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Two-way satellite time and frequency transfer (TWSTFT) has become an important
component in the international network for comparing time scales. To employ the full
potential of the technique a calibration of the internal delay of each ground station is
necessary. Only a few calibration campaigns have previously been carried out in the
European network of TWSTFT links. We report on the first recalibration of TWSTFT links
during a campaign involving six European time institutes. The campaign was performed
using a portable ground station assembled and operated by TUG/Joanneum Research, Graz,
that visited the sites of INRIM, NPL, OP, PTB, SP, and VSL, travelling a total distance
over 7000 km during a three-week period in October/November 2005. Differential delays
of earth stations were determined in the common clock mode relative to the portable
station. Combined uncertainties ranging from 0.9 ns to 1.3 ns for all calibrated links were
achieved in this campaign.
Keywords: calibration, TAI, two-way satellite time and frequency transfer, TWSTFT,
uncertainty budget

I. INTRODUCTION
During the last decade time transfer via geostationary
satellites has been developed into a widely used method
for remote clock comparisons [1,2]. The two-way
technique provides a method of cancelling out unknown
delay variations on the signal path. While two-way
satellite time and frequency transfer (TWSTFT) has
been in operational use it has been shown that remote
clocks can be compared at the 10-15 level (using a dense
measurement schedule) [3] and time scales can be
compared with nanosecond accuracy [4]. The latter
requires a measurement of the internal delays of the
earth stations. This can be done by means of a portable
station (PS) which is operated in consecutive
experiments side-by-side with the participating earth
stations in a common clock set-up. Worldwide only
three institutes perform TWSTFT calibration
campaigns. These include the United States Naval
Observatory (USNO) [5] and the National Institute for
Information and Communications Technology (NICT)
in Tokyo [6], covering North America and Asia
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respectively. In Europe, TWSTFT calibrations have
been conducted by Joanneum Research, a spin-off of the
Technical University of Graz in Austria (TUG).
Including the exercise reported here four calibration
campaigns have been carried out since 1997 in Europe.
The calibration campaigns and the visited institutes are
listed in Table 1. The institutes participating in one or
more campaigns were the Deutsche Telekom AG
(DTAG), the Italian Istituto Nationale di Ricerca
Metrologica (INRIM, formerly Istituto Elettrotechnico
Nazionale – IEN), the National Physical Laboratory
(NPL) of the UK, the French National Metrology
Institute for Time and Frequency LNE-SYRTE
Observatoire de Paris (OP), the German PhysikalischTechnische Bundesanstalt (PTB), the Swedish National
Testing and Research Institute (SP), and the National
Metrology Institute Van Swinden Laboratorium B. V.
(VSL) in the Netherlands.
In each campaign the measurements at the first site were
repeated after visiting all other participating institutes to
verify the stability of the portable station during the trip.
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Since in every one of the first three campaigns no link
was calibrated twice, the 2005 campaign was the first
repetition of a TWSTFT link calibration by means of
the same technique. Furthermore, the calibration of six
earth stations and thus 15 individual links in a single
campaign is a record.
After a brief description of the calibration technique
(references for a detailed study are given in the text
below) and the course of the trip, the results of the
single common clock experiments are presented.
Thereafter, we discuss the uncertainty budget evaluation
including a short analysis of a possible uncertainty
impact of PRN code changes which are necessary for
the technique used in this work. Finally, we compare the
new results with previous calibrations.
II. CALIBRATION TECHNIQUE
The internal delays in TWSTFT earth stations can be
observed and measured by suitable equipment and
procedures. Because a local absolute calibration of a
complete TWSTFT ground station set-up – providing
knowledge of the overall internal delay - has not yet
been demonstrated, different approaches to measuring
the internal delays of ground stations relative to a
dedicated standard are in use at present. Three different
methods are employed to calibrate TWSTFT links
which are part of the worldwide network established for
the production of “Temps Atomique International”
(TAI) and supervised by the BIPM. One is the use of
independent and calibrated time transfer equipment such
as GPS receivers. The others make use of a portable
TWSTFT station (PS), either as an independent time
transfer technique (similar to GPS) (IND) or as a
reference to determine the relative delays of the earth
stations to be calibrated with respect to the PS (REL).
However, only the use of portable TWSTFT equipment
has up to now allowed time transfer with nanosecond
accuracy. Details of the measurement techniques are
described elsewhere: for IND see [4] and for REL see
e.g. [9].
Here we give only a rough sketch of the REL method
applied in the current campaign. As depicted in Fig. 1,
the PS is operated at two different sites k and l. At each
site both stations, the PS and the station to be calibrated,

Fig. 1: Schematic of the set-up of the portable station
sequentially operated at two different sites k (top) and l
(bottom) to determine the common clock difference
(CCD) at each site.
are connected to the same clock. The result of a
TWSTFT experiment between the collocated stations
(exchanging pseudo-random noise (PRN) signals via a
geostationary communication satellite, as described e.g.
in Ref. [1]) is the difference of the internal delays of
both stations operated in the common clock mode,
which is named the common clock difference CCD.
After determination of the CCD at at least two sites k
and l, a calibration constant CALR(k,l) for a time
comparison between k and l can be computed using

Table 1: History of European TWSTFT calibration trips using the portable station of TUG
No.

Year

Participating Institutes

Reference

#1
#2
#3
#4

1997
2003
2004
2005

TUG-DTAG-PTB-TUG
IEN-PTB-IEN
PTB-VSL-OP-NPL-PTB
PTB-SP-VSL-NPL-OP-INRIM-PTB

Kirchner et al.
Cordara et al.
Piester et al.
this work

[7]
[8]
[9]
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CALR (k , l ) = CCD(l , PS) − CCD(k , PS)
,
+ TCD (l ) − TCD (k )

(1)

where TCD(i) is the Earth rotation correction (Sagnac
effect) for the one-way signal path from the satellite to
station i, calculated as described in [10]. Having
completed this exercise, the difference between the time
scales UTC(k) and UTC(l) can be later determined by
routine TWSTFT operations according to

[TW (k ) + ESDVAR(k )]
[TW (l ) + ESDVAR(l )]
+ REFDLY(k )
,
− REFDLY(l )
+ CALR (k , l )

UTC(k ) − UTC(l ) =

1
2
− 12

(2)

where TW(k) is the result of time-of-arrival
measurements at station k of signals transmitted by l and
vice versa. ESDVAR(i) is the monitored differential
earth station delay variation due to changes in the
cabling, etc. This value is set to zero at the moment
when a new calibration value is applied. REFDLY(i)
represents the relation between the modem time
reference and the clock representing UTC(i).

Fig. 2: Route of the calibration trip. Calibration locations
and dates are indicated by bold letters, overnight stops
by open symbols.

III. THE 2005 CALIBRATION TRIP
The CCDs between six European earth stations and the
PS were determined during the campaign described in
the following. The campaign started on 19th October
2005 at Graz with measurements on 21st October (MJD
53664) at PTB in Braunschweig, followed by
measurements at SP in Borås (24th-25th October, MJD
53667-8), VSL in Delft (28th-29th October, MJD
53671-2), NPL in Teddington (31st October-1st
November, MJD 53674-5), OP in Paris (3rd-4th
November, MJD 53677-8), INRIM in Torino (6th-7th
November, MJD 53680-1), and again at PTB (10th
November, MJD 53684). The PS was transported in a
van and accompanied by one engineer. However,
installation at the laboratories required the support of
the local staff. In Figure 2 the route of the van is
depicted. A total distance of more than 7000 km
required additional overnight stops (open symbols in
Figure 2) and days off rest. The campaign was thus
completed on 12th November in Graz after 25 days of
travelling.
The set-up of the portable station [11] was generally the
same as used for previous calibration campaigns. For
the set-up and modifications see Ref. [7] and [8,9],
respectively. As an example, in Fig. 3 the PS at SP is
shown. In the foreground of Fig. 3 a) the outdoor
equipment is installed on the roof top of SP just beside
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Fig. 3: The TUG portable station collocated at the SP
TWSTFT earth station. Photograph a) shows the outdoor
set-up and b) shows the indoor set-up.
the outdoor parts of the TWSTFT station to be
calibrated. The indoor set-up is shown in Fig 3 b).
To determine the CCD(i) at each site, pseudo-random
noise (PRN) phase-modulated spread-spectrum signals
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Figure 4: Single CCD measurements (open dots), mean values (solid dots) and standard deviations (bars) of the
single CCDs between the PS and the local station.
were exchanged via the Intelsat geostationary satellite
IS 707 at 307°E with up- and downlink frequencies of
14013.2 MHz and 12518.2 MHz, respectively. Each
station transmitted a predetermined characteristic PRN
signal at 2.5 MChip (one of the MITREX compatible
codes 0 to 7 [12]), and locked its receiver to the PRNcoded signal of the collocated stations following a
predetermined schedule which was added to the routine
TWSTFT schedule. A standard session in this schedule
consists of 120 time difference values (one
measurement each second). The midpoint of a quadratic
fit function is calculated at each station i and exchanged
among the stations, as proposed in the ITU-R
recommendations [10]. While every station to be
calibrated has its own designated transmission code, the
PS switched between several codes following a
predetermined schedule. For example, at INRIM the PS
transmitted with four different codes, with the MITREX
code numbers 0, 2, 3, and 5.
In total 15 TWSTFT links between European time
laboratories were calibrated, representing 5 links used
by the BIPM in the production of TAI.
IV. RESULTS
Determination of the CCD was done in the same way as
in all previous calibration campaigns listed in Table 1.
A detailed description is given in Ref. [9]. In the
following, only the TAI links are discussed in the text
but the results regarding all links are summarised in
Tables 2 and 3 to enable future retrospective evaluations
of all links. In Fig. 4 the results are depicted. Open dots

represent single CCD measurements; the mean values
and standard deviations around the mean are depicted as
full dots with error bars. The standard deviation is a
useful measure of the data scatter if they are randomly
distributed. However, some measurement series
(INRIM, PTB2 and to some extent SP, VSL) show
significant drifts. These drifts are not visible in the
internal REFDLY measurements of the PS and do not
occur at every site and must therefore be attributed to
instabilities in the local 1pps distribution or frequency
distribution system or the local TWSTFT station being
calibrated. For example, the course of the CCD values
measured at INRIM correlates with the environment
temperature. However, the origin of the drifts as well as
the difference in the data scatter is not well understood
at present and should be investigated in future
calibration exercises.
B

Table 2: Results of the common clock differences
(CCD) and standard deviations (SD) together with the
station-associated Sagnac “downlink” correction (TCD).
station

CCD (ns)

SD (ns)

TCD (ns)

IEN01
IEN02
NPL01
OP01
PTB01
SP01
VSL01

279.528
-11.543
-820.363
7007.088
41.071
-114.844
-5.988

0.304
0.375
0.716
0.573
0.495
0.294
0.158

134.441
134.441
108.152
118.128
119.383
106.383
113.149
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The calibration results shown in Fig. 2 are summarized
in Table 2. Note that INRIM calibrated two stations:
IEN01 and IEN02. If the link to INRIM is discussed in
the following, only the station IEN02 is referred to. The
highest standard deviation (SD) of the CCD(i) is 0.7 ns;
the average SD is 0.416 ns.
The resulting calibration constants CALR(k,l) appearing
in Eq. 2 are listed in Table 3. For completeness all link
combinations and the associated uncertainty budgets are
given. The overall uncertainty U for one link is the
geometric sum of the single uncertainty contributions
listed in the table. uA,i is the standard deviation of the
single CCD(i) from its mean. Ideally the determination
of the two CCD(i) for one link calibration should be
performed simultaneously. In practice this is not
possible. An estimate of the stability of the stations
involved can be derived from the two measurements at
PTB, the initial and the closure. The mean values of
both measurements show excellent agreement, 41.025
ns and 41.116 ns respectively. However there is a
significant drift in CCD values, especially during the
closure measurements, and thus the standard deviation
of the second data set is much bigger than the difference
between both mean values. We account for this by

applying the “combined” SD of the initial and the
closure measurement uB,1 = 0.671 ns. The PS has to be
related to the local UTC(i) which requires a
measurement of the UTC(i) reference with the PS’s time
interval counter (TIC) for REFDLY(i) determination.
We take this into account by applying uB,2 = 0.5 ns
according to the TIC specifications. uB,3 reflects all other
systematic errors, e.g. the stability of the connection to
the local UTC (0.1 ns), possible influence of code
changes, Tx and Rx power, C/N0 (overall 0.2 ns). PTB
used a portable caesium clock to connect the PS to
UTC(PTB). Thus an additional 0.3 ns uncertainty is
assumed for links where PTB is involved. The total
estimated 1-σ uncertainty ranges from 0.9 ns to 1.3 ns.
As mentioned, the TWSTFT calibration in the REL
mode requires the use of additional PRN codes
compared with the routine link operation between the
ground stations. In principle, a time transfer
measurement should be independent of the PRN code
used. However, delay changes of up to 0.5 ns coinciding
with code changes were reported [13]. We tested
whether a significant delay change occurred if the PRN
codes in use were changed. The test measurements were
part of the predetermined schedule which was repeated
every two hours. Thus, the code sequence was repeated

Table 3: Calibration constants and uncertainty budget (1-σ) of all links between two stations k and l. CALR and U
values are applied in the data files according to Ref. [10], rounded to one decimal place.
Link k-l
IEN01 – NPL01
IEN01 – OP01
IEN01 – PTB01
IEN01 – SP01
IEN01 – VSL01
IEN02 – NPL01
IEN02 – OP01
IEN02 – PTB01
IEN02 – SP01
IEN02 – VSL01
NPL01 – OP01
NPL01 – PTB01
NPL01 – SP01
NPL01 – VSL01
OP01 – PTB01
OP01 – SP01
OP01 – VSL01
PTB01 – SP01
PTB01 – VSL01
SP01 – VSL01
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CALR(k,l) (ns)
-1126.180
6711.247
-253.515
-422.430
-306.808
-835.109
7002.318
37.556
-131.359
-15.737
7837.427
872.665
703.750
819.372
-6964.762
-7133.677
-7018.055
-168.915
-53.294
115.622

uA,k (ns)
0.304
0.304
0.304
0.304
0.304
0.375
0.375
0.375
0.375
0.375
0.716
0.716
0.716
0.716
0.573
0.573
0.573
0.495
0.495
0.294

uA,l (ns)
0.716
0.573
0.495
0.294
0.158
0.716
0.573
0.495
0.294
0.158
0.573
0.495
0.294
0.158
0.495
0.294
0.158
0.294
0.158
0.158

uB,1 (ns)
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671
0.671

uB,2 (ns)
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

uB,3 (ns)
0.22
0.22
0.37
0.22
0.22
0.22
0.22
0.37
0.22
0.22
0.22
0.37
0.22
0.22
0.37
0.22
0.22
0.37
0.37
0.22

U (ns)
1.163
1.081
1.084
0.963
0.931
1.184
1.103
1.106
0.988
0.956
1.261
1.263
1.161
1.134
1.188
1.079
1.050
1.081
1.052
0.927

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

7008.5

-10.5

7008.0
-11.0
CCD (ns)

CCD (ns)

7007.5
7007.0
7006.5

-12.0

standard error

standard error

7006.0

4

5

6

standard deviation

-12.5

standard deviation

7005.5
7005.0

-11.5

7

Mitrex compatible PRN code No.

-13.0

0

2

3

5

Mitrex compatible PRN code No.

Figure 5: Two examples of using different codes at the Tx channel of the PS. The left (right) graph CCD
measurements at OP (INRIM) arranged according to the codes used by the PS.
several times when the PS was operated for around one
day at some sites. In Figure 5 two examples of the
CCDs sorted by the associated PS codes are shown. For
example, when the PS was operated at OP, MITREX
codes 4, 5, 6, and 7 were used (see left graph) while at
INRIM (right graph) the codes 0, 2, 3, and 5 were
employed. No significant dependency of the CCD(i) on
the code used is observed. If we take the deviation of
the mean, the so-called standard error (SE), instead of
the SD, it can be seen that the 1-σ error bars of code 4
and 7 (left graph) do not overlap. However, SE reflects
the uncertainty of the mean only if the single
measurements are normally distributed.
V. HISTORY OF EUROPEAN TWSTFT TAILINKS
Except for the links to SP, whose TWSTFT equipment
was recently installed and thus had not been calibrated,
all other links had been calibrated before by means of
TWSTFT. However, various events may have degraded
the calibration uncertainties achieved previously, e.g.
the change of the satellite used affected all links, and
major setup changes happened at VSL. Comparison of
the present CALR values (column 2 in Table 3) with
previous ones requires some caution. The uncertainty of
the CALR(i) values had to be adjusted after satellite or
even transponder frequency changes and the uncertainty
was increased as a result (see e.g. Ref. [4]). The earth
station delay variations ESDVAR(i) (see Ref. [10])
changed due to equipment modifications which may
have introduced additional uncertainty.
In Fig. 6 the long term records of the differential
corrections of the European TAI links UTC(i) –
UTC(PTB) are depicted. The links to INRIM, NPL, and
OP were initially calibrated using Circular T (i.e.
relying on GPS measurements and calibration), and

were calibrated with the TWSTFT technique in 2003
(INRIM) and 2004 (NPL, OP). For each link the left
coloured bar (± 5 ns) reflects the uncertainty of the GPS
calibration. In the case of VSL the uncertainty of a
clock transportation from PTB to VSL is shown which
was never applied in the TWSTFT evaluation (see Ref.
[9,14] for details). The differential corrections of the
2003 and 2004 campaigns are labelled with the “serial”
number as given in Table 1. Each time a new calibration
is applied the time transfer uncertainty is estimated at
the nanosecond level. This uncertainty is increased
whenever an occurrence renders continuous TWSTFT
operations impossible. Increased error bars and labels
indicate the date and what had happened (e.g. IS706 –
IS903 for a satellite change and IEN01-IEN02 for a
station change).
The actual calibration values deviate only slightly from
previous values in the case of the links IEN01 – PTB01
(-0.76 ns), NPL01-PTB01 (-0.62 ns), and OP01-PTB01
(-1.53 ns). The mean of these changes, -0.97 ns,
indicates a potential instability of the PTB01 earth
station. The differential correction of the links IEN02PTB01 (+2.5 ns) and VSL01-PTB01 (+12.1 ns) are
unexpectedly large. However, the change from IEN01
to IEN02 was necessary due to a failure of hardware
components of IEN01 and thus happened without
sufficient time to determine the CALR for IEN02. In the
case of VSL the setup was disassembled and rebuilt due
to the move of the whole time laboratory to a different
building over a distance of about 3 km. Both
experiences prove that it is highly desirable to
recalibrate a TWSTFT earth station after major setup
changes to keep the uncertainty at the 1 ns level. The
link SP01-PTB01 (+7.9 ns) had not been calibrated
before but a comparison with Circular T (i.e. with GPS
CV time transfer) shows very good agreement, within
the estimated uncertainty of the GPS calibration
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Redundancy in the TAI TWSTFT Time Transfer Network
Z. Jiang and G. Petit
Bureau International des Poids et Mesures (BIPM)
zjiang@bipm.org
TWSTF (TW) is a precise time transfer technique and has being used to generate the TAI since 1999.
From the beginning with only 3 measured points per week over a few baselines to now 12-24 points per
day and measured as a worldwide network, the TW observable becomes highly redundant. However
single baseline is still the only geometry in TAI time transfer practice. As shown in Fig. I-1, among the 35
measured links carried out by 9 European-American TW laboratories, only the 8 links directly with PTB
(double lines) are used for the TAI computation. The rest 27 links are in fact wasted. Generally, for a
network of N points, there are N(N-1)/2 measured links. The actual European-American TW network is
consisted of 12 TW laboratories. This situation that TW links are measured as a network but still used as
single baselines is becoming more and more critical with the recent increase of the number of the TW
laboratories, especially in Asia-Pacific areas. This is only the geometry redundancy. The TAI network is
redundant also in multi-techniques.
Unlike GPS, the TW links are independently measured. Theoretically, the sum of the three link vectors of
a triangle should be zero. This is called a triangle closure condition. The triangle closures are the true
errors that provide a good measure of the measurement errors and meanwhile a reasonable constrain to
adjust the TW observations.
Based on the triangle closure analysis, the authors propose a global network least square adjustment to
fully use the redundant information. The traditional TW baseline transfer is then becoming a network
time transfer. When the adjustment is performed epoch independently without any constraint between the
measurement epochs, the comparison between the Allan and Time Deviations of before and after the
adjustment can be used to judge the ameliorations. They show a considerable improvement in the time
transfer stability. This adjustment model allows introducing other observations, parameters and constrains
so as to adjust altogether the total redundancies of the TAI network. Although TW links take only 12% of
the total TAI links, they transfer more than 60% of the total weighted clocks and most of the primary
frequency standards contributing to TAI. Improving the stability of the TW links implies a direct
improvement in the uncertainties of TAI and UTC.

I. Introduction

for the TAI. The 55 measured redundant links do not
contribute anything to TAI.
SP

Nowadays, the TW time transfer is one of the most
precise techniques thanks to its symmetric
measuring procedure. The uA (uncertainty type A)
of the TW link is declared to be about 0.5 ns. This
implies that the uncertainty of a three link closure in
a triangle geometry, that is, the sum of the three link
vectors of the triangle, should be about ~ 3 *0.5 ns
or 0.9 ns. However the link closure analysis shows
that the closures may be up to 2 or even more. The
baseline dependent uncertainties due to probably the
local and global environment variations would be
responsible. Recently reported diurnal disturbances
in TW links may be up to 1 or 2 ns peak to peak [5].
These errors would cover the advantages of the TW
links. Are we at the limit of this technique? On the
other side, the discrepancy that the TW are measured
as a network but used as single baselines tells us a
lot of TW measures are wasted. As show the Fig. I-1
and Tab. I-1, among the 66 measured links in the 12
European TW labs, only 11 official links are used
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NPL
NIST

PTB

USNO

OP

ROA

VSL
IEN

FIG. I-1: Status of the measured European-American TW
network in Aug. 2005 and the actual TAI pivoted single
baseline time transfer geometry (double lines)
Lab.
Total TAI Redundant
Number Links Links
Links
3
3
2
1
7
21
6
15
8
28
7
21
12
66
11
55
20
190
19
171

TAB. I-1 TAI and redundant links in a TW network
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We propose a least square network adjustment to
fully use the potential of the total measured links.
The adjustment gives also the estimation of the
baseline dependent measurement error information:
the link corrections on every measuring epoch and
their variances.
Like in geometry, the sum of tree measured internal
angles minus 180° is the true error. A closure of the
3 link vectors in a triangle is also the true
measurement error because the three clocks involved
are removed (Fig. I-2, eq. 1-1, 1-2). The adjustment
proposed is based on the closure analysis. We do not
need complex hypothesis to complete its
mathematical model. After the adjustment the
network becomes structurally more homogeneous
and more robust than the traditional single baseline
time transfer with all the closures being zero. This
“network approach” contributes also to better
understanding the non-zero closures due to
measuring and calibration errors.
Modified Allan and Time Deviations are useful tools
to examine the instability of transfer techniques.
Because the least square adjustment is, theoretically
and practically, completely independent of the Allan
stability theory, the two deviations are the objective
index to verify the improvement in the adjusted time
links. By the least square theorem, we can predict
that most part of the improvement is in the white
phase segment.
The adjustment of a network can be of free or fixed
or quasi-stable. The latter may be used for the
calibration of the TW equipment. If in a network,
there are well calibrated links, we may relatively
calibrate the others with the uncertainty of the TW
using the closure conditions in the whole network.
I-1 Redundancies in the TAI TW network

single baseline. Geometrically, if there are N laboratories,
the Number of total links =N(N-1)/2 and the Number of
independent triangle closures = N(N-1)/2-(N-1)=(N2 3N+2)/2. In Fig. I-1, N=9, there are 8 TAI links against
totally 36 measured links and 36-8=26 redundant links.
This situation is becoming more critique as new TW
laboratories are coming, especially in Asia-Pacific areas.
Density redundancy: Since Oct. 2005, density of the TW
measurement is augmented from 4 to 12 points/day. In
Asia-Pacific areas, there are 24 measured points/day since
Nov. 2005. For TAI computation, only 2 points are used per
5 days while 60-120 points are measured per 5 days.
Multi-technique redundancy: All the TW laboratories are
backed up at least one GPS techniques: GPS C/A code
or/and P3-carrier phase receivers. As shown in Tab. I-2.
I-2 Closure and the baseline dependent errors
Each triangle is consisted of three link vectors. The sum of
the three vectors is a closure ‘C’ which is in most cases
non-zero (Fig. I-2, I-3 and Tab. I-3):
C = Link1 +Link2 -Link3 = [UTC(B)-UTC(A) + V1 ]
- [UTC(B)-UTC(C) + V2 ] - [UTC(C)-UTC(A) + V3 ] (1-1)
Here, V1 , V2 and V3 are the estimations of the baseline
dependent measurement errors in Link1 , Link2 and Link3 .
Removing parentheses, we have the fundamental relation
between the closure and the baseline dependent errors:
C = V 1 + V2 + V3

(1-2)

The purpose of the adjustment is to determine the values V1 ,
V2 and V3 : called usually in the least square adjustment the
adjusted corrections and the estimation of their adjusted
mean square errors or variations.
A

Link1

The redundant observable is the back up observable
that is measured but not used. TAI network is highly
redundant, not only in geometry but also in density
and multi-techniques.

Link3

LAB

Fig. I-2 Closure of a triangle ? (A,B,C)

NIST
IEN
USNO
NPL
NICT
OP
PTB

TAI link
TW
TW
TW
TW
P3
TW
TW

back up 1

P3
P3
TW-Xband
P3 (CP)
TW
P3
P3

back up 2
SC
MC
P3
MC
MC
MC
MC

back up 3
SC
SC
MC
SC
SC
SC
SC

TAB. I-2 Examples of the redundancy of multitechniques in the TW laboratories
Geometric redundancy: As shown in Fig. I-1 and
Tab. I-1, TW is measured as network but used as

c
C

B
Link2

The closure values and their variations may be up to several
ns, much bigger than the given uncertainty of the TW
techniques. The raison of the non-zero closures or the
baseline dependent errors is complex. In general, it may be
due to: the hardware of the Satellite-TW equipment; direct
or indirect effect of the temperature variations; the errors in
the data treatment (interpolation etc.); uncertainties of the
measurements, calibrations… We have shown the diurnal
disturbances in TW would be of an order of 1 ~ 2 ns peak to
peak [5].
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If we do not use the CALR and ESDVAR values in
the ITU TW data file, the calibration uncertainties
should not appear in the closures. And if the CALR
and ESDVAR values are not exact, we should also
have the non-zero closures:
(CALR1 + ESDVAR1 ) + (CALR2 + ESDVAR2 ) (CALR3 + ESDVAR3 ) = C (Calibration)
(1-3)
As we know, the CALR and ESDVAR values are
constant (with uncertainty uB) which should not
mixed with the TW link measurement uncertainties
(uA). Therefore, the least square adjustment would
be carried out in two steps with and without the
CALR and ESDVAR values. In this paper, we
discuss mainly the linking measurement errors uA.
In the following discussion, by default, the CALR
and ESDVAR are not taken into account.
PicoSec|No.|
-1250| 1|
-1000| 4|
-750| 3|
-500| 9|
-250| 13|
0| 9|
250| 14|
500| 17|
750| 10|
1000| 4|
1250| 3|
1500| 0|
1750| 1|

+
++++
+++
+++++++++
+++++++++++++
+++++++++
++++++++++++++
+++++++++++++++++
++++++++++
++++
+++
+

FIG. I-3 Histogram of the closures of the triangle ?
PTB-VSL-OP with mean=0.16 and rms=0.60ns
Triangle
53404 53409 53414 53419 53424 53429
PTB IEN NIST : 1.0 -0.3
0.6
0.4 -0.2
0.0
PTB NIST NPL : 1.0
0.4
0.1 -0.1
0.8
0.2
PTB NPL VSL : 1.3
0.8
0.5
1.3
0.2
1.0
PTB VSL OP : -0.7 -0.1
0.4
0.3
0.7
3.1
PTB OP ROA : -0.1 -0.1
0.1 -0.1 -0.3
0.4
PTB ROA USNO : -1.3 -2.0 -1.5 -0.9 -0.7 -1.4
IEN NIST NPL : 1.9 -0.4 -0.5 -0.3 -0.8
2.4
IEN NPL VSL : 4.7
5.6
6.5
5.4
6.2
3.8
IEN VSL OP : 0.0 -0.7 -0.6
0.6 -0.8
1.6
IEN OP ROA : -3.7 -3.6 -3.8 -3.8 -3.9 -2.6
IEN ROA USNO : -0.9 -0.4
1.5
2.6
2.4
0.8
IEN USNO PTB : -0.8 -1.8 - 2.9 -3.6 -2.6 -2. 7
NIST NPL VSL : 2.8 -0.4 -1.0 -0.8 -0.1
1.2
NIST VSL OP : -2.6 -0.7
0.0
0.6
0.6
1.6
NIST OP ROA : 0.1
0.2
0.0
0.1 -0.6
0.7
NPL VSL OP : 0.1
0.3
0.3
1.0
0.2
0.6
NPL OP ROA : 0.1 -0.1
0.2
0.3
0.3
0.5
NPL ROA USNO : -1.2 -0.9 -0.1
1.0 -0.7
2.5
NPL USNO PTB : 0.2 -0.7 -0.9 -1.7
0.1 -0.5
VSL OP ROA : -0.6 -0.8 -0.1 -0.4 -0.1 -2.2
VSL ROA USNO : -2.4 -1.0 -0.1
0.6
0.6
5.4
VSL USNO PTB : 0.9 -0.4 -0.8 -0.9 -0.8 -1.1
OP ROA USNO : -0.7 -1.0
0.3
0.0 -0.2
0.0
OP USNO PTB : -0.7 -1.1 -1.7 -1.0 -0.8 -1.0

TAB. I-3 Triangle closures on standard MJD of
TAI0502 (Feb. 2005)
I-3 General considerations of the adjustment
What we will obtain by the least square adjustment?
Briefly: Detect the non random errors; Determine
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the linking measurement errors so as to improve the time
link stability; Estimate the uncertainty of time links, etc.
II. Mathematical Model
Adjustment with the Closure condition
In metrology practice, it is rare to know the true
uncertainties. Usually, we estimate the uncertainties based
on some assumes or statistical methods. However the link
triangle closure C is a true error. Although the baseline
dependant errors V1 , V2 and V3 are determined with the least
square laws but the sum of them is known as true value (eq.
I-2). We call this the ‘closure condition’. It gives an idea
control for the adjustment and a hint of how to adjust the
linking errors. The estimated V1 , V2 and V3 and their
variances Var1 , Var2 and Var3 give us good information in
the time transfer results: Link1 , Link2 and Link3 . The
adjustment is based on the true errors analysis thanks to the
redundant measurements which form the closure conditions
and the whole network.
The mathematical model applied is the ‘indirect’ or
‘parameter’ least square adjustment. It is a common method
and widely used in the metrology data processing. Without
proving in details, we give here only a quick recall of the
equations. For details, one can refer to [1]. In following
formula all terms except for σ 02 are represented with the
matrix forms.

The function model and random model of the indirect
adjustment are:
Lˆ = B Xˆ + d
D = σ 02 Q = σ 02 P − 1

(2-1)
(2-2)

here L̂ , B , X̂ and d are the adjusted observations, the
coefficients, the adjusted unknown vectors and the constant
terms. D and P are the variances and weights. Q = P − 1
is the carrier containing all the uncertainty information. σ 02
is the unit weight variance.
The observation (correction) equation is:

V = B xˆ − l
0

l = L − L = L − ( BX
or
l = L − F(X 0)

0

+ d)

(2-3)
(2-4)
(2-5)

with V the correction vectors (V1 , V2 … VN ); L and L0
the observations and their approximation values; x̂ the
unknown vector corrections Xˆ = X 0 + xˆ , X 0 the
approximation
of
the
unknowns
and
X
F ( X 0 ) = ( BX 0 + d ) . Here the physical meaning of the
adjusted values X̂ is not important. They are only the
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intermediate values by which we determine the link
measurement corrections: V1 , V2 and V3 . However
the physical meaning of the differences of the
elements in X̂ is clear: they are the adjusted link
values as given in equations (1-1) and (1-2). Take
the example of Fig. I-2: XA -XB = LinkAB + VAB.
LinkAB is the measured raw link and VAB is the
adjusted correction or the estimated measurement
error of LinkAB. In this sense, the XA and XB can be
considered as the pseudo-clock values of lab A and
B. It is important to understand that it is not the
clock values but the link values that are to be
adjusted.
The normal equation reads:

B PB xˆ − B Pl = 0
T

T

(2-6)

−1
(2-7)
xˆ = ( B T PB ) − 1 B T Pl = N BB
W
T
−1
T
−1
with N BB = ( B PB ) and W = B Pl .

(2-8)
(2-9)

The U.W.M.S.E (unit weight mean square error.):

σˆ 0 =

V T PV
=
r

V T PV
n−t

−1
BB

(2-13)

Finally, we define the weight P. In the TW time transfer,
the measurements can be considered independent. For
example, the links between NPL-PTB and USNO-PTB. The
measurements are carried out on different timing tags. The
signals sent out from the pivot lab PTB to NPL and to
USNO are not the same and are not on same epochs. No
common signals are shared. Therefore even if exist there
the correlations between the TW links, they should be weak
and can be ignored if there are no strong station based
noise.

Pi =

σ 02
M i2

(2-14)

here M i is the a priori measurement uncertainty that can
be defined in different ways: (1) Equal weight: for example:
M i = σ 0 = constant, so P = 1; (2) Use the uA given in the
section 6 of Circular T; (3) Use the closure information:
M

i

=

∑

( Closure
N

) 2 . We know that the weight is a

uncertainties will be adjusted according to their weights.
The adjusted corrections are independent on the value of
σ 0 . However, from equation (2-14), the term σ 0 makes
an important role for the uncertainty estimation. In practice,
we can do some iteration and compare the a priori σ 0 and
the a posteriori σˆ 0 .

(2-10)

Here n is the total observation number, t the nonredundant observation number and r=n-t is the
redundant number.
The variance-covariance of the adjusted unknowns:
−1
D Xˆ Xˆ = σ 02 Q XˆXˆ = σˆ 02 N BB

Dϕˆϕˆ = F Q XˆXˆ F = F N F
T

relative concept and is proportional to theσ 0 . The closure

The adjusted observations and unknowns:

Xˆ = X 0 + xˆ

(2-12)

T

The weight of the linki is defined by:

The solution of the adjusted unknown corrections
under the least square condition V T PV = min
exists and unique:

Lˆ = L + V

d ϕ = F T xˆ

(2-11)

The adjusted links are the functions of the
determined unknowns. The adjusted corrections V
are the differences of the measured raw links and the
adjusted links. From the equation (2-3), the
corrections V are the functions of the adjusted
unknowns x̂ . We can determine the variance of the
adjusted links by the uncertainty propagation law.
We give here only the general form. The weight
function and the variance are:

III. Numerical Test
We used the data TW Network of TAI0502 (Feb. 2005) to
test the adjustment model (cf. Fig. I-1). IEN is not included
in the adjustment due to its huge closures (Tab. I-3). The
method and the software developed allow making the
adjustment of multi-techniques with various constrains but
we here tested only the simplest case: a free network
adjustment with an arbitory point/clock PTB fixed (fixing
another point will not change the result).
The adjusted results
The main results of the adjustment are the adjusted links
(that is the sum of the measured raw link and adjusted
correction V) and their uncertainty estimations, variance or
m.s.u (Mean Square Uncertainty). Note that, the closures of
the adjusted links should be zero. The quality of the
adjusted links will be given by the analysis of the Modified
Allan and Time Deviations.
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III-1. The adjusted links, link corrections and the
mean square uncertainties m.s.u. ~ variance
There are totally 1456 independent links in the
network to be adjusted. A link here is a
measurement between two labs on an individual
MJD epoch: MJDi . Each links gets a correction Vi
and related m.s.u.i . Fig. III-1 and III-2 are the
histograms of these two values. Fig. III-1 shows the
V ~ Normal distribution with 90% of them between
+/- 1 ns. But indeed, 10% of the corrections are
bigger than +/- 1 ns. This shows an important role of
the network adjustment is to be able to detect the
gross errors thanks to the redundant measurements
forming the network.
ps
-1800|
-1750|
-1700|
-1650|
-1600|
-1550|
-1500|
-1450|
-1400|
-1350|
-1300|
-1250|
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-1 ns

σ̂ 0 is 0.823 ns vs. the a priori σ 0 1 ns.

The m.s.u. of the adjusted link are between 0.1 ~ 0.8 ns and
90% of them are 0.1 ~ 0.5. This can be considered as an
approach of the uA. In 10% of cases, we have the estimated
uA > 0.5 ns.
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FIG. III-2 The Mean Square Uncertainties m.s.u. ~
Variance1/2 of the adjusted link corrections

1 ns

++

+

III-2. Improvement in time stability given by Mod.
Allan and Time Deviations
The adjustment, as triangle closures, is made on each
individual measurement epoch MJDi. On average, there are
4 measured epochs/day adjusted in the test example. The
average interval is about 6 hours.

+

+
+
+
+

FIG. III-1 Histograms of the adjusted link
corrections (V/ps)
The V-histogram in Fig. III-1 gives the distribution
of all the adjusted link corrections: V. Fig. III-3
shows particularly the V-histograms of the two high
precision baselines: NPL-USNO and NPL-NIST.
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The a posteriori

Theoretically, we can predict that: if the adjustment can
really improve the stability, the improvement will be
expected mainly on the short term of τ 0 ~ 6 hours and then
slightly decrease with the averaging time increasing and
disappear in the end of several days or about.
As we know, the Modified Allan Deviation and Time
Deviation are very important indexes of the time-frequency
transfer stabilities. By the development of the mathematical
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model of the least square adjustment, none of
hypothesises concerning the time depending serious
processing have been used. It is a pure measurement
error adjustment and every measuring epoch is
independent. Therefore, the Allan and Time
Deviations measures if there will real improvement
of the adjustment.
NPL-USNO
N/Mean/RMS=88/20/362
-1100| +
-1000|
-900|
-800|
-700|
-600| ++++
-500| +++++
-400| +++
-300| ++++++++++
-200| +++++
-100| ++++++++++
0| ++++
100| +++++++++++
200| +++++++++
300| ++++++++
400| +++++++++
500| ++
600| ++++
700| +++

NPL-NIST
N/Mean/RMS=88/28/299
-600| ++
-500| ++++
-400| ++++
-300| ++++++
-200| ++++++++
-100| +++++++++++++
0| +++++++++++++
100| +++++++
200| ++++++++++++
300| ++++++
400| +++
500| ++++++++
600|
700| ++

Measured

Allan Dev. NPL-NIST

Adjusted

TDev. NPL-NIST
Measured
Link

v-Histogram/ ps

FIG. III-3 Histogram of the adjusted corrections

Adjusted
Link

FIG. III-4b Comparisons of the Allan (up) and TDev
(down) before and after the adjustment of NPL-NIST
Allan Dev. NPL-USNO

Measured
Link

Adjusted
Link

Adjusted

TDev NPL-USNO
Measured
Link

Adjusted
Link

FIG. III-4a Comparisons of the Allan (up) and TDev
(down) before and after the adjustment of
NPL-USNO

Fig. III-3 is the statistics of the corrections Vi for the links
NPL-USNO and NPL-NIST. Both are maser-maser
baselines. Fig. III-4a and 4b are the comparisons between
the Mod. Allan and Time Devotions computed before and
after the adjustment. The comparisons are made between
the measured raw links and the adjusted links. We can see a
net improvement in these deviations. We have no room to
list the results of all the baseline statistics of the network.
Most baselines especially the short terms of the long
distance baselines have a gain of 5 ~ 30%.
We point out that compared with the long baselines, the
gains of short baselines are less important but this does not
mean that the adjustment for short distances is useless.
Because the short baselines supply the redundant
measurements to form the closure conditions for the
adjustment, they indirectly contribute to the long baselines
through the network geometry. Without the short baselines,
there would not the adjustment of the redundancy.
The least square adjustment is no doubt helpful to have
improved the instability of the TW time transfer by using
the already available redundant data in the TW network.
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IV. Combination of the Multi-technique
redundancies with the network adjustment model
So far, the adjustment is carried out on each
independent measuring epoch without any constrains
between. In fact as shown in Fig. IV-1, we can make
constrains between the adjacent measuring epochs
by applying a second independent observation, such
as the carrier phase information. Assuming the time
transfer link is a function of time, on the measuring
epochs i and i+1, its values are L(Ti ) and L(Ti+1 ).
The constraint condition can be described simply as:
L1 (Ti+1 )- L1 (Ti )= L2 (Ti+1 )- L2 (Ti )

(4-1)

Here L1 and L2 are two independent linking
techniques for the same baseline on the same time.
As we know that one of the difficulties to combine
different links is the inter-technique biases caused by
the calibration errors or the long term instability or
the ambiguities in time scale etc. In general we have:
L1 (Ti )= L2 (Ti )+Bi

(4-2)

Here Bi is the total biases at epoch i between the two
techniques: L1 and L2 . By differential of the above
equation w.r.t. time, we have:
dL1 (Ti )= d L2 (Ti )

(4-3)

Equation (4-3) is the differential representation of
the constraint defined in equation (4-1).
Time
P T B
U

MJDi+2

R

O

S

N

O

I E N

A

Constrain i+1

N I S T

O

P

V S L

N

P

L

P T B
U

MJDi+1

R

O

S

N

O

I E N

A

Constrain i

O

MJDi

R

O

S

V S L

N

T

I E N

Mjd 2

Mjd 1

L1 ( TW ) dt =

∫

Mjd 2

Mjd 1

L 2 (CP ) dt

Introducing this constraint into the network adjustment
model allows us to take the advantages of the CP
information and reduce the effects of its disadvantages.
Here, the absolute time scale is supplied by TW code
information. Till now, the TW carrier phase data are not
available. However the GPS carrier phase information is
measurable by GPS receivers. Because the TW and GPS
are two completely independent techniques, the
combination of TW and GSP through the constraint
condition should greatly improve the short and long term
stabilities and make the combined solution more robust.
Finally it should be pointed out that the global adjustment
model can be used directly to combine all kinds of
redundant time links with the observation equation (2-1)
without changing any procedures of the adjustment. For
example, the latest developments [2], [3] supply the
continuous combined GPS P code and CP solutions, known
as the AIUB and PPP solutions. It is proven that their short
and long term stabilities are comparable with TW. Their
long term agreements with TW are within or about 1 ns [5].
This implies that the biases between TW and the AIUB or
PPP solutions are negligible. We can therefore use directly
the TW and GPS solutions to establish the observation
equations and adjust them as a whole. However, unlike
TW, GPS links are not independent. In an independent
triangle, there are only two independent links.
V. Conclusion

N I S T

P

V

S

L

N P L

FIG. IV-1 Constraints between the MJD epochs
The advantage of the constraintt (4-1 or 4-3) is the
biases Bi disappear when forming the differentials of
the measurements between two measuring epochs
and we do not require the long term stability in a
tiny time difference between the two techniques. In
this way the carrier phase information can be used.
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∫

N P L

B

O

A

O

Setting L1 = TW and L2 = CP (carrier phase) in equation (41 or 4-3), we can have a general relation:

N I S T

P

P
U

The carrier phase information is characterized by its
advantage of very good short term precision better than the
codes and its disadvantages of poor long term instability
due to the problems of cycle determination, discontinuities
and frequency drifts [5]. For these reasons, carrier phases
are not used for time transfer and not suitable for long term
frequency transfer.

TW network is highly redundant in geometry, in density
and in multi-technique measures. However, Single baseline
time transfer is still the only way in TAI practice. For N
TAI laboratories, only N-1 single baselines are used. The
European-American TW is actually measured as a network
comprised of 12 TW laboratories. It supplies 66 measured
links of which 55 redundant links, that is, 83% of the total
measurements are not used in TAI. We propose a method to
ameliorate the traditional single baseline transfer with a
network time transfer through a global least square
adjustment. The global network adjustment is theoretically
serious, fully profits the total redundancy of a network,
allows combining different techniques and gives variance-
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covariance information for the uncertainty
estimation. Obvious improvement in stability and in
solution is expected without new more
measurements required.
TW is at present one of the most precise time
transfer techniques. However the closure analysis
shows it is limited by the baseline dependant
uncertainties. One of them is probably the diurnal
disturbances. The closures of three time links are the
true measurement errors because the three clocks
involved are removed in the closing geometry. The
closure analysis and network adjustment show: TW
baseline dependent measurement errors may be up to
2 ns in maximum. The adjustment is based on the
closure analysis. We do not need any complex
hypothesis to complete its mathematical model.
After the adjustment the network becomes
structurally more homogeneous. The network time
transfer is more robust than the traditional single
baseline time transfer.
A test adjustment was carried out using the TAI0502
TW network. Numerical experiences show about
90% of the measurement corrections (error
estimated) is less than 0.5 ns but till some 10%
between 0.5 ~ 2 ns. The 90% of uA is estimated less
than 0.5 ns with about 10% between 0.5 ~ 0.8 ns.
These results agree with the closure analysis.
Mod. Allan and Time Deviations are the common
tools to examine the time transfer quality. Because
the least square adjustment is completely
independent of the Allan stability theory, these two
deviations are the objective index to verify the
improvement in the adjusted time links. The Allan
stability analysis shows that the proposed adjustment
improves the stability with a gain up to 30% for long
baseline. It gives also the uncertainty estimation on
every measuring epoch. The gains come from the
contribution of the redundant measurements.

We developed the related mathematical model and an
automatic procedure which has been installed in TAI
computation software Tsoft.

Acknowledgement
The authors would thank all the TW laboratories for their
data contributions to TAI and Dr. Demetrios Matsakis of
USNO for the helpful discussions exchanged.

Reference
[1] Wuhan University of Surveying and Mapping: Theory
of Errors and Foundation of the Surveying Adjustment,
Publish House of the Wuhan University, 2003
[2] R. Dach, L.G. Bernier, G. Dudle, T. Schildknecht, and
U. Hugentobler, Geodetic Frequency Transfer - recent
developments in the AIUB-METAS collaboration, IN Proc.
19th EFTF 2005.
[3] J. Kouba, P. Héroux, Precise Point Positioning using
IGS orbits and clock products, GPS Solutions, 4, p.31,
2001.
[4] Petit G. and Z. Jiang: Using a redundant time link
system in TAI computation, IN this Proc. EFTF 2006
[5] Jiang Z., R. Dach, G. Petit, T. Schildknecht, U.
Hugentobler: Comparison and combination of the TAI time
links with continuous GPS carrier phase results, IN this
Proc. EFTF 2006

Because the major resources in the uncertainty
budget of the UTC-UTC(k) are from the link
uncertainty and the TW laboratories transfer more
than 60% of the TAI clocks, any gain in the TW
time transfer will bring a direct amelioration of the
quality of TAI.
GPS CP (carry phase) only information and the
combined P-code and CP solutions can be used as
constraints or/and independent observation in the
TW network adjustment. The fact that the TW and
GPS are completely independent techniques
guarantees their combination being able to improve
the short and long term stabilities and increase the
robust capability. We are facing an epoch of multitechnique-network time transfer.
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Over the last few years the number of high accuracy (uncertainties in the low 10-15 or less) primary frequency
standards contributing to TAI has increased significantly from only two over the period 2000 - 2002 to seven
over the period 2002 - 2005. As a consequence the number of individual measurements of TAI frequency by
such standards over the period 1999 to 2005 is > 60 and increasing rapidly. Additionally, several other atomic
transition frequencies (Rb, Yb +, Hg +, Sr+,...) have been repeatedly measured over the same period with
comparable accuracies. The resulting overall set of data is now sufficiently large to be able to obtain meaningful
statistics for the complete data set and, in some cases, for the contributions from individual standards. We show
the ensemble of the data available to the BIPM at the time of the conference together with the results of some
basic statistical analysis. In particular, we investigate the impact of these standards on the overall uncertainty of
the realisation of the SI second via TAI, and the performance of some individual standards. Our results indicate
that while there is good self coherence of most studied standards (especially for recent data) there seems to be
significant disagreement between individual standards. We briefly discuss some potential sources of that
disagreement (time transfer noise, uncertainties of the standards, instability of the reference timescale, etc…).
We hope that, in the long term, this ongoing study will allow a better characterisation of the ensemble of
standards and their impact on TAI.

I. INTRODUCTION
Over the last decade of the 20th century and the first
few years of the 21st, the uncertainty of atomic clocks
has decreased by about two orders of magnitude,
passing from the low 10-14 to the low 10-16 [1,2,3], in
relative frequency. This rapid evolution is essentially
due to the technological applications of laser cooling
and trapping of atoms and ions, and the resulting
construction of fountain clocks using freely falling laser
cooled atoms , and of trapped ion and neutral atom
clocks.
In particular, numerous fountain clocks based on the
hyperfine transition frequency of the Cs atom (Primary
Frequency Standards, PFS) have been built and operated
over the last decade or so, some of them now reaching
uncertainties in the low 10-16 . Such clocks directly
realize the present definition of the SI second, and as
such are used to calibrate the International Atomic Time
(TAI), whose scale unit is defined as equal to the SI
second on the rotating geoid.
Atomic transitions other than the hyperfine Cs line are
increasingly being investigated in order to overcome
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some basic limitations of the Cs clocks. These are
mainly the hyperfine Rb transition measured in Rb
fountain clocks and optical transitions in ions (Yb +, Hg +,
Sr+, Al+,…) and neutral atoms (Sr, Yb, Ca,…). Such
transitions can be related to the SI second via a
conventional reference frequency expressed in SI
seconds and based on the complete body of
measurements available. Throughout this paper we refer
to non-Cs transitions as Secondary Representations (SR)
of the SI second.
Comparing such standards (PFS and/or SR) at the
achieved levels of uncertainty is no easy task, even
when the standards are in the same lab, but even less so
when they are in distant locations. Several comparison
campaigns have been carried out for fountain PFS,
either on site [1], by transporting the only available
transportable caesium fountain SYRTE-FOM to PTB
and comparing it with PTB-CSF1, or by using remote
time/frequency comparison methods [5,6,7]. Whilst
accurate into the low 10-15 or slightly below these
methods have the disadvantage that they require
simultaneous operation of the different standards as well
as of the used time/frequency comparison methods,
which can pose a number of organisational and
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technological difficulties. Mainly for that reason the
number of such comparison campaigns has been very
limited.
An alternative is the comparison of standards using a
globally available continuous reference time scale like
TAI. This allows each standard to be operated whenever
convenient, but has the disadvantage of adding the
instability of the reference time scale when comparing
measurements by two standards taken at different
epochs. Nonetheless, we show that the large number of
available measurements (69 Cs fountain measurements
in the period 2000-2005) allows meaningful statistics in
the 10-16 uncertainty region when comparing individual
measurements from the same standard and
measurements from different standards.
In this paper we investigate the ensemble of
measurements of TAI frequency by Cs fountain PFS
reported to the BIPM over the period 2000-2005 and of
a few measurements from SR (Rb hyperfine and Yb +
optical transition). We study the impact of the advent of
high accuracy fountain standards on the knowledge of
the TAI scale unit, the self-coherence of individual
standards (comparing individual measurements from the
same standard), and the behaviour of individual
standards with respect to all others (comparing different
standards). We consider this paper as a first step of an
ongoing
study
providing
documentation
and
characterisation of PFS and SR over extended periods of
time, which, we hope, will lead to improvements in the
overall characterisation of the ensemble of standards
and their impact on TAI.
II. DATA
The first step of TAI calculation is the comparison (at 5
day intervals) of approximately 250 commercial freely
running atomic clocks that are located in timing labs
distributed world-wide. From these raw measurements
the BIPM constructs a freely running atomic time scale
(Echelle Atomique Libre, EAL) using a stability
algorithm designed for a compromise between overall
reliability and medium term (˜ 30 days) stability [8].
The frequency of EAL with respect to the SI second on
the rotating geoid (the definition of TAI frequency) is
obtained from measurements of the EAL frequency by
the PFS (see below). TAI is then obtained from EA L by
frequency steering following those measurements and
limited in amplitude in order to not degrade the short
and medium term stability. Hence the frequency
difference between EAL and TAI is deterministic
(reported in section 3 of circular T of the BIPM) and the
uncertainty in the knowledge of the TAI scale unit is
equal to the uncertainty of the determination of EAL
frequency from the PFS measurements.

In practice, PFS are used to determine the frequency of
EAL in the following way: The frequency of a local
clock that participates to EAL (in general a H-maser) is
measured over a given interval using the PFS, and the
result is reported to the BIPM. The BIPM then
calculates the frequency of EAL with respect to that
PFS over the appropriate interval using the known
frequency difference between the local clock and EAL.
Concerning SR, the same method is used, with the
difference that the conventional SR-Cs difference is
taken into account in the initial measurement of the
frequency of the local clock.
Fig. 1 shows all measurements of EAL frequency by
PFS sent to the BIPM over the period 1999 – 2005,
together with five measurements from the LNE-SYRTE
Rb fountain and two measurements from the PTB Yb +
optical frequency standard, which were reported for the
purposes of this work. Each point in Fig. 1 corresponds
to a measurement of average EAL frequency over
different time intervals, ranging from 5 to 60 days, and
plotted for the central date of the interval. For clarity
Fig. 2 shows the same data but only for Cs fountain PFS
and the two SR. The reference frequencies used for the
two SR were
f0 (Rb) = 6 834 682 610.904 324 Hz
f0 (Yb +) = 688 358 979 309 308 Hz

(1)

where the Rb frequency is the one recommended by
Recommendation CCTF 1 (2004) of the CCTF, and the
Yb + frequency is the best estimate by PTB, based on all
existing measurements.
Fig. 1 also shows the EAL-Tp frequency difference,
where Tp is a BIPM estimate of the realization of the SI
second for a given interval, using all PFS measurements
360 days before and after that interval. For Fig. 1 Tp
was calculated for each interval over which a PFS or SR
measurement was reported (sometimes overlapping) and
plotted for the centre of that interval. Roughly speaking,
Tp is a weighted average of all measurements one year
before and after the considered interval, where the
weights take into account the uncertainty of each
measurement, and the distance of the measurement from
the interval under consideration (via the instability of
EAL). The details of the algorithm are described in [9].
It minimises the overall error in the estimation of EALSI for a given interval, taking into account the
uncertainty of the EAL-PFS measurements and a model
of EAL instability. The latter is specified in each
monthly circular T (header of section 4) of the BIPM
time section. It is estimated by comparing EAL to other
atomic time scales and modelled using conservative
noise estimates that fit the resulting Allan variances.
Over the last few years the instability of EAL has been
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modelled using the quadratic sum of three noise
contributions:
σy (τ)2 = (3 10-15 τ -1/2 )2
+ (0.5 10-15 )2
+ (0.1 10-15 τ 1/2 )2

(2)

III. UNCERTAINTY OF TAI

with τ in days.
Table 1 summarises the most recent measurement from
each fountain PFS and from the two SR, including its
duration, the dead time, and uncertainty contributions.
The last two columns provide the uncertainty of the
EAL-Tp frequency difference for the same interval
when calculated using all PFS and when using all PFS
except the one under consideration.
days dead u A
%
IEN CSF1
NISTF1
NMIJF1
NPLCSF1
PTBCSF1
SYRTEFO2
SYRTEFOM
PTBYb +
SYRTERbF

25

40

0.6

uB
0.6

u l/lab u l/TAI* u Tp * u Tp *

(-PFS)

0.4

1.2

0.7

0.8

40 57.5 0.34 0.31 0.30

0.75

0.6

0.8

10 5.9 1.1

4.2

0.5

3.0

1.2

30 13.3 0.48 1.0

0.41

1.0

0.8

-

0.9 < 0.1

2.0

1.1

1.3

25 20.5 0.071 0.58 0.14

1.2

0.7

0.8

30 27.5 0.3

0.7

1.0

0.8

-

10 79.6 0.39 1.53 0.82*

3.0

1.3

-

10 74.9 0.17 1.04 0.58

3.0

1.4

-

15 0.9 1.0

1.1

Tab. 1: Data from the most recent measurement of each
standard. All values are in 10-15 except when indicated
otherwise. An asterisk indicates values calculated by the
BIPM.
Finally, Figure 3 shows the difference Tp-standard. The
error bars include the uncertainties of the measurement,
the uncertainties of the link between the standard and
the reference clock in the lab (including contribution
from dead time), the uncertainty from the link to TAI
(essentially time transfer noise), and the uncertainty of
Tp for the interval of the measurement. Note that there
is, of course, significant correlation between Tp and the
individual measurements, as each value of Tp is largely
determined by the measurement of the PFS over the
same interval. As a result, the spread of the points in
Fig. 3 is certainly underestimated (Tp “follows” the
individual PFS measurements) and the error bars are
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certainly overestimated (Tp uncertainty depends on the
uncertainty of the PFS, so to some extent error sources
are “doubled” when adding u Tp to the uncertainty of the
PFS).

Every month the BIPM publishes in its Circular T
(section 4) the frequency offset between the BIPM
estimate of all PFS standards (equivalent to Tp for a
monthly interval) and TAI, together with its uncertainty.
The same offsets are recalculated once per year (see the
BIPM time section annual report table 7), using all
available PFS data at the time of calculation (including
measurements taken after the initial publication in
circular T).
In this section we estimate the impact of high accuracy
PFS (Cs fountains, FO) on the knowledge of the TAI
frequency. To do this we calculate Tp for monthly
intervals from mid 1999 to the end of 2005, once using
all PFS and once exc luding all FO. Fig. 4 shows the
uncertainty in the calculated value of TAI-Tp frequency
(characterising our knowledge of TAI frequency) for
both cases. Two features can be observed: First, a
difference in uncertainty of the two calculations starting
when the first FO measurements were reported and
reaching about a factor 2 in recent years. Second, a step
in the uncertainty of both calculations around MJD
51900 (Dec 2000 – Jan 2001). The latter corresponds to
a change in the EAL stability model, implemented
following a change in the EAL weighting procedure and
a resulting improvement in EAL stability.
It is interesting that the advent of Cs fountains has lead
to an improvement of the uncertainty in Tp by “only”
about a factor 2, when the total uncertainty from such
standards as reported to TAI (including time transfer
uncertainty) is about a factor 5 to 10 smaller than that
from Cs beam standards. This is due to a combination of
two factors: the density of fountain measurements and
the instability of EAL. For PFS measurements that are
not exactly coincident with the monthly interval of Tp
evaluation, the weight of that measurement is decreased
due to the influence of EAL instability. This effect is
less critical for Cs beam standards as the contribution of
their intrinsic uncertainty remains dominant with respect
to that of EAL instability, but not so for fountain PFS
for which the contribution from EAL instability may
become significant for intervals as short as one month
or less. As a result, for a given month only the FO that
are coincident with that month contribute significantly
whereas, in the case where only Cs beam standards are
used, earlier and later measurements also contribute
significantly (leading to an overall improvement of,
roughly, vN where N is the number of contributing
standards).
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IV. INDIVIDUAL STANDARDS

V. SECONDARY REPRESENTATIONS

Four of the reported PFS fountain standards had
submitted a sufficient number of measurements (≥ 10)
to allow significant statistics of those measurements,
and their comparison to the ensemble of the other PFS.
These were IEN -CSF1, NIST-F1, PTB-CSF1, and
SYRTE-FO2. For each of these PFS we have calculated
Tp for the intervals of measurement of the PFS under
study but excluding its own measurements from the Tp
calculation. In that way, Tp reflects the best estimate of
the SI second as realized by all other PFS (“the rest of
the world”) for the intervals of measurement of the PFS
under study. The PFS measurements and Tp are then
statistically completely independent and meaningful
quantitative estimates can be drawn from the results.

Five measurements of EAL frequency by the SYRTE
Rb fountain and two measurements from the PTB Yb +
optical frequency standard are also shown on Figs. 1 to
3. The raw measurements are the SR-clock (H maser in
both cases) frequency differences, corrected using the
reference frequencies given in (1). The measurements
were extrapolated to intervals ranging from 5 to 60
days, taking into account the resulting uncertainty from
dead time. Thus, the error bars in Fig. 3 include uA , uB
of the standards, the uncertainty from dead time, from
the link inside the lab, and from the link to TAI (time
transfer). They do not include the uncertainties of the
reference frequencies f0 .

Figure 5 shows the four resulting frequency differences
Tp-PFS, with the error bars including the uncertainties
from the PFS, the dead time and link inside the lab, the
time transfer, and the Tp calculation. For each PFS we
have calculated the weighted average of all points
(WA), the uncertainty of that weighted average (uWA ),
and the reduced χ2 sum (χ) around WA defined as

χ=

1 N ( yi − WA) 2
N −1 ∑
ui2
i =1

(3)

where N is the total number of measurements, yi are the
individual Tp-PFS frequency differences, and ui the
associated 1σ uncertainties. The value of χ reflects the
statistical coherence of the data, χ = 1 corresponding to
a normally distributed data set, and χ > 1 indicating a
spread of the data that is too large, given the stated
uncertainties. The results for WA, u WA and χ are also
shown on figure 5.
We note, that all four PFS display a reasonable spread
of the data around their weighted average (values of χ
ranging from 0.4 to 1.2), and even more so for recent
data. However, none of the four PFS agree with the
“rest of the world” on average, i.e. in all cases the value
of WA is non-consistent with zero within its
uncertainty, the discrepancies ranging from 1.8σ to
4.6σ.
The fact that we can average a number of PFS
measurements in each case allows us to perform the
comparisons between individual standards and the “rest
of the world” with uncertainties (uWA ) in the mid 10-16 ,
in spite of the added time transfer noise and the
instability of EAL. This is of the same order or better
than the best direct on-site comparison reported in [1] or
the long distance comparison campaigns [5,6,7].

We note that all measurements from SR agree with the
ensemble of PFS within the uncertainties, i.e. they agree
with zero on Fig. 3. This in itself is not surprising as the
reference frequencies used are determined to a large
extent by the same measurements when compared
locally to the available Cs reference. Nonetheless, some
preliminary conclusions can be drawn. The five Rb
measurements all agree with Tp, indicating that there is
good coherence between the individual measurements
(no drift of the Rb-Cs frequency) as already reported in
other publications [1], but also that there is good
coherence between the local Cs references used
(SYRTE-FO2 and SYRTE-FOM) and all other PFS. Of
particular interest in this respect is the first Rb
measurement (of duration 60 days) which confirms the
good agreement between the local SYRTE Cs reference
at the time and the “rest of the world” although the
SYRTE Cs was not reported to the BIPM. A similar
conclusion (albeit with larger uncertainty) can be drawn
from the Yb + measurements which agree well with Tp.
This indicates that PTB-CSF1, which was used as the
reference to determine f0 , agreed well at that time with
“the rest of the world”, although it was not reported to
the BIPM.
In the long run, reporting SR to the BIPM and using
them for studies of the type presented here should allow
comparison of different SR that use the same atomic
transition and verification of the coherence of
measurements from individual SR.
Additionally, keeping track of the different SR in this
way should allow building sufficient confidence in these
standards to steer TAI to them using conventional
reference frequencies, and pave the way towards a
possible redefinition of the second.
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VI. DISCUSSION AND CONCLUSION
We have presented data from almost 6 years of
measurements of TAI frequency by primary frequency
standards (PFS), in particular Cs fountains (FO) and two
secondary repres entations of the SI second (SR), the
SYRTE-Rb fountain and the PTB Yb + optical standard.
We have studied the impact of the recent advent of high
accuracy standards (FO) on the knowledge of the
frequency of TAI, and used the data to compare the
standards amongst each other, with uncertainties that are
comparable to the best on-site or long distance
comparison campaigns.
As discussed in section III, use of the FO data has
improved the uncertainty of TAI calibration by about a
factor 2. There are several ways for further
improvement:
• improving the uncertainties of the PFS and the time
transfer
• increasing the number of measurements from PFS
• decreasing the instability of EAL.
Any one or a combination of these factors would benefit
TAI and any user that demands utmost accuracy, for
example a laboratory that wants to measure an atomic
transition frequency without disposing of a high
accuracy Cs reference.
We have studied four of the fountain PFS individually
(section IV) and found good self coherence of the
measurements but significant offsets between each
standard and “the rest of the world”, ranging from
(0.89±0.46)x10-15 to (3.5±0.76)x10-15 in amplitude.
Those discrepancies could be due to the time transfer
(link to TAI) or the instability of EAL, but we consider
this as unlikely because the corresponding uncertainties
are incorporated in our comparison (via u l/TAI and u Tp )
and are estimated rather conservatively. Another
possibility could be an unknown or incorrectly
characterised frequency bias in the PFS thems elves, like
for example the black body radiation shift whose
“standard” evaluation has been called into question
recently [10]. Nonetheless, that alone is unlikely to be
sufficient to explain all the differences, indicating that
there might still be some effects in (individual or all)
fountain PFS that are insufficiently understood at the
upper 10-16 or even the 10-15 level.
The two studied SR show good coherence of the
individual measurements and good agreement with the
PFS. As mentioned in section V, the latter does not
allow drawing significant conclusions as the used
reference frequencies (1) were derived essentially from
the same measurements. Instead we consider the
measurements as the first of their type that, in the long
run, should allow steering of TAI to SR and pave the
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way towards a possible redefinition of the second. More
generally, studies of the type presented here show that
comparing SR to TAI via a local clock (H-maser) can
allow laboratories to perform measurements of atomic
transition frequencies with relatively good accuracy
(potentially mid 10-16 ) without necessarily disposing of
a high accuracy Cs reference nearby. Inversely
laboratories that dispose only of a SR (with a
conventionally agreed reference frequency f0 ) could still
contribute to and improve TAI with regular
measurements of their SR.
In summary, we have presented the current state of high
accuracy frequency standards (fountain PFS and SR) as
reported to the BIPM and discussed their contribution to
TAI, and their overall performance. We hope that this
study and its successors will aid the time/frequency
community to make the best use of such standards and
will provide valuable feedback for the groups that
develop the standards themselves.
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Fig. 1: All measurements of EAL frequency from PFS and the two SR (in 10-14 ) over the period 1999 to 2005, together with the BIPM estimate (Tp) for each
interval of measurement.
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NIST-F1
NMIJ-F1

69.5

NPL-CSF1
PTB-CSF1
SYRTE-FO2

69

SYRTE-FOM
PTB-Yb+
SYRTE-RbF

68.5

68

67.5

67
51300

51800

52300

52800

53300

Fig. 2: Measurements of EAL frequency from Fountain PFS and the two SR (in 10-14 ) over the period 1999 to 2005.
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Fig. 3: Difference Tp-Standard (in 10-14 ) for Fountain PFS and the two SR over the period 1999 to 2005.
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Fig. 4: Uncertainty of Tp for monthly intervals using all available PFS (lower curve), and excluding fountain PFS (upper curve).
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Fig. 5: Four individual PFS (see text for details).
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UTC(SU) steering time scale
Current status and further improvements
L. Gornaeva, N.Koshelyaevsky, E.Zagirova
Institute of Metrology for Time and Space FGUP VNIIFTRI,
Mendeleevo, Moscow region, 141570, RUSSIA
nkoshelyaevsky@imvp.ru
As it has been reported during EFTF’05 meeting on 2004, December 30 the realization of UTC(SU) – the
national time scale of Russian Federation – was changed. We continue to maintain autonomous atomic time
scale TA(SU) without any changes and started new realization of the steering UTC(SU). The main aim of
steering time scale is to generate UTC(SU) as close as possible to the UTC and do not spoil considerably
medium term time stability due to steering process.
At the moment UTC(SU) time stability relative to UTC σx(τ) ≤ 4 ns for sample time 40 days and σx(τ) ≤ 3 ns for
TA(SU) correspondingly. This relations between time stability’s looks quite natural because of time constant in
steering filter about two months, so considerable stability improvement in UTC(SU) will be seen for larger
sample times.

1. INTRODUCTION

II. ALGORITHM AND REALISATION
The main ideas of applied steering algorithm were quite
the same as it was reported in [1] and were based on
PhaseLockLoop (PLL) principles. The gained time
difference was estimated and then a proper permanent
for the whole month steering frequency bias was
introduced to eliminate it. Steering correction to be
introduced in month i+1 have been calculated in month i
basing on UTC-UTC(SU) readings for the months i-2
and i-1. A linear fitting prediction model was used for
time scale difference. To prevent possible abrupt
frequency changes due to time link noises and keeping
in mind high internal frequency stability of the atomic
time scale TA(SU) based on the ensemble of H-masers
a steering limit was introduced. The value of steering
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TIME SCALE DIFFERENCE
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As it has been reported during EFTF’05 meeting [1] on
2004, December 30 the realisation of UTC(SU) – the
national time scale of Russian Federation – was
changed. We continue to maintain autonomous atomic
time scale TA(SU) without any changes and started new
realisation of the steering UTC(SU). About one year
has elapsed since that time and we would like to deliver
some results regarding performances of the UTC(SU)
and discuss further proposals to improve it.
The main goal of steering time scale is to generate
UTC(SU) as close as possible to the UTC, following to
the recommendation S5 (1993) [2], and do not spoil
considerably medium term frequency stability due to
steering disturbances.
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Fig.1
limit was in conformity to frequency stability and
residual frequency drift of TA(SU) relative to TAI.
Such approach have been applied starting 30 December
2004 till now with steering limit 3×10-15 (259 ps/day)
and result is depicted on Fig.1. At the start moment
2004, December 30, time difference between UTC and
UTC(SU) was about 160 ns and relative frequency
difference about 1.6×10-14. To remove the initial time
and frequency differences we introduced time step of
160 ns to the UTC(SU) but could not introduce proper
frequency step into UTC(SU) but 1.0×10-14 only, so it
takes us about half a year to equalise frequency
difference. Along with it during this period additional
time difference about 40 ns has been gained and we
needed once more a few months to reach UTCUTC(SU) difference in close vicinity.
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III. POSSIBLE IMPROVEMENTS
A special study was made to investigate possible
improvements of steering ability and compromise
between time error and frequency stability deterioration.

not correspond exactly to that get by simple removing
of visible frequency drift as a single whole.
Unfortunately tracking ability in this case is not high
enough. More over the dependence of σy (τ) plot for
steering limit 100 ps/day do not manifests stability
TIME STABILITY PLOT
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As a real source data for investigation purpose we used
TAI - TA(SU) difference biased by 1.0×10-14 as it was
made during UTC(SU) correction on 30 December
FREQUENCY STABILITY PLOT
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2004. And then apply steering algorithm with steering
limit spanned from 100 ps/day to 600 ps/day. The
results of the estimations are depicted
on following three pictures: Fig.2 to
Fig.4. Perhaps the most striking result
MEAN DEV ns
RMS DEV ns
is somewhat unexpected stability
+15
σy(10 d)×10
improvement to the level higher than
+15
σ
(30
d)
×10
y
source stability for steering limit
+15
σy(60 d) ×10
100 ps/day!
σx(10 d) ns
A possible explanation is that applied
σx(30 d) ns
-15
steering limit 100 ps/day→1.15×10
σx(60 d) ns
is practically equivalent to estimated
residual frequency change per month in TA(SU) system
- 4.2×10-17/day →1.2×10-15/month. So in this case we
revealed to full extend the potential non-deterministic
level of TA(SU) stability.
Strictly speaking this is not the case. The introduced
steering frequency corrections do not exceed 100 ps/day
and are not equal to 100 ps/day. It's values may be some
what less. So the obtained frequency stability level do

100

1000

Sample Time, Day

MJD

Fig.4
improvement as sample time becomes greater, so the
time scale even can't be treated as steered one. For
example the following table which contains extractions
from figures 1-4 shows that for greater steering limits
one may get rms time deviation in a few times less than
for 100 ps/day.
On other hand one can't increase steering limit infinitely
despite time tracking ability in this case will be better.
The faster tracking inevitably produces frequency
stability deterioration.
So one has to find a proper equilibrium between
tracking ability and frequency stability. This
compromise have to be based on application purpose of
steering time scale. If the main purpose is to produce at
any price time scale in closest vicinity to reference one
have to introduce fast tracking.
On other hand one of the main goals of local UTC(k) is
to offer user the real time realisation of the UTC
because of the UTC is accessible with time lag about
SOU
RCE
188
128
2.00
0.86
1.23
1.00
1.29
3.68

CIRCUL
AR T
20
13
2.05
1.48
2.15
1.02
2.21
6.43

100

200

259

300

400

600

91
41
2.06
0.70
0.69
1.03
1.05
2.07

21
15
2.06
1.45
2.33
1.03
2.17
6.99

16
10
2.11
1.54
2.18
1.05
2.31
6.53

13
8
2.17
1.72
1.78
1.08
2.57
5.33

11
6
2.27
2.03
1.72
1.13
3.04
5.14

10
6
2.42
2.05
1.51
1.21
3.07
4.51

one and a half months. So strictly speaking user needs
local UTC(k) scale for above mentioned period, after
that one may get direct access to UTC.
The presented figures reflects stability estimations
relative to UTC and for sample interval at least from 5
to 10 days are limited by time transfer link quality. So
the influence of introduced steering corrections on
stability is strongly hidden by time link resolution. This
is the case for UTC-UTC(k) difference but for local
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users equipped with high stable clock steering
corrections may deteriorate local clock stability
estimations relative to UTC(k).
We consider this problem may be somewhat soften if
steering correction will be introduced not as abrupt
permanent frequency step but will be done in a such
way that not only time scale but at least it's derivative
will be continuous in a pivot points. In this case steering
corrections will be variable within month. We have just
started this study and hope to finish and report it in
closest future.
IV. CONCLUSIONS
For the first time in the history of Russian atomic time
we developed steering coordinated time scale UTC(SU)
in close vicinity to UTC. The achieved tracking ability
characterised by mean time deviation |UTC-UTC(SU)|
= 20 ± 13 (1σ) ns. This level is not indicative be-
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cause more than half year we were forced to
compensate initial frequency difference. The
investigation on steering time scales will be continued
and steering ability will be improved.
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Hardware aspects of a Real-time Software Clock
W. Klische and G. Kramer 1
K+K Messtechnik GmbH, St.-Wendel-Str. 12, 38112 Braunschweig
Electronic address: kplusk@t-online.de
1
retired from PTB
A multi-channel digital phase recorder measures the standard frequency signals of an ensemble of atomic clocks (2 hydrogen masers + 1 caesium clock) with picosecond precision,
a microcomputer compares the digital phase data, calculates in real-time an optimum synthetic time scale, and automatically tunes an VCXO to represent that scale. The software is
made to generate an optimally stable time scale and continue it even in the event of a sudden non-ergodic behaviour (failure) of one of the clocks.

1. INTRODUCTION
Software clock algorithms are well established, e.g. in
combining stable atomic clocks – some of them scattered all around the world – to form virtual time scales
(like UTC, TAI), that are normally distributed to users
by bulletin in retrospect only. In contrast to such ‘paper
clock’ approach, we have investigated the hardware
requirements and actually built what we call a ‘real time
software clock’, i.e. a device, which accepts the output
signals of various stable clocks (plus possibly some
bulletin information and strategic operator decisions),
and from these generates an optimised output clock
signal under the control of software clock algorithms.
In particular, we are currently developing a unit that
combines two masers, a Caesium clock and a GPS timing receiver to form a local embodiment of UTC. The
output signal, we call it PRC, the ‘Primary Reference
Clock’, is generated by a VCXO with good short-term
stability. The relative phases of all the input clock signals and of the VCXO are measured using an enhanced
version of our multi-channel synchronous digital phase
recorder [2], the concept of which had originally been
developed for the first ‘Optical Clock’[1], which was
based on stabilised gas lasers and infrared molecular
transitions around 30 THz and 88 THz.
From the measured phase data, the software clock algorithm derives the optimised virtual time-scale. The
VCXO is then controlled by a software PLL to track this
time-scale either exactly or with deliberate offset according to a operator-programmed steering function.
Alternatively, instead of controlling a VCXO, a continuous digital phase shifter could be used to shift the
output phase of one member of the clock ensemble accordingly. For various reasons however, in our first
approach, we use the VCXO, controlled through a special high resolution (24 bit) digital-to-analogue conversion scheme.

As the resultant software clock signal is fed back into
the same phase recorder, the attainable quality of the
software clock output should depend on the sources
only and on the proven sensitivity and stability of the
phase recorder (in differential mode), which is characterised by a measurement rate of 1 kHz and a noise level
below 10 ps (rms) for a single measurement. The speed
and resolution characteristics of the phase recorder currently allow for relatively slow action only of the software PLL: the period of the control cycle is 0.1 s, thus
calling for a good OCXO with high short- and mediumterm stability.
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Figure 1:
Elements of the Software Clock
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The resolution of the FX-type phase recorders can be
tested and demonstrated by recording the small and
stable phase difference measured between two versions
of the same (standard frequency) signal originating in
two outputs of an isolation (buffer) amplifier. We find
that logic level square waves between 10 kHz (FXE
only) and 10 MHz are well suited, the two signal versions differing in the lengths of the connecting cables.
The group delay of even standard RG58 appears to be
stable enough, as long as short lengths of cable (~10 m)
are considered.
Results for FX80 (input frequency range 4...40 MHz)
have been published already [2]. The noise floor is
characterised by a 10 ps (rms) scatter of the single
measurement and a measurement rate of 1 kSamples/s.
So at averaging times of 0.1 s the noise floor drops below 1 ps already.
In the mean time we have verified this level for FXE
(with extended frequency range 4 kHz ... 65 MHz) as
well. Systematic errors, i.e. errors that cannot be reduced by averaging, are mainly a residual temperature
sensitivity on the order of 1...2 ps/K, reflecting either
temperature gradients inside the instrument or incomplete balance of the temperature sensitivities of the
components used in the nominally identical channels.
Another source of systematic error in a multi-channel
instrument can be what we call ‘inter-channel crosstalk’. Such cross-coupling presents a danger particularly
in a software clock application, where all signals are at
precise standard frequencies. The measurement of the
phase difference of any two signals, applied to a pair of
channels of the instrument, should by no means be influenced by signals applied to the other channels. This
requires a very high degree of isolation between channels, achievement of which is complicated by the fact
that the pulse length expanders forming the basic down
conversion mixers of the channels should – on the other
hand – be placed close together inside a common thermal shield.
In a thermally controlled laboratory environment one
might consider separating the channels into different
modules. Presumably this would avoid the bumps entirely.
Using our standard test method that consists of recording the pulse delay in a short length of cable, we
have now applied an additional, variably phase shifted
version of the same signal to a third channel in order to
observe a possible interference. The result was, that in
our 1st version FX80 we found the same type of ‘coincidence bumps’ that we had already observed as the effect
of channel-to-reference coupling and which we success-
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fully suppress to a negligible level by the method of
‘reference scrambling’ [2]. Scrambling the reference,
however, cannot suppress channel-to-channel interference, which was found to be causing ‘bumps’ up to
30 ps high.
For both types of ‘bumps’, the dominant cross-coupling
mechanism was identified as being the (linear) effect of
unintentional coupling between PCB traces, in combination with the comparator non-linearity of the logic gates.
It is this non-linearity that converts the superposition of
an interfering waveform into phase modulation.
While such coincidence bumps are clearly a feature of
our time/phase encoding, which uses short rise-time
square-waves instead of sine-waves, it is interesting to
note, however, that with sine-wave signalling, the stray
capacitance would give rise to cross-coupling time
shifts of just the same peak deviation as in the observed
coincidence bumps; the main difference being that with
sine-wave signalling the perturbation exist at most of
the relative phases, whereas the square-waves mutually
interfere in the event of near coincidence of the level
transitions only.
A new, optimised PCB layout now reduces the crossinterference to a fraction of what it was before.
What we still observe as a systematic error, is an irregularly shaped cross-correlation feature, rather small (3 ps
peak ; < 1ps rms, see fig. 2) deviation, to which probably a number of different types of non-linear coupling
mechanisms are contributing.

Phase Deviation caused by channel crosstalk
4
3
Phase Deviation / ps

ENHANCED PERFORMANCE OF THE MULTICHANNEL PHASE RECORDERS.
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Figure 2
Correlation bumps caused by inter-channel interference
One type of unintentional coupling that we have already
dealt with, is caused f. ex. by the supply current pulses
drawn by the CMOS logic gates and buffers when
propagating square-wave signals. The resulting noisy
Vcc voltage then modulates the phase because of the
supply sensitivity of the propagation delay.
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For future applications we are also developing a new
phase recorder (FXC) with still further enhanced
speed/resolution characteristics. It should enable the
software clock to operate a much tighter PLL, thus easing the stability requirements of the VCXO. We now
found that the new design replicates an idea already
published by J. Kalisz [3].

Phase Difference OCXO vs. Maser A
Phase Difference / ps

It is clear that, as long as systematic errors can be made
visible by any means, including signal averaging for
noise reduction, they represent a challenge. Design refinement with better shielding and isolation is one approach, but it should also be noted that more sophisticated signalling formats like the use of differential signals (LVDS) and possibly PRN codes could improve the
immunity to interference in a software clock system,
particularly where it is based on a distributed clock ensemble.
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Figure 3:
Sample recording of the control deviation (error signal)

FXC already achieves the expected conversion speed
(~32 µs). A further enhancement of the resolution, appearing possible because of the faster averaging, still
remains to be demonstrated, however.
THE SWC COMPUTER SYSTEM
A general problem encountered when tackling timecritical real-time tasks with a standard PC, appears in
the variable response time of the WINDOWS operating
system. Unpredictable delays make it difficult to close
real-time control loops through a PC or even to receive
and store the continuous flow of data that our phase
recorders generate.
The FX80 and FXE phase recorders already employ a
dedicated microcomputer for handling the real-time
tasks and use the standard PC for the operator interface,
graphics, and file handling tasks only. Communication
with the phase recorders uses a special ‘hand-shake’
protocol, thus ensuring that no data is lost between the
68000 type µComp and the PC. But, though not lost,
data may be delayed. And wherever delayed action cannot be tolerated in a servo loop, the actions have to be
carried out in the µComp.
PRESENT CONFIGURATION OF THE SWC
So far our software clock (SWC) phase-locks a quality
OCXO to the mean phase of two hydrogen masers, to
which a deliberate offset can be added as an operatorprogrammed steering function. SWC thereby assumes
the additional job of an micro-phase stepper.
In another channel the software clock compares its
phase to that of a commercial caesium clock.
Figures 3 and 4 show a sample recording of the control
deviation (error signal) of the numerical PLL and its
Allan deviation plot.

Figure 4:
Modified Allan Deviation (Noise Floor)

PRELIMINARY ROBUSTNESS RESULTS
The main advantage to be gained by employing a software clock as the Primary Reference Clock lies however
not in extracting from the clock ensemble a signal with
superior phase noise properties but rather in the possibility of detecting non-ergodic behaviour (failure) in
one of the clocks and automatically excluding it from
the ensemble that forms the primary reference.
So far we consider two failure scenarios only, and direct
operator intervention.
1.) One of the maser clock signals exhibits a phase step
(see fig. 5). Such would most likely be caused by a faulty connector or distribution amplifier (or by sudden
bending of a connecting cable). Not only the otherwise
very stable phase difference between the two maser
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signals would show the step but even the VCXO with its
limited intrinsic stability can serve to distinguish, which
of the two maser signals is having the problem and
might have to be excluded.

Maser B Phase Step Response

its optimal validity, i.e. where the model parameters
best describe the actual behaviour. So the projected
phase x(t) is described by:
x(t) = x0 + y0·(t-t0).
Ergodicity monitoring / clock error detection
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Figure 5:
PRC response to a 1 ns phase step of Maser B
2.) Identifying the faulty maser is more difficult in the
case of a frequency step or slow deterioration of one of
the masers.
Here we will need the caesium clock as the arbitrator.
The inferior short-term stability of the caesium clock (as
compared to that of a maser), calls for a long observation time, before a decision can be made, which of the
two masers should be considered less reliable.
3.) Operator decision, whatever information it may be
based on, could also call for switching one maser temporally out of service; for maintenance or other interruption.
In all three cases, the S-W clock’s PRC signal should, as
precisely as possible, continue an even time scale. For
that purpose the SWC continuously monitors the phases
of all clocks with respect to the PRC and calculates a
model track of each clock. When one clock is taken out
of service, the algorithm that calculates the PRC scale
will simply disregard the measured phase of that clock
and replace the data with the model data, thus ensuring
that the PRC continues without a step in phase or frequency.
CLOCK MODELS
For the very stable atomic clocks we consider linear
interpolation models only. So the SWC software regularly (every 100 seconds) computes a linear fit of the
phase data measured during the past ~5000 s (operator
settable parameter). The model description has 3 parameters (x0, y0, t0), where t0 also describes the epoch of
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A rather unspecific method of detecting non-ergodic
behaviour of a clock signal, that was programmed and
tentatively implemented, consists of continuously calculating the Allan deviation for a number of dwell-times
Tau, and comparing the (filtered) results with predetermined threshold values for every Tau. These threshold
values will have to be a compromise and set so as to
avoid frequent false alarms as well as excessive delay,
before a warning is issued or the faulty clock is removed
from the active ensemble.
When, on the other hand, a new clock is added or reintroduced into the ensemble, it will have to be monitored for a period of time in order to develop or confirm
the model description before including it into the active
ensemble, i.e. before using its real-time phase data in
the PRC algorithm.
The model parameters are stored and can serve as a
condensed log offering the possibility to tie in with prior
states of the clock ensemble.
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Total deviation assessment with data preprocessing
Andrzej Dobrogowski, Michal Kasznia
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In the paper the time effective methods of total deviation and time total deviation calculation are
described. These methods consist in the reduction of the number of data used for calculation for
long observation intervals. The processes of the data reduction consisting in the creation of a new
data sequence that represents the old one are described. The results of the parameters’
calculations made on the raw and modified data series are presented and compared.

I. INTRODUCTION
Allan deviation ADEV and time deviation TDEV are
the parameters commonly used for describing the
quality
of
synchronization
signal
in
the
telecommunication network [1, 2, 3]. The parameters
allow to assess the variations of time interval provided
by the synchronization signal and recognize the type of
phase noise affecting the signal. The estimates of the
parameters are calculated for a series of observation
intervals using the sequence of time error samples
measured between two timing signals at the network
interface.
The number of data necessary for the reliable estimation
and the complication of the estimators’ formulae may
result in rather long time of the estimate calculation.
Such a problem is evident in the case of the calculation
performed for long observation intervals using the time
error samples taken with small sampling interval.
Therefore some methods enabling short ADEV and
TDEV estimation were proposed [4, 5] by the authors of
this paper. These methods consist in the initial
preprocessing of the raw data set resulting in the
reduction of the number of data used for the parameters’
estimation. The data preprocessing based on the
decimation (for ADEV estimation) and averaging (for
TDEV estimation) is performed if the estimate is
calculated for observation interval greater than specified
threshold value. Such preprocessing allows to make the
calculation faster (from ten to hundred times for
particular observation intervals) with the relative error
less than 10% for ADEV and 5% for TDEV. Such a
degradation of the estimates is acceptable in the
telecommunication applications.
Total approach to the parameters’ estimation was
proposed [6-8] in order to improve the confidence of the
timing signal stability measure. It consist in the
extension of the whole data sequence (in the case of
total ADEV estimation) or particular data subsets of the
sequence (in the case of total TDEV estimation). The
number of data needed for total deviations estimation is

enlarged by the extension, so we face the same problem
as described above: possible long time of the parameter
estimation for long observation intervals, when the time
error samples were measured with small sampling
interval.
In this paper the application of data preprocessing
previously used for time effective ADEV and TDEV
estimation, is also for total estimation of the parameters
proposed. The results of calculation of total deviation
and time total deviation for several data sequences with
and without data preprocessing are presented and
discussed. Usefulness of the total parameters in the
telecommunication applications is considered.
II. ADEV AND TOTDEV ESTIMATION
The formula for the estimator of the Allan deviation
ADEV takes the form:
ADˆ EV (τ) =

N − 2n

1

(xi + 2n − 2 xi + n + xi )2
∑
2(nτ0 ) (N − 2n) i =1
2

(1)

where {xi} is a sequence of N samples of time error
function x(t) taken with interval τ0; τ=nτ0 is an
observation interval [1, 2, 3]. In order to compute the
estimate of the total deviation TotDEV the extended
virtual data sequence {x#i} is created first [6, 7, 8]. The
items in the new data sequence take the values:
xi# = xi
x1#−i = 2 xi − x1+i

(2)

x N# +i

= 2 x N − x N −i
As result, we obtain the sequence of 3N–2 samples,
indexed from 2–N till 2N–1. The formula of the total
deviation estimator takes the form:
TOTDˆ EV (τ) =

(
xi#−n − 2 xi# + xi#+n )
∑
2(nτ0 ) (N − 2) i=2
1

2

N −1

2

(3)

In order to reduce the calculation time for long
observation intervals the modification of the time error
set was proposed [4]. The modification allows reducing
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the length of the time error sequence. The reduction of
data consists in the creation of a new data sequence that
represents the old one using the decimation of the raw
time error sequence.
The first step of the reduction is made when the
observation interval is greater than 300τ0. In this case
the number of data is ten times smaller than the number
of samples in the raw data set. The second step of the
reduction is performed, when the observation interval
exceeds 3000τ0. The number of values in the new data
set in this case is hundred times smaller than the number
of samples in the raw data set. The successive steps of
the data reduction can be performed for the observation
intervals greater than 30000τ0 or 300000τ0, if necessary.
III. TOTDEV COMPUTATION EXPERIMENT
The time of calculation and the accuracy of total
deviation values computed with and without data
preprocessing were analyzed in the experiment. Several
data sequences representing different time error types
were used. Two sequences were obtained from the
measurement process [4, 5]. The first time error
sequence (denoted as MSG, Fig. 1) was obtained from
the comparison of two internal oscillators of a timing
signal measurement system. The second sequence
(denoted as GPS, Fig. 2) was the result of the
comparison of two different oscillators controlled by the
GPS signals. The time error samples were measured
with the sampling interval τ0=1/30 s during the
measurement time of 4000 s.
400
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Fig. 1. Time error of the MSG signal measurement
20

TE [ns]

0
-20

1000

2000

3000

Table 1. Time of TotDEV calculation for the ranges of
observation intervals
data
range of observation intervals τ [s]
[0.1-1000]

raw
mod.

3:03.68
1:37.33

[0.1-1]

47.13
-

(1-10]

44.88
-

(10-100]

45.03
4.50

(100-1000]

46.64
0.49

Table 2. Time of TotDEV calculation for chosen
observation intervals
data
observation intervals τ [s]
0.1
1
10
100
1000
raw
2.20
2.25
2.26
2.25
2.42
mod.
0.22
0.02
The time of calculation with data modification is
approximately ten times smaller for the observation
intervals between 10 s and 100 s. It is about hundred
times smaller for the intervals greater than 100 s. Thus
the calculation time of the whole range of the
parameter’s estimate can be about two times smaller for
the modified data. The time of the data extension
process, necessary in the total deviation calculation, was
not taken into consideration.
The results of TotDEV calculations for the MSG and
GPS time error sequences are presented in the Fig. 3
and Fig. 4. The relative error of the calculations with
data modification is presented in the Fig. 5.

t [s]

-40
-60
-80

Fig. 2. Time error of the GPS signal measurement
Other sequences represent the typical noises for the
timing signals: white phase modulation (WPM), flicker
phase modulation (FPM), white frequency modulation
(FPM), flicker frequency modulation (FFM) and
random walk frequency modulation (RWFM).
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In the experiment the 81 values of TotDEV estimate for
the observation intervals changing from τ=0.1 s till
1000 s were computed. According to the rules of data
preprocessing presented in the previous section, the
calculations with data modification were performed for
the observation intervals greater than 10 s (first step of
modifications) and 100 s (second step).
In the Table 1 the time of TotDEV calculation for the
whole range of 81 observation intervals and for the
decade subranges of the whole range is presented. In the
Table 2 the time of calculation for some chosen
observation intervals is given. The format of the time is
as follows: minutes:seconds. The PC computer with
Pentium IV 3 GHz microprocessor was used for all
calculations.

TOTDEV [E-11]
1000
100
10
tau [s]

1
0.1

1

10

100

Fig. 3. TotDEV for the MSG sequence
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TOTDEV [E-11]
10000
1000
100
10
tau [s]

1
0.1

1

10

100

1000

Fig. 4. TotDEV for the GPS sequence
TOTDEVrelative error [%]

25
20
15
10
5
0
10

100
MSG

1000

The relative error of the TotDEV calculations for WPM
and FPM sequences is presented in Fig. 6. The relative
error for the WFM, FFM and RWFM sequences is
presented in Fig. 7.
TOTDEVrelative error [%]

5
4
3
2
1
0
100
WPM

IV. TDEV AND TOTAL TDEV ESTIMATION
Modified Allan deviation (MADEV) is used in order to
distinguish between the WPM noise and FPM noise.
τ
Time deviation TDEV ( TDEV (τ) =
MADEV (τ ) ) is
3
used in the telecommunication applications to evaluate
the synchronization signals in the telecommunication
network. The formula for the estimator of the time
deviation TDEV takes the form:

tau [s]

GPS

Fig. 5. TotDEV relative error for MSG and GPS
sequences

10

The relative error of TotDEV calculations for MSG and
GPS data sequences is rather acceptable. It does not
exceed 20% for the MSG sequence and 15% for the
GPS sequence. Better results were obtained for the next
sequences. The relative error was less than 5% for the
WPM and FPM sequences. The smallest error was
obtained for the WFM, FFM, and RWFM sequences,
where it is less than 1%.

ˆEV(τ) =
TD

x 6#n + k

=

(5)

x 3*n +1− k

where x k* is time error sample with linear trend
removed. Working on this extended subsequence
containing 9n samples, the average zj(n) is computed:
z j (n ) = x #j (n ) − 2 x #j + n (n ) + x #j + 2n (n )

TOTDEVrelative error [%]

1
0.8
0.6
0.4
0.2
0

2

j=1

x 3#n + k = x k*

tau [s]

Fig. 6. TotDEV relative error for WPM and FPM
sequences



∑  ∑(xi+2n −2xi+n + xi )

(4)
 i= j

where {xi} is a sequence of N samples of time error
function x(t) taken with interval τ0; τ=nτ0 is an
observation interval [1, 2, 3].
In order to compute the estimate of total time deviation
for the observation interval τ=nτ0, the procedure
described in [8] is applied. First, a subsequence
consisting 3n samples is chosen. Then the linear trend is
removed from this data subsequence. In the next step
the subsequence is extended at both ends by uninverted,
even reflection. The items in the new subset take the
values:
x k# = x 3*n +1− k
6n2 (N −3n +1)

1000
FPM

N−3n+1  j+n−1

1

(6)

where x #j (n ) is an average over n samples starting at
the index j. The formula (6) can be written in the form:
z j (n ) =
10
WFM

100
FFM

1000
RWFM

tau [s]

Fig. 7. TotDEV relative error for WFM, FFM, and
RWFM sequences

1
n

∑ (xk# − 2 xk#+n + xk#+2n )

j + n −1

(7)

k= j

The square root of the average of all subestimates for
each 3n subsequence existing in the data sequence gives
us the formula of the total time deviation estimator:

TOTTDˆ EV(τ) =

N −3n +1 

1
1 i +3n−1
z j (n) 2  (8)

∑
∑
6(N − 3n + 1) i =1  6n j =i −3n


(

)
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The calculation of sums within the 9n samples
subsequence can be simplified using the procedure
described in [9, 10].
In order to reduce the time of calculation for long
observation intervals, similar data modification, as for
Allan deviation and total deviation is proposed. The
data modification is performed, when the observation
interval exceeds 300τ0 (first step) and 3000τ0 (second
step), but instead of decimation the averaging of data is
used [4, 5]. Therefore, in the first step of modification
an item in the new data set is an average of the 10
successive samples from the raw data set, and in the
second step the new data set contains the averages of the
100 successive samples from the raw data set.
V. TOTAL TDEV COMPUTATION
EXPERIMENT
The same time error sequences, presented in the Section
III of this paper, were used in the total time deviation
calculation experiment. The assumption of the
experiment was the same as in the case of total
deviation: we wanted to compute 81 values of total
TDEV for the observation intervals changing from 0.1 s
till 1000 s (4 decades, 20 points per decade) using
modified and non-modified data. Then we wanted to
compare the results: time of calculation with and
without modification and the obtained values of total
TDEV. We changed quickly our assumption. After long
lasting computation of a few first values of total TDEV
we have stopped the calculation process. It turned out,
that the computation of the 81 values for the whole
range of observation intervals for the 4000 s data
sequence should last about 40 days. Therefore we have
shortened the range of observation intervals and the
length of the data sequence used for calculation. Thus
we computed 31 values of total time deviation for the
observation intervals changing from 0.1 s till 100 s (3
decades, 10 points per decade) for the data sequences
having the length of 400 s. In the Table 3 the time of
total TDEV calculation for the whole range of 31
observation intervals and for the decade subranges of
the whole range is presented. In the Table 4 the time of
calculation for some chosen observation intervals is
given. The format of the time is as follows:
hours:minutes:seconds. The results of total TDEV
computation for MSG and GPS sequences are presented
in Fig. 8 and Fig. 9.

Table 4. Time of total TDEV calculation for chosen
observation intervals for the 400 s data sequence
data
observation intervals τ [s]
0.1
raw
mod.

1

2.69
-

21.97
-

10

3:20.75
-

100

39:58.22
5.76

total TDEV [ns]
10
1
0.1
tau [s]

0.01
0.1

1

10

100

Fig. 8. Total TDEV for the MSG sequence
total TDEV [ns]
10
1
0.1
tau [s]

0.01
0.1

1

10

100

Fig. 9. Total TDEV for the GPS sequence
The comparison of time of total TDEV calculation is
very promising – the data reduction causes radical
shortening of the calculation time. Despite this the
numerical results are unacceptable: the relative error for
each data sequence exceeds 100%. The values obtained
using data modification are irregular – do not fit the
slopes characteristic for the particular types of noises.
The examples of the computation results for the FPM
and WFM time error sequences are presented in Fig. 10
and Fig. 11. The solid line presents the total TDEV
obtained with data modification, and the dotted line
presents the total TDEV obtained without modification.
total TDEV [ns]
10

1

Table 3. Time of total TDEV calculation for the ranges
of observation intervals for the 400 s data sequence
data
range of observation intervals τ [s]
[0.1-100]
raw
mod.
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6:36:35.10
17:42.53

[0.1-1]

1:43.15
-

(1-10]

(10-100]

15:07.64 6:19:44.31
51.74

tau [s]

0.1
0.1

1

10

100

Fig. 10. Total TDEV for the 400 s FPM sequence
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total TDEV [ns]
10

total TDEV [ns]
10

1
1
0.1
tau [s]

0.01
0.1

1

10

100

Fig. 11. Total TDEV for the 400 s WFM sequence
Because of the poor results obtained for the data
sequence having the length of 400 s, the next attempt
was made. The computations of total TDEV were
performed for the longer time error sequences (having
the length of 1000 s) expecting, that increasing the
number of averaged items may improve the estimate
obtained for modified data. The time of total TDEV
calculation with and without data modification is
presented in Table 5 (for the whole range and subranges
of observation intervals) and in Table 6 (for some
chosen observation intervals). The increasing of the
length of the data sequence results in serious enlarging
of computation time. The modification of data allows to
shorten of the computation time from almost 26 hours to
less than 1 hour for the whole range of observation
intervals.
Table 5. Time of total TDEV calculation for the ranges
of observation intervals for the 1000 s data sequence
data
range of observation intervals τ [s]
[0.1-100]
raw 25:53:41.36
mod.
56:12.85

[0.1-1]

(1-10]

(10-100]

5:06.32 47:06.03 25:01:29.01
3:57.50

Table 6. Time of total TDEV calculation for chosen
observation intervals for the 1000 s data sequence
data
observation intervals τ [s]
0.1
raw
mod.

17.36
-

1

1:06.52
-

10

100

10:37.85 4:53:42.84
46.47

The numerical results are somewhat better, than for the
shorter sequences, but there are still unacceptable. The
relative error is between 60% and 100%. The obtained
values are still irregular and the correct identification of
the noise type is difficult. The examples of the
computation results for the FPM and WFM time error
sequences are presented in Fig. 12 and Fig. 13. The
solid line presents the total TDEV obtained with data
modification, and the dotted line presents the total
TDEV obtained without modification

tau [s]

0.1
0.1

1

10

100

Fig. 12. Total TDEV for the 1000 s FPM sequence
total TDEV [ns]
10
1
0.1
tau [s]

0.01
0.1

1

10

100

Fig. 13. Total TDEV for the 1000 s WFM sequence
VI. CONCLUSIONS
In the paper the method of data modification, previously
used for time effective ADEV and TDEV assessment,
were adopted for total deviation and total time deviation
calculation. The decimation of data brings good results
in the case of the total deviation assessment. The
relative error of the result obtained with data
modification was acceptable small. The computation
time was from ten to hundred times shorter for the
particular observation intervals. The data modification
proposed will be helpful for fast TotDEV estimation,
when the data sequence is an effect of long time error
measurement with short sampling interval.
The data modification does not bring so good results in
the case of total time deviation. The averaging of data is
not an equivalent process for the data processing in the
procedure of total TDEV estimation, as in the case of
time deviation estimation. The data modification results
in an obvious shortening of the calculation, but the
degradation of the estimate is unacceptable.
Another problem is the time used for the total TDEV
computation. In the telecommunication applications we
often work on the long data series taken with small
sampling interval in order to obtain the parameters for a
wide range of observation intervals. In such a case the
long time of total TDEV computation (many hours) may
be unacceptable, when we need a fast evaluation of the
signal analyzed. We can obtain the common time
deviation within four minutes without any data
modification. The total TDEV may be useful only, if we
work on rather short data series.
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Applicability of Coaxial Cables at Picosecond Range Timing
K. Kalliomaki 1, J. Mannermaa 2, and T. Mansten 1
1)
MIKES, FI-02150, Espoo, Finland
2)
Nokia Corporation Technology Platform, FI-33100, Tre, Finland
kalevi.kalliomaki@mikes.fi.

Timing performances of conventional coaxial cables like RG 223 and RG 58 were studied.
The effects of timing pulse shape, cable bandwidth, ambient fluctuations and physical stress
were as input parameters. Pulse delays and shapes were studied using a time interval
counter and a fast digital oscilloscope. Delay as a function of frequency was studied with
resonance method and phase delay measurements. Effects of ambient factors and physical
stress were studied at a frequency of 5 MHz using a phase comparator capable of resolving
10 fs.
The results revealed that conventional tick pulse is not anymore usable below 1 ns if the
cable delay has to be well known. Environmental effects may change the cable delay up to
100 ps. Therefore, as a first approximation the pulse shape has to be changed to fit the
properties like bandwidth and velocity dispersion of cables. Cos2 pulse or RF-burst may
help but finally one has to use optical cables.

1. INTRODUCTION

II. MATERIALS

Time and Frequency Metrology has encountered new
challenges because the inaccuracy level requirements
approach picosecond range. Bandwidths of conventional
coaxial timing cables are limited to 100 MHz…1 GHz
range depending on their length, and quality and the rise
times of the PPS ticks are typically about 10 ns. Steeper
pulses produce too much pulse shape changes.
Moreover, the propagation velocity in cables is not
constant and it is influenced by changes in temperature,
in air pressure, and physical stresses due to e.g. bending.
MIKES and Nokia Corporation Technology Platform
have studied the impact of these phenomena on the
trigger level of timing pulse. Results of the studies
concerning the effects of these phenomena on the
trigger level were presented in the EFTF’05 [1].
Experimental measurements were carried out to study
the performance of the theoretical models and to find
out, in practice, the relative short term instability of the
measured value.
According to the preliminary results, e.g. the influences
of air pressure changes are observed at the relative level
of -5 ppm/mbar, or worse.
As conclusions, the increasing accuracy requirements of
the PPS ticks can only be satisfied by the meticulous
design of timing pulse shape and quality of the
transmission lines. Also air pressure will effect on
performance of the systems.

The coaxial cables to be studied were RG 223 and RG
58 with BNC-connectors in different lengths up to 100
m. Most of them were in fixed installations in Time &
Frequency laboratory (NMI), only short cables up to 10
m were studied separately. The reference plane for
delay measurements is defined to the outer end of the
dielectric insulator inside the connector.

III. MEASUREMENT METHODS AND RESULTS
Useful equations [2]
If the frequency f is high (> 1 MHz)

t p ≈ l∞ c (1 +

r

)
2ω l
r
t g ≈ l∞ c (1 +
)
4ω l
where: tp is phase delay [s/m]
tg is group delay [s/m]
r is the cable resistance/m
c is the cable capacitance/m
l is the nominal cable inductance/m
l∞ is the cable inductance/m at high frequency
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Cable resonance method
We have earlier used with good results resonance
measurements of open and short circuited cables. By
measuring all resonant frequencies up to 100 MHz, we
obtain both the cable delay at fixed frequencies and the
delay dispersion (and attenuation, too). Because the
resonances are quite sharp, the repeatability is quite
good, 0,1...0,2 % rms. of the delay for a single point. By
combining all the results, we can easily go down to 100
ps level using this very simple method. The necessary
instrumentation is a crystal controlled signal generator
and an oscilloscope. Because we need only one end of
the cable, we can measure delays of already installed
cables. See Fig. 1 for results.
180.00
Open/Short data
Estimate
Delay [ns]

178.00

176.00

Delay = 180.6-5.6*log(f)+1.3*(log(f))^2
Residual SD 190 ps, short correction 220 ps
174.00
1

10

100

Frequency [MHz]

Fig. 1: Propagation delay dispersion of a 36 m cable as a
function of frequency
Phase shift method
The second method we used was phase method using a
crystal controlled signal generator and a two channel
digital oscilloscope. We simply measured all
frequencies which produced zero phase difference
(modulo 2π) between the ends of the cable. In this case
both ends of the cable must be available. The phase
error in an oscilloscope and electrical length error of
connecting cables was eliminated by interchanging the
channels. Thus the dominating error is "manual" zero
phase detection. The error seems to be about the same
as that of the resonance method. We also used carefully
calibrated Network Analyzer (Agilent PNA series) to
check the delays up to 1 GHz.
Pulse delay method
Finally we tested the pulse delay method by using our
automatic clock measuring system with active hydrogen
maser as the main clock. After preliminary tests we had
to abandon time interval methods where a separate
clock was used as the pulse source because, due to
random drift of a cheaper clock (like rubidium), the
repeatability was worse than 100 ps.

500

We used the second pulse of our master clock as pulse
source. The cable was simply connected/disconnected in
series with our self check channel d0 and the
corresponding time change was registered automatically
every second. Due to the long (~ 100m) tick cable from
reference clock laboratory (underground) to the
time/frequency laboratory (2nd floor), the pulse shape
was nicely shaped and rounded (filtered) to mach cable
bandwidth, e.g. pulse shape did not change much due to
the filtering effect of the cable anymore. Thus trigger
point selection was not a problem and we could use our
ordinary 1 V level.
Improving the accuracy of a time interval counter
To eliminate the nonlinearity of analog interpolators of
the time interval counter (HP 53132A), we locked the
counter time base to a frequency with an offset of 1·10-9.
This causes the counter time base to drift 1 ns/s and the
100 ns ranges of analog interpolators are covered within
100 s. Because the measurement rate of the automatic
measuring system is 1/s, we obtain 100 readings in the
above-defined 100 s time. After calculating the average
value of those 100 readings, the nonlinearity is
compensated at any time interval value (cable delay) to
be measured and the random errors are decreased by
one decade. We obtained 20 ps repeatability using 300
ps rms (spec.) time interval counter.
Trigger level error
The main problem is the trigger level error, which is
proportional to the cable length. This can easily be 1 ns
due to delay dispersion and signal attenuation. Thus the
real delay in coaxial cables is a hard problem.
Fig. 2 depicts what happens in a cable due to delay
dispersion. Input pulse is idealized to correspond 20 ns
rise time. Output pulse is shifted left to conveniently
start from the same origin. The beginning of the output
pulse corresponds the contribution of high frequency (f
>1 MHz) components and the remainder that of low
frequency components. Naturally some low pass
filtering effect (rounding-off) exists, too, but it is
marginal compared to the effect of propagation
dispersion.
The horizontal bar indicates the measurement error
assuming that the beginning of the pulse is the "holy"
point. What else could be used as the right point?
Naturally we can't set the trigger level down to zero
volts to catch the right point. However, selecting a
relatively low trigger level lowers the inherent error and
eases the extrapolation of the pulse beginning. We have
done this extrapolation job by studying the pulse shape
with a fast digital oscilloscope (Tektronix TDS 2024,
BW 200 MHz). This error dominates in case of
"medium" and "long" cables.
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Fourier spectrum of a "tick" pulse

Amplitude [V into 50 ohm]

Input pulse
Output pulse
2.00
Measurement error 2 ns

1.00

0.00
0

5

10

15

20

25

Time [ns]

Fig. 2: The origin of measurement error
A S-shaped pulse occurs as an output pulse in long
cables of bad quality, especially if the input pulse is too
sharp. In this case the low pass effect is significant
compared to the propagation dispersion effect. As a
result of this high frequency attenuation, a low
"pedestal" appears at the leading edge of the pulse. In
this case the extrapolation back to the beginning of the
pulse is practically impossible.
It is not necessary, however, because "pedestal"
represents Fourier components outside the -3 dB
boundary of the propagation media. In other words,
those frequency components are not in the intended pass
band. This is a good reason to omit them. The simplest
way to omit the pedestal is to filter the input pulse to the
cable, i.e. to use rounded pulse instead of a sharp one.
Pressure and physical stress effects
As a surprise we found very significant correlation
between air pressure and cable delay. The correlation
coefficient was from –5 to –10 ppm/mbar. When
wondering about the explanation to this relationship,
negative coefficient was difficult to understand. In later
cable bending test, we collided to the same problem.
The delay decreased when bending the cable. We
wound 10 m cable around 25 cm (diameter) cylinder. It
resulted -30..-80 ps delay change, which is mostly
reversible.
Assuming that field components leak out from the
cable, we submerged the cable (1.6 m long) into clean
water (1.6 m) but this did not change delay
significantly. In this case physical stress due to bending
dominated causing up to 10 ps measurement noise.
Because group delay tg in cables is proportional to
(l·c)½, either inductance or capacitance has to decrease
when air pressure or physical stress affects. It seems
evident that capacitance is the “guilty” one. Stress may
cause small air gaps between dielectric and outer
conductor lowering the capacitance.

Fig. 3 depicts the envelope of the Fourier spectrum of a
conventional tick pulse. Two essential zeros are marked
up. The first one (100 kHz) corresponds pulse width τ
(f = 1/τ) and the second one (100 MHz) corresponds rise
time tr (f = 1/ tr). The actual spectra up to 50 MHz can
be calculated from the well known sin(x)/x equation.
Frequency components up to 100 kHz (f = 1/τ) define
the basic “body” of the pulse. Components between 100
kHz and 100 MHz define the edges (rise & fall times).
Because the spectrum follows 1/f –law, all components
are important. The sum of those 1/f components
approaches infinity when f increases without any limit.
Amplitudes of frequency components after 100 MHz
follow 1/f2-law, having only slight effect on pulse
edges.
20
0
Amplitude envelope [dB]

3.00

-20
-40
-60
-80
-100
-120
0.0001

0.001

0.01

0.1

1

10

100

1000

Frequency [MHz]

Fig. 3: Fourier Spectrum of a conventional tick pulse of
10 µs width and 10 ns rise time. Only essential
zeros are marked up
IV. CONCLUSIONS
Applicability of conventional coaxial cables at
picosecond range depends mostly on cable length.
Cables up to 1 m in length are practically free of
picosecond range problems assuming that anyone does
not touch them. Touching may change the delay e.g. 10
ps and the change may not be reversible. When
approaching the length of 100 m, even air pressure
fluctuation may change the delay 100 ps. In fixed
installations the cable movements are probably subtle
and similar effects into nearby lying cables may
compensate errors, when phase differences are
measurement subjects. If the real cable delay is
relevant, one has to be prapared to trigger level
corrections. The magnitude of this correction seem to be
about 30 ps/m at low (1 V) trigger levels but this
correction is proportional to trigger level. Thus the
above mentioned 100 m cable may cause 3 ns pulse
delay error.
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Final warning is, don’t use too sharp pulses! Pulse
spectrum must fit into –3 dB bandwidth of the cable. In
case of the above mentioned RG 223 or RG58 cables,
the rise time of the pulse in ns should be less than
L2/100, e.g. if the cable length L is 100 m the rise time
should be less than 100 ns to avoid most troublesome
pulse deformation effects.
To avoid dominating velocity dispersion effects, one has
to use RF-pulse (e.g. 100 MHz) instead of conventional
pulse. Then practically all frequency components are on
the flat delay area and pulse distortion is negligible.
The use of optical cables seems to solve the above
mentioned problems.
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Time Unit Transmission for Customers
A.S.Kleiman, V.S.Solovyov, G.S.Sidorenko, S.I.Zub, S.A.Talamanov
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Electronic address: stl@metrology.kharkov.ua

The problems of time unit transmission for customers, which one are interested with
synchronization of time of computers and computer networks, are considered in the article.
The results of the time server research are represented.

1. INTRODUCTION
The problem of time and frequency synchronization has
gained a great interest now, because time unit is
necessary for operation of many systems. Different
systems apply for time and frequency unit transmission
(satellite radionavigation systems (SRNS), meteoric
link, television etc.), which provide high accuracy, but
they have high cost. The great numbers of customers of
the time-frequency information have interest in the
technical accuracy (~1 ms). The transmission of time
unit with such accuracy can be achieved by application
of computer standard communication equipment.

II. NETWORK TIME TRANSFER
TECHNOLOGIES
The computer time scale usually has an error of 5 - 15
seconds per day. Time setting of the computer is carried
out by software. The information about current time
transmits to the remote computer with usage of different
data channels. The error of time setting is depend on a
propagation time of code sending by a data channel,
busy factor of system resources of the computer,
resolution of an operating system on time setting,
characteristics of a crystal oscillator.
There are a number of special network protocols for
time transmission. Daytime protocol provides the
sending format as current date (day of week, month, and
number) and current time (hours, minutes of seconds).
The sending format of Time protocol is time in seconds
(timestamp), counted after midnight on the 1-st of
January, 1900. The transmission of time is carried out
on request of the client. These protocols don’t provide
the correction of errors, which are conditioned by
transfer delay of sending on the network. Therefore
their usage is effective in networks with a high
transmission speed, for example in local area networks.
The most popular protocol of synchronization of time
scales is the protocol NTP [1], which provides the
greatest accuracy and reliability of time transmission.
The synchronization accuracy (the milliseconds in local
area networks and tens milliseconds in global network)

is provided even at presence of different delays, which
are conditioned by passing of packages through
intermediate routers.
The NTP model envisions some primary time servers,
which are exploited by national metrology services and
are clocked under the primary standards. NTP works by
hierarchical model, where small amount of servers are
synchronization sources for the greater number of
clients. The clients at each level or stratum are, in turn,
servers are a lot of clients with higher number of
stratum. The stratum numbers rise from primary servers
to lower numbered stratum of a tree structure. The
clients can use the information from set of servers
automatically to define the best source of
synchronization.
The programs performing synchronization by NTP
protocol, define following values: time scale offset,
complete delay from the client up to the server and
back, and variation. All these values are defined relative
to a time scale of the selected server. Time scale offset
defines the value of time scale correction of the client,
in order to their observations correspond to a standard
time scale. The variation characterizes a maximum error
of a local time scale relative to standard.

III. ABOUT TIME SERVER
The computer system of time-frequency information
transmission is created and exploited in National
Scientific Center "Institute of Metrology" [2]. The time
server of this system realizes a time synchronization
through telephone channels, and also by Internet with
usage of NTP, Daytime, Time, TSP protocols. The
server is organized on the basis of the PC Celeron and it
is synchronized by a 1 PPS signal from a State primary
standard of time and frequency of Ukraine. The
modified kernel of operating system FreeBSD 4.10
allows realizing correction of a system scale on an
external time signal which is given to one of ports. The
package NTP of the version 4.2 is installed on the
server. The array of time scale difference measurements
of the server and State primary standard of time and
frequency of Ukraine during 2 months (continuous
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microseconds, that characterizes
accuracy of
transmission of a unit of time.
Table 1
N
Average value of delay Root-mean-square
for a session, ms
deviation of delay
for a session
1
65,50
2,70
2
77,56
2,67
3
79,35
3,30
4
74,98
3,78
5
56,24
2,32

operation period of the server) has statistical
characteristics: root-mean-square deviation of a time
scale relatively a regression line is 17 mks, average
change of a time scale per day is 17 ns (fig. 1). The
array of relative frequency deviation values is obtained
by time scale difference data of the server and State
primary standard of time and frequency of Ukraine. It
has statistical characteristics: root-mean square twosample frequency deviation (Allan deviation) per day is
6·10-7 and average relative frequency change for one
day is 1·10-8 (fig. 2).

CONCLUSION

IV. TIME TRANSFER BY TELEPHONE
CHANNELS

The customers of Ukraine, Russia, and other countries
of CIS use the services of given time server. The
application of time server with such characteristics will
allow to meet the synchronization requirements of
computer time scales with accuracy not worse 1 ms in a
local networks and with accuracy up to 100 ms in the
Internet in the presence of the channel with high
capacity.

Furthermore the described time server has the function
for transmission of time unit through telephone
channels. The special software which allows solving
such tasks is designed.
The server waits telephone call of the client. The
conversation includes registration of the client,
measurement of a transfer delay from the server to the
client and statistical processing of results, creation of
the code of a current time in view of delay measurement
result, sending this timing code to the client. On the
obtained timing code the client adjusts the system time
scale. Client’s software is designed for an operating
system Windows. The time error is defined by a transfer
delay from the server to the client. The results of
measurement of this value for several communication
sessions are represented in the table 1
As follows from table, root-mean-square deviation of
delay from a session to a session differs on hundreds
∆T, mks
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Trusted Time Distribution Service for the Romanian Time Stamping Authorities
Anca Niculescu*, Violeta Ciociea
National Institute of Metrology, Sos. Vitan Barzesti no.11, 042122 Bucharest, Romania
*anca.niculescu@inm.ro

The Time and frequency laboratory of the National Institute of Metrology (NIMB) is the national reference
laboratory for time and frequency in Romania. This implies the assurance of measurement units for time and
frequency in Romania and their traceability to SI system. The main objectives of the laboratory are to keep
competence and resources for the measurement units of time, time interval and frequency, to maintain a national
time scale, UTC (NIMB), traceable to the international time scale UTC and to support and supply the Romanian
economy and general public with accurate references of time and frequency.
The development of electronic commerce and of the secure electronic document exchange requires trusted date
and time information. To meet the requirements of the Time Stamping Authorities (TSA) that are going to be
established in Romania, an experimental project was proposed by the Ministry of Communication and
Information Technology. As part of this project, the National Institute of Metrology will studies a new
dissemination service that provide a trusted time reference to the TSAs and for future activities that will use
electronic exchange of information. TSAs must have their own time sources traceable to UTC (NIMB) within 1
second.
The approach proposed by NIMB assumes that a TSA will have already sources of data and time synchronized,
e.g. GPS, in order to have the necessary redundancy. The TSA will call some times a day the NIMB trusted time
service, by a secure connection, in order to have its time information traceable to UTC (NIMB). Using this
solution we hope to be able to measure the rate of TSA clocks and to provide a certification of their time errors.
This paper presents the realization of the experimental project concerning the first trusted time dissemination
service in Romania, based on NTP time servers, that will assure the traceability to the UTC (NIMB) for all the
Romanian companies and institutions that will need this information.

1. INTRODUCTION

II. TIME KEEPING VIA THE INTERNET

As a governmental institution, one of the mission of our
institute, and in particular of its time and frequency
laboratory is to integrate Romania in the international
space – time reference system and, hence, to be able to
provide precise time to Romanian official institutions,
Romanian industry and private users. This implies the
assurance of measurements units in Romania and the
traceability or connection to the SI. The objective of
time and frequency lab are to keep competence and
resources for the measurement unit of time, time
interval and frequency in Romania, to maintain a
national time scale, UTC (NIMB), traceable to the
international agreed upon official time scale UTC
(Coordinated Universal Time), and to support to support
and supply the Romanian industry and general public
with accurate references of time and frequency.
Using the facilities of time and frequency laboratory,
the MCTI has proposed an experimentally project in
order to establish a time service for the distribution of
data/time information, service which should be
traceable to UTC NIMB).
Nevertheless this new project is affected by security
problems in order to ensure integrity, authenticity,
confidentiality and non repudiation of the information.

The most established technique to realize computer time
synchronization via INTERNET is the use of the NTP
(Network Time Protocol) [1].
NTP is designed to work in a large, diverse INTERNET
system. The best accuracy is normally obtained when
the time server is located as close as possible, in terms
of network delay and latency, to the inquiring clients.
The main issues for good stability are, however, low
network jitter and symmetric paths.
NTP is a good choice for time synchronization in a
variety circumstances, especially for INTERNET
environment. The flexibility of the client / server
relationship and the security methods allow NTP to
work well in almost any environment. NTP not only can
correct the current time but, it can also keep track of
consistent time variation and automatically adjust for
time drift on the client. In addition, the NTP daemon
can automatically adjust the time by periodic
increments. NTP is also able to operate through
firewalls and has a number of security features.
Today, in the world, exist more than 200 primary time
servers synchronized to UTC and several thousands
hosts and gateways that directly synchronize their
clocks via NTP.
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NTP works on a hierarchical model in which a small
number of servers can give time precise time to a large
number of clients. The client of each level (stratum) is,
in turn, potential server to an even large numbers of
clients of a higher numbered stratum. Stratum numbers
increase from the primary (stratum 1) servers to the high
numbered strata in the same way as the branches on a
tree. Clients can use the time information receive from
multiple servers to automatically determine the best
source of data/time and can prevent bad time sources
from corrupting this information. Figure 1 illustrates the
hierarchical model of the servers used in NTP.

Fig.1 – Hierarchical strata model of servers used in NTP
Under good condition on a LAN (Local Area Network)
without too many routers or other network delay
sources, the synchronization to within a few
milliseconds is normal. Anything that can adds latency,
such as hubs, switches, routers, or network traffic will
reduce this accuracy. The synchronization accuracy on a
WAN (Wide Area Network) is typically within the
range of (10-100) ms.
A server and a client can operate in three different NTP
modes: procedure-call, multicast and symmetric mode.
In the procedure-call mode, the server announces its
willingness to provide synchronization, but not to be
synchronized itself. Such a server is a primary server
that synchronizes its clock to a UTC source. The client
on the other hand announces its willingness to be
synchronized,
but
usually
not
to
provide
synchronization. The active communication between the
client and the server makes it possible to estimate the
time and frequency offset between their clocks and also
to estimate and correct for the network path delay.
In multicast mode, the server sends periodic NTP
broadcasts. The client receives these and determines the
time offset on the basis of an assumed delay. The major
difference between this mode and the procedure-call
mode is that the path delay cannot be estimated
momentarily. Instead, the path delay has to be
estimated, if needed, in advance. The multicast mode is
mainly intended for synchronization within local area
networks, which implies short distances, constant and
predictable delays and symmetric paths.
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In the symmetric mode, a server announces its
willingness to provide synchronization, but also to be
synchronized itself, if necessary. This mode is normally
used when primary servers need a back-up if the UTC
source fails.
The most common source of UTC is the GPS (Global
Positioning System) [2] which gives time to within 1 μs
relative to UTC. Other common UTC sources are long
wave radio transmitters with varying accuracy and
stability. One disadvantage with these radio
transmitters, as well as with GPS, is that they are out of
control by the users and may be subject to changes
without previous notice to the users. Other time sources
are of course local time scales based on one or several
atomic frequency standards.
For the INTERNET, synchronization accuracy is
unpredictable, so special care is need when configuring
a client to use public NTP servers.
The NTP software distribution supports the use of
redundant time servers. This means that a client has the
possibility to, after outlier detection and different
combining techniques, choose the most trustable server
or combination of servers among those inquired.
Redundant time servers are especially important for
time sensitive applications involving economic
transactions or legal issues. These applications would
also gain in reliability if a set of primary servers are
available in the close vicinity, for instance within a
country or region.
III. IMPLEMENTATION OF THE SYSTEM
The time and frequency laboratory of the NIMB is
presently equipped with 2 clocks: 1 HP5071A caesium
clock and 1 5071A Agilent caesium clock. The UTC
realization UTC (NIMB) is obtained from the HP5071A
clock. The time lab has been installed in a new
temperature stabilized room in January this year.
The time servers system was drawing up to be fully
redundant: two independent clocks, two time servers,
two independent INTERNET providers and an
autonomous power supply source (see Figure 3). For
the clients, this system is seen as a single system with
one IP address, available only for authorized ones
within a Public Key Infrastructure (PKI) [3]. The PKI is
composed by some Certification Authorities that
manage the cryptographic keys and by the Time
Stamping Authorities (TSA) to provide the necessary
trusted time reference.
Redundant time servers are especially important for
time sensitive applications involving economic
transactions or legal issues. These applications would
also gain in reliability if a set of primary time servers
were available in the close vicinity (say within a country
or a region).
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As primary servers were used two NTS-3000 server
from the company Elproma. The standard NTS-3000
network time server synchronized its clock via GPS
satellite system. The company who make the system
asked Elproma to add a 1PPS input to our NTS-3000
server in order to use it for connecting UTC (NIMB).
The advantage of adding this 1PPS input to the time
server, beside the better accuracy and the link to a
national time scale, is that contrarily of our reference
clock, the GPS system is out of control by the user and
may be subject to changes without notice to the users.
For the moment we allow a direct synchronization on
the NTS-3000 from our LAN. There is also a stratum 2
server, set up at MCTI headquarters, available for time
synchronization over the INTENET, it synchronizes
itself on our stratum 1 time servers which in turn has
two UTC sources: UTC(NIMB) and GPS.
The NTP daemon computes about every 60 seconds a
mean and a standard deviation for each of the different
sources available: UTC (NIMB) and GPS. The server
oscillator is then steered to a value on an internal
algorithm in order to minimize the time offset between
UTC and the server clock.
The TSAs clocks will be synchronized by calling the
NIMB trusted time server some times per day to get the
certification of their time references. In case when
UTC(NIMB)-Time (TSA) is less that 1 s the NIMB will
confirm the TSA time and certificates its validity.

Figure 3 shows the time offset and jitter (due to
interrupt latency, processing delays and similar effects)
of the time server NTS-3000 connected to UTC (NIMB)
over a period of 1 day and 1 week. It can be seen from
Figure 3 that the NTP daemon is able to synchronize the
clock in the NTS-3000 server with a mean of few μs.
On the X axes is representing CET time, not UTC
because the local PC clock is not UTC synchronized.
On the Y axes the deviation from zero includes the
deviation form UTC of our server plus the asymmetry
of the going and coming paths.

Figure 3 - Time offset and jitter between the NTS-3000
server and UTC (NIMB)

Fig. 2 - NTP servers system at NIMB

Figure 4 shows the evidence about how our time server
is seen from ROA for 1 day and also 1 week. The same
as in Figure 3, the X axes is representing CET time, not
UTC because the local PC clock is not UTC
synchronized and on the Y axes the deviation from zero
includes the deviation form UTC of our server plus the
asymmetry of the going and coming paths and also the
deviation of the local PC WRT ntp.roa.es.

IV. PERFORMANCE TESTS
In order to evaluate the performance of the NTP service
that we will offer, we must perform some tests. One of
these test consist of comparison of the internal clock of
NTP server with different UTC sources available:
UTC(NIMB), GPS and other national laboratories time
servers (for instance: Real Observatorio de la Armada ROA).
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Figure 4 – Evaluation of NTS-3000 server from ROA
In future, we will make more tests in order to evaluate
the time synchronization by LAN and also by
INTERNET. In order to see it our time server is able to
handle many request at the same time, we will simulate
high traffic load condition by stressing the CPU with
benchmark programs as well as by flooding the time
server with millions of ping request.
V. CONCLUSIONS
We have described in this paper all the working that we
carried on to implement a time server service at
National Institute of Metrology of Romania, to ensure a
trusty time reference source for the Time Stamping
Authorities (TSA) that are going to be established in
Romania.
One advantage of this system is its direct traceability to
UTC via our local realization UTC (NIMB). Another
advantage is the reliability of the system: we used 2
time servers, two different ways to connect to
INTERNET (radio and classic cable).
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Time and Frequency Transfer in an Optical Fiber Network: First Results
R. Emardson1, P.O. Hedekvist1,2, K. Jaldehag1, N. Berg1, M. Nilsson1, S.C. Ebenhag1,
P. Jarlemark1, C. Rieck1, J. Johansson1,2, L. Pendrill1, P. Löthberg3, H. Nilsson1
1
SP Swedish National Testing and Research Institute, Borås, Sweden
2
Chalmers University of Technology, Göteborg, Sweden
3
STUPI, Los Altos, USA
ragne.emardson@sp.se

A technique for time and frequency transfer over an asynchronous fiber-optical TCP/IP network is being
developed in Sweden by SP Measurement Technology together with STUPI. The technique is based on passive
listening to existing data traffic at 10 Gbit/s in the network. Since the network is asynchronous, intermediate
supporting clocks will be located and compared at each router. We detect with a specially-designed Header
Recogniser high-speed optoelectronic device the frame alignment bytes of the SONET/SDH protocol as
references for the supporting clock comparison. The goal of the project is to establish a time transfer system with
a precision on the ns level. We have performed an assessment of the technique in a lab environment. The root
mean square (rms) difference between the values measured with the fiber network technique and using GPS
phase observations is approximately 40 ps. Hence, we conclude that the noise contribution from the hardware
will not be a limiting factor in the time transfer system.

I. INTRODUCTION
Demand for synchronization in different fields has
increased the use of the Global Positioning System
(GPS) [1] for time and frequency transfer. As an
alternative to the existing technique of transferring time
using GPS, we are developing a time transfer system
using an optical fiber network. This new transfer system
is planned to be installed in the Swedish University
computer Network (SUNET). Prior to deployment, an
initial assessment of the technique is being performed in
a lab environment. In this paper, the first results of time
transfer measurements in this environment together with
a description of the three corresponding experiments
will be presented. The experiments are described in
section 3 followed by the results from each experiment
in section 4.
II. SYSTEM DESCRIPTION
Figure 1 shows the main principle of transferring time
and frequency over an optical fiber network. In order to
compare two clocks located at two routers in a network,
we compare the clocks to the data traffic propagating
along the fiber. When implemented in an asynchronous
network such as SUNET, time measurement systems
such as these will have to be in place at every router.

Figure 1: Main principle of transferring time over an
optical fiber network.
A schematic view of the proposed setup at one router in
a TCP/IP network is shown in Figure 2. About 1% of
the outgoing optical power, and 10% of the incoming
power, are coupled out in order to extract output and
input timing signals from the traffic. The diverted
optical signal is then optoelectronically (o/e) converted
to an electrical signal before being fed into a speciallydesigned high-speed
Header Recogniser1 which
generates a pulse of length 25 ns every time a sequence
1

The three components, amplifier, opto/electric
converter (o/e) and header recognizer (HR) will
hereafter be referred to as Frame Start Pulse Generator
(FSPG).
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Figure 3: Experimental setup.

Figure 2: Technical setup at one router for the time
transfer system.
of 384 bytes of the 10 Gbit/s SDH frame alignment
bytes A1 and A2 is received.
By performing time interval measurements between the
HR pulses and pulses from a local clock with a time
interval counter (TIC) for each pair of routers, we can
estimate the time difference between the local clocks at
each router. Variations in the propagation delay along
the fibers, which otherwise might be interpreted as
clock errors, will to a large extent be cancelled by
performing measurements on both outgoing and
incoming fibers under the assumption that the pairs of
fibers carrying traffic in these two directions are
exposed to similar environmental perturbations. An
assessment of fiber delay variations on system stability
will not be performed as a part of this paper but will be
performed in a later stage of the project. A more
thorough description of the system is given in [2].

of the time interval measurement while the output of
HR card number two is used to stop the measurement.
An ideal result of such an assessment would be a
measurement result equal to zero, because we feed the
two systems with an identical signal. The sampling rate
for this experimental setup was 8 kbit/s.
b) Zero baseline test
Figure 4 shows the setup used for this experiment which
is closer to that of a final system. The pulses from the
header recognizers are used to start a time interval
measurement and clock pulses are used to indicate the
stop the measurement. The difference from this
experimental setup and a final system is that instead of a
comparison between two remote clocks, we here use
only one local clock. Hence we compare that clock to
itself. An ideal result of such measurements would thus
be zero and the results we measure indicate the noise
generated within the system.

III. LAB EXPERIMENTAL SETUP
We have performed several different experiments in a
lab environment in order to assess the performance of
the hardware of the system. A description of the
experimental setups will be given below.
a) Comparative HR card test
The specially-designed high-speed Header Recogniser
and associated electronics are initially assessed in a zero
baseline test [Figure 3]. The same optical signal is used
as input to both FSBG’s which feed the time interval
counter. HR card number one is used to trigger the start
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c) Comparison with independent techniques
Experiment number three is a configuration
substantially that of a finalized system and shown in
Figure 5. We measured the time difference between the
Cesium and H-maser clocks located in the lab at SP.
The difference between this setup and that of a final
system is that the two clocks are compared using time
references from the same location on the optical fiber.
Imagine that the H-maser in Figure 5 were to be
compared to a reference from the optical fiber at the
other end, i.e., at the router by the other end of the fiber.
The difference from this setup is that the travel time and
the variations in the delay of the fiber are not taken into
consideration in the analysis. Hence, the result of this
test indicates the precision ideally if one could cancel all
delay variations in the fiber.
In this experiment, for comparison with the time
difference measurements with the fiber system, we also
measure the time differences using two independent
techniques. These are direct TIC measurements, and
using GPS. The GPS estimates are of two kinds, namely
those based on code observables and those based on
phase observables. The GPS estimates based on code
observables are determined from standard GPS P3 [3]
measurements. The GPS phase estimates will hereafter
be referred to as GPS CP. The sampling intervals for the
different techniques are: fiber (1 s), GPS CP (30 s), GPS
P3 (16 minutes), and TIC (10 minutes).

Figure 5: Experimental setup for the measurement
of the time difference between the Cesium
and H-maser clocks at the time and
frequency lab at SP.

IV. RESULTS
In this section we present the results of the
measurements described in the previous sections. The
results will be presented mainly by the time series of the
measurements and by corresponding stability plots
where we mostly use the Time Allan Deviation
(TDEV).
a) Comparative HR card test
Figure 6 shows the measured intervals between the
pulses generated by the two header recognizers, see
Figure 3. A constant offset of approximately 1.7 ns can
be seen in the figure and is presumably due mainly to
differences in cable delays to and from the two header
recognizers. The rms scatter, with a mean value
removed, in the time series is approximately 40 ps at 8
kbit/s sampling. This value represents the best precision
that can be achieved with this system on a sample to
sample basis. The precision of the counters used in this
assessment is typically 100 ps and hence we assume that
the precision of the time transfer system today is limited
by the counters and may be improved in a future with
access to a more precise counting method. Figure 7
shows the TDEV of the time intervals showed in Figure
6. The figure shows that the noise seen in Figure 6 is
mainly white with some evidence of a 50 Hz
component.

Figure 6: Measured intervals between the pulses
generated by the two header recognizers.
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Figure 7: TDEV of the measured time differences.
The green curve corresponds to a slope
given by a white phase modulation.

Figure 9: TDEV of the measured time differences.
The green curve corresponds to a slope
given by a white phase modulation.

b) Zero baseline test
Figure 8 shows the measured time differences of the Cs
clock as described in Figure 4. As in the previous
experiment an offset can be found in the data, this time
of approximately 11.4 ns. We presume this offset is due
to differences in cable delays of the setup. The rms
scatter around the offset is approximately 80 ps at 1 s
sampling. Figure 9 shows the TDEV of the measured
time differences in Figure 8. From the figure, we can
see that the measurement noise is white noise. A
deviation from this statistics can be seen around an
averaging time of 500 s. This deviation is still
unexplained but does not affect the conclusions of this
experiment. That is, that the internally generated noise
in the time interval measurement of the final system is
white noise.

c) Comparison with independent techniques
Figure 10 shows the measured time difference between
the Cesium and H-maser clocks at the time and
frequency lab at SP over a time period of almost 3 days.
The different curves show the time difference measured
with the different techniques described in section 2.
With the curves numbered from the top they show the
measurements from, (1) fiber, (2) GPS CP, (3) GPS P3,
and (4) TIC. The GPS CP estimates have no absolute
level and has been placed offset from the fiber
measurements with 1 ns for clarity. In order to compare
the fiber and GPS CP estimates, we smoothed the fiber
measurements to a sampling interval of 30 s
corresponding to that of the GPS CP. The rms
difference between the values measured with the fiber
technique and using the GPS phase observations is
approximately 40 ps at the 30 s sampling.

Figure 8: Measured time difference by two systems
of header recognizers of the same Cesium
clock.

Figure 10: Measured time difference between Cs and
H-maser clocks. The different curves show
the time difference measured with different
techniques.
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high-speed optoelectronic Header Recogniser operating
on 10 Gbit/s data, is well below 1 ns. Comparison with
GPS estimates based on the phase observable show
differences between the techniques of 40 ps over a time
period of three days. This value is based on an
averaging of the time measurements from 1 s data to 30
s data, i.e., by reducing the noise of a factor of a square
root of 30. In a final system we anticipate the sampling
rate to be 8 ksample/s. Based on the fact that noise in
the time interval measurements is white noise, also for
very short averaging times, we conclude that this level
of noise reduction will be possible to reach even if the
decimation of data will be to, for example, a 1s rate.

Figure 11: Power spectrum of the difference between
measured time differences.

In a final system we will perform measurements on both
outgoing and incoming fibers. Variations in the
propagation delay along the fibers, which otherwise
might be interpreted as clock errors, will to a large
extent be cancelled by performing measurements on
both outgoing and incoming fibers under the assumption
that the pairs of fibers carrying traffic in these two
directions are exposed to similar environmental
perturbations.
However,
residual
temperature
differences and additional electronics along the signal
path will presumably contribute to more noise than 50
ps. Hence, we anticipate that the delay variations in the
transporting fiber will be the main error source of the
future system when time transfer is performed between
clocks separated in distance.
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Figure 12: TDEV of the differences between fiber
and GPS CP time difference measurements.
Figure 11 shows the power spectrum of the difference
between the fiber and GPS CP measurements. At
frequencies above 10-3 Hz, the difference shows
behaviour similar to a white noise process. At lower
frequencies, however, systematic variations seem
present in the difference. This is supported also by the
time Allan Deviation (TDEV), see Figure 12. This
systematic is presumably due to errors in the GPS
processing or temperature variations affecting the
electronics in both systems.
V. DISCUSSION
We have developed a new technique for time transfer
over optical fiber networks. Initial tests in a laboratory
environment show that the internal precision of the
measurement system, including a specially-designed
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In this paper we present an ultra-stable fiber optical link which allows transferring radio frequency reference signal
between two research laboratories. The link is composed of two 43 km twin optical fibers of the urban
telecommunications network that connect the LPL to the LNE-SYRTE. The phase/frequency stability of the
transferred signal is degraded by mechanical vibrations and temperature variations along the fiber. To correct these
deleterious effects we develop a compensation system who acts directly on the fiber length with a variable optical
delay line.

1. INTRODUCTION
We have already demonstrated distribution of reference
signal at 100 MHz over 86 km with a frequency stability
of 10-14 at 1 s and 10-17 at one day integration time [1,
2]. Two frequency standards separated by 43 km, one in
the IR domain (CO2/OsO4 at 30 THz) and the other in
the microwave domain (CSO at 12 GHz) have been
compared with a resolution of 3x 10-14 at 1s [1].
To improve the frequency stability and to further extend
the distribution distance, the compensation system has
been upgraded to 1 GHz and the length was increased to
86 km. In this paper we focus on the compensation
system of the fiber perturbation that acts directly on the
fiber length. The parasitic effects which limit the
performance of the compensation have been studied and
partially cancelled.

LOCAL
ULNCO
100 MHz
slow
correction
x 10
fast
correction
SAW
1 GHz

DFB LD
1.55 µm

polarization
scrambler

phase
analysis

II. COMPENSATION SYSTEM
The optical compensation system is shown in Figure 1.
The 86 km link is obtained cascading the two twin
fibers between LPL and LNE-SYRTE. This way the
two ends are collocated at LPL. At each fiber end, one
designed as Local and the other as Remote, an
electronic system synthesizes the RF signal to be sent to
the other end, 1 GHz for the forward signal and 900
MHz for the return signal. Each RF signal modulates the
beam intensity of a 20mW, DFB laser diode at 1.55µm.
This modulation is detected with a fast photodiode at
the other end of the fiber. The optical polarization is
scrambled directly at each emitted source as discussed
below. Mechanical and temperature variation along the
fiber perturb the propagation delay across the fiber. In
order to remove this parasitic variation we use a round
trip phase correction technique.
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CRO
900 MHz

Fibre optical link
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Urban telecom
network

CRO
900 MHz
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DFB LD
1.55 µm
ULNCO
100 MHz
x 10

REMOTE

SAW
1 GHz

186 km link stability

Figure 1:

Block diagram of the 86 km fiber link and the
optical compensation system. Both LOCAL and
REMOTE functions are located in the same place.

To remove the effect of the perturbation cumulated
along the link, we make a comparison between the
reference phase signals at the input (LOCAL) with the
phase signal after one round trip. This leads to the
generation of an error signal which is processed by a
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Figure 3: Fractional frequency stability of the compensated 86
km link.
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simple analog loop filter and applied to two delay lines.
The delay lines at the LOCAL input of the link cancel
out the variations of propagation delay. The fast and
small variation corrections are applied with 15 meters of
piezoelectrically stretched fiber (correction range of
about 15 ps). The fiber is wrapped around a cylindrical
PZT. The slow corrections are applied by heating 4 km
of optical fiber wrapped around a copper wheel with
150 ps / °C and (6 ns dynamic range).
We measure relative stability of the compensated link
by analyzed phase variation between the 1 GHz at local
end and the 1 GHz at remote end. Figure 2 shows the
relative phase noise spectral density of the compensator
with 86 km link (upper trace) and without link (lower
trace). The bump around 300 Hz is due to delay loop.
The compensation system can potentially reach -120 dB
at 1 Hz corresponding to an ADEV (Allan deviation) of
10-15 at 1 s integration time but the attenuation along the
fibre degrades the signal to noise ratio at receiver and
limits the compensation at -105 dB at 1 Hz. Figure 3
shown the ADEV calculated from the phase data
measured on the compensated link and filtered with
low-pass filter of 3 Hz. We obtain residual frequency
stabilities of the link of 5x10-15 at 1 second integration
time and 2x10-18 at one day integration time.

Overlapping Allan Deviation σy(τ)
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Figure 2 : residual Phase noise spectral density of the
optical compensation system at 1GHz.
We use different frequencies at forward and back
signals to avoid parasitic reflections due to the fiber
connectors along the link. Another parasitic reflection is
due to Stimulated Brillouin Scattering, SBS, which
reflects noise at the same RF frequency input signal and
can degrade the signal-to-noise ratio. Figure 4 shows the
spectrum of the detected signal at the LOCAL end. We
can see that if the received signal was at the same
frequency that the emitted, 1 GHz, the signal to noise
will be only of the order of 80 dB in 1 Hz Bandwidth
when 100 dB is necessary for reach a relative stability
of 10-14 at one second integration time.

Figure 4 : RF spectrum of the detected signal at the local end.
The spectrum shows clearly the SBS excess noise
due to the emitted signal. The return signal at
900 MHz is not affected by this noise since the SBS
spectrum is Lorentzian with a linewidth below
10 MHz.

III. PMD PARASITIC EFFECTS
During preliminary measurements, we have observed a
randomly instability of the loop and large phase
fluctuations on the long time. These two effects are due
to the polarization mode dispersion, PMD, of the 86 km
link. The PMD is induced by the birefringence of the
optical fiber due to asymmetry of the core. This PMD is
varying in time when the asymmetry is due to
mechanical stress induced by vibrations or by
temperature variations. Moreover, the direction of axis,
fast and slow, of the link move randomly in the time.
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Figure 5 : Measured time variation of the DGD on 86 km link
over one week.

The first order PMD is called differential group delay
(DGD). We have measured time variation of the DGD
on 86 km link over one week (see Figure 5). The
average DGD of our link is ~7 ps which gives a PMD
coefficient of ~0.75 ps/km1/2.
A first effect of PMD on the stabilized link is to limit
the short term stability. The piezoelectrically fiber
stretcher indeed varies the polarization state of the
transmitted signal and thus introduces a variable
propagation delay which adds to the primary delay of
the link.
Second effect of the PMD degrades long term stability.
The slow variation in time of the DGD and direction
axis of polarization of the fibre causes a random
variation of the propagation delay not of same way for
the propagation of forward signal and the back signal.
The compensator floor is limited to a few 10-17 between
104 and 105 seconds integration time.
The solution used in this work is to scramble the
polarization directly at the emitted source at a frequency
higher than the cut off frequency loop. In this case the
DGD is averaged and the effects of PMD are
minimized. For that purpose we use polarization
scrambler (General Photonics) which has three axes
acting in a same way as a variable retardation wave
plate. Each axis is excited at different resonant
frequency (~60, ~100, ~130 kHz) which allows
exploring all polarization states.
IV. PRELIMINARY 186 km LINK
We have explored the possibility of increasing the link
length to186 km by adding 100 km of fiber spools. Two
Erbium Doped Fiber Amplifiers (EDFA) were added at
half distance to compensate the 20dB additional optical
losses. We obtain a rather good result on long term
frequency stability, better than 10-17 at one day
integration time while the short term is severely
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degraded by the EDFA excess noise. Figure 6 shows the
preliminary measurement of the relative frequency
stability of 186 km link for the optical compensator and
for an electronic compensator. This alternative
compensator is described in [3] and works in a rather
different way, the correction being applied directly on
the RF source signal. The two systems give about the
same result.
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Figure 6: Preliminary relative frequency stability of a 186 km
link. Triangle : electronic compensator ; square :
optical compensator.

V. CONCLUSION & PERSPECTIVE
We have demonstrated an 86 km stabilized link with a
frequency stability better than 5x10-15 at one second and
2-3 10-18 at one day integration time.
The limiting effects have been analyzed and several
solutions have been carried out: two different AM
frequencies for each way and fast polarization
scrambling.
A preliminary stability of 10-17 at one day integration
time has been measured on a 186 km link using EDFA.
In the aim of extending the distribution range, we will
implement a 2 x 186 km link with the electronic and the
optical compensator in cascade.
Further study of the PMD effects will be carried out
with external modulated laser diodes (to avoid any
frequency chirp). The aim is to better understand the
limiting mechanism for long distance transfer.
Moreover a full evaluation of the EDFA residual phase
noise and stability is in progress.
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RAPID TRANSATLANTIC TIME TRANSFER: SURVEYING THE LINK BETWEEN
USNO AND IEN WITHIN THE IGS GLOBAL REAL-TIME NETWORK
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Istituto Nazionale di Ricerca Metrologica (I.N.RI.M, formerly I.E.N), Torino, Italy.
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1

This paper reports on the capability of rapid time/frequency transfer, surveying the
transatlantic link between timing laboratories of the U.S. Naval Observatory (USNO,
Washington D.C., USA) and the Istituto Nazionale di Ricerca Metrologica (I.N.RI.M.,
Torino, Italy). Over a six month period, the near-real-time estimation of the UTC(USNO)
to UTC(IEN) offset computed by Natural Resources Canada (NRCan) is directly compared
with BIPM Circular T data and other independent synchronization techniques, such as
TWSTFT.

I. INTRODUCTION
Natural Resources Canada (NRCan) computes real-time
wide-area differential GPS corrections, known as
GPS·C [2]. These corrections allow real-time Canadian
users of GPS to reduce the errors in the broadcast
satellite position and clock states and achieve improved
positioning accuracy. One by-product of the estimation
process is receiver clock states for all stations used in
the corrections computation.
NRCan is currently testing an improved phase-based
corrections algorithm with a global network of stations.
These stations include a selection of those from the
International GNSS Service (IGS) prototype real-time
network (RTIGS), supplemented with stations from IGS
Low Earth Orbiters (LEO) network to maximize
satellite visibility. The selected RTIGS stations include
that contributed by the Istituto Nazionale di Ricerca
Metrologica, I.N.RI.M (Torino, Italy). Due to the
inherent delay in the submission of the LEO data, the
estimation process runs in near-real-time, which is every
15 minutes and with a delay of 2 hours, yielding
satellite and station parameters at 2 seconds interval.
A preliminary assessment of the near-real-time receiver
clock states estimates was performed in early 2005 [4],
showing the estimates to be consistent with IGS Final
clock products in terms of availability, accuracy (at nslevel) and frequency stability, but with much reduced
latency. This is currently a few hours in near-real-time,
but could potentially be a few minutes or less with
sufficient station data available in real-time.
In this paper, we report on the capability of rapid
time/frequency transfer, surveying the transatlantic link
between timing laboratories of the U.S Naval
Observatory (Washington D.C., USA) and I.N.RI.M.
Over a 6 month period, the near-real-time estimation of
the UTC(USNO) to UTC(IEN) offset is then directly

compared with BIPM Circular T data and other
independent synchronization techniques, such as
TWSTFT, putting this new technique into perspective
aiming to support the real-time institutional activities of
timing laboratories.

II. REAL-TIME TIME TRANSFER
The IGS Real-Time network - The Real-Time Working
Group (RTWG) was created in 2002 within the
International GNSS Service (IGS). The role of the
RTWG is to develop required infrastructure and
processes for the real-time delivery of high-rate GNSS
data to analysis centers and the dissemination of realtime GNSS products [1].
A subset of the IGS network of stations has been
upgraded to allow real-time distribution of GPS data,
forming a prototype real-time network (RTIGS). IGS
members have shown significant support to this project
and at the end of the year 2005, the participating
stations was on the order of 45.

Figure 1 RTIGS network stations (red triangles) along with LEO
network stations (blue triangles).
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As shown in Fig. 1, several institutions involved in
precise time and frequency applications contribute to
the RTIGS. In particular, the Time and Frequency
Department of Istituto Nazionale di Ricerca Metrologica
(I.N.RI.M), Torino, Italy, has been contributing data
from its “IENG” IGS station since November 2004.
This station is directly referenced to the Italian
realization of UTC (Universal Time Coordinated),
namely UTC (IEN).
Real-Time estimation of receiver clock - Natural
Resources Canada (NRCan) has been computing realtime wide-area differential GPS corrections for the last
ten years. These corrections, known as GPS·C [2], allow
real-time Canadian users of GPS to correct for errors in
the broadcast satellite position and clock states for
improved positioning capacity. NRCan’s most recent
development of GPS·C uses GPS code and carrier-phase
observations to increase the precision of the corrections.
Two by-products of the estimation process are station
local zenith tropospheric delays and receiver clock
offsets.
Although this code and carrier-phase based computation
is run continuously from real-time station data streams
to generate corrections and station parameters at 2second interval (synchronized with the GPS even
second) with a delay of a few seconds, NRCan is also
testing the process in “near-real-time”, taking advantage
of an improved global distribution of stations. The
stations include a selection of those in the RTIGS
network, complemented with stations from the IGS Low
Earth Orbiters (LEO) network. The real-time-ready
estimation process is executed every 15 minutes in a
continuous fashion with a current delay of 2 hours
(allowing for the acquisition of the required LEO
network data), yielding satellite and station parameters
at 2-second interval.
All estimated satellite and station clock offsets are
referenced to a system Virtual Reference Clock (VRC).
At each solution epoch, a station is selected “on-the-fly”
as a time reference and its clock offset is fixed to a
value predicted from a two-state model. The choice of
the reference station is based on an operator-selectable
priority list as well as real-time-derived quality
estimates such as detected receiver clock resets and
agreement statistics between two-states clock models
computed over different preset intervals. The estimated
epoch corrections to the a priori clock offsets are then
used in a timescale ensembling algorithm to generate a
VRC correction that is applied to all clocks. The twostates clock models (two per station) are evaluated
continuously using the real-time clock estimates and its
ensemble is kept aligned to GPS time by applying
common corrections as required [2,3].
The station serving as reference has its formal standard
deviation set to 0. This means that the formal standard
deviation of other stations results from the combination
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of the standard deviation of both the specific station and
the reference station.
A transatlantic link survey – In an effort to evaluate the
capabilities of the Real-Time technique to support realtime institutional activities, a transatlantic link was
surveyed for a period of six months. Two RT stations
that are operated at timing laboratories, namely USNO
and INRIM, have been chosen. The RT stations located
at these laboratories (USN3 and IENG) are directly
referenced to the local UTC(k) realization of UTC, i.e.
UTC(USNO) and UTC(IEN). The RT estimates for
USN3 and IENG baseline thus represent the
UTC(USNO) and UTC(IEN) time offset, plus a
calibration constant (i.e., electrical delays of hardware)
and this allows a direct comparison of RT estimates
with those provided by both BIPM Time Section
monthly Circular T [5] and other time transfer
techniques, such as TWSTFT. The surveying activity
covered a period of about 6 months (11th September
2005, MJD 53624, to 28th February 2006, MJD 53794)
in which “near-real-time” 30 seconds spaced clock
solution were analyzed.

III. CHARACTERIZATION OF REAL-TIME
ESTIMATES
RT estimates availability - The preliminary assessment
of the quality of station clock states, estimated in “nearreal-time” by the process running at Natural Resources
Canada (NRCan) [4], was able to show that RT
estimates were consistent with IGS Final clock products
in terms of availability.
Also in the surveying of the transatlantic link between
the stations hosted in the USNO and INRIM
laboratories, RT estimates availability was comparable
with IGS Final ones and reached a level of 98%.

Figure 2 RT estimates for the overall surveying period.
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Figure 2 shows the RT estimates for the overall
surveying period.
RT estimates filtering - As mentioned above, in the RT
process any station can be chosen “on-the-fly” as
reference station and it is indicated by an associated
formal standard deviation set to 0. The formal standard
deviation of non-reference stations is normally at the
level of 30 ps. However some real-time estimates are
associated with larger standard deviations, indicative of
anomalies. These usually result from tracking
difficulties, such as loss of lock on all satellites or
pseudorange-phase inconsistencies. The following
Figure 3 shows an example of such anomalies reflected
with high values of standard deviations for RT
estimates.

Figure 4 Anomalies of RT estimates checked using Dynamic Allan
Deviation (DADev) tool.

STDev of [UTC(IEN)-VRC], via RT @ 30 seconds

Figure 3 Example of anomalous standard deviations associated with
some RT estimates.

In Figure 4, the aforementioned anomalies are shown
using the Dynamic Allan Deviation (here after called as
DADev) [8]. DADev is an extension of the classical
Allan variance that is commonly used to evaluate the
stability of atomic clocks. In particular it is a
representation of the instantaneous instability of an
atomic clock.
In order to remove potentially anomalous data, a
preliminary “standard deviation filter” should be
applied, preferably able to adapt to specific stations data
noise levels. Many kinds of filter can be used, such as a
simple “mean+3sigma” filter or a more robust MAD
(Median of the Absolute Deviation) based filter [5,6],
with an appropriate tuning process.
The consequences of a “mean+3sigma” filtering to the
standard deviations estimates (with .1ns and .05ns
threshold in terms of “residuals”) are shown in the
Figure 5 and in Figure 6 in terms of Dynamic Allan
Deviation.

Figure 5 The effects of a “mean+3sigma” filtering applied to RT
estimates.

Figure 6 The effects of a “mean+3sigma” filtering applied to RT
estimates using the Dynamic Allan Deviation.
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IV. COMPARISON WITH TWSTFT AND BIPM
CIRCULAR T
As mentioned before, the two RT stations considered in
this analysis (USN3 and IENG) are operated at timing
laboratories and are thus collocated with other timetransfer means. In particular a TWSTFT link is
regularly operated between these timing laboratories, so
a comparison between RT and TWSTFT estimates can
be performed. In the following Figure 7, RT and
TWSTFT estimates are shown for the entire surveying
period. A calibration constant has been applied.

In Figure 8 it is possible to notice a very good
agreement between the two series of estimates for the
MJD 53624 to MJD 53680 period. This agreement can
be much more noticed by analyzing the double
differences between the RT and TWSTFT estimates for
the related period, as shown in the following plot:

RT estimates (blue dots)
TWSTFT estimates (red dots)

Mean= -0.18 ns
STDev= 0.67 ns

Figure 9 Double differences between RT and TWSTFT for the MJD
53624 to 53680 period.

Figure 7 RT and TWSTFT estimates comparison for the overall
surveying period.

It’s worth mentioning that “near-real-time” estimates
are 30 seconds spaced whilst the TWSTFT estimates are
two hours spaced since 1st October 2005, MJD 53644
(until 30th September, they were 4 hours spaced) .

It’s worth mentioning that due to the different
“sampling” of RT and TWSTFT estimates, a decimation
process has to be performed in order to carry out a
direct comparison between the outputs of those
techniques. In detail, each RT value has been related to
its corresponding TWSTFT value choosing the
immediately previous and subsequent RT value and
averaging them.
Other important information about the quality of RT
estimates can be achieved by a frequency stability
analysis (in terms of Allan deviation), as shown in the
following Figure 10.

RT estimates (blue dots)
TWSTFT estimates (red dots)

Figure 8 RT and TWSTFT estimates comparison for the MJD 53624
to 53680 period.
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Figure 10 RT and TWSTFT estimates comparison in terms of
frequency stability (Allan Deviation) for the MJD 53624 to 53680
period.
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From the plot above it follows that the RT estimates
standard stability is comparable with the TWSTFT one
(especially in the short term) and both techniques show
the UTC(IEN) inherent noise. Concerning the double
differences, it’s worth mentioning that they are
characterized by a “white phase noise”, that is the
inherent noise of the two techniques.
In the following plots another portion of the overall
surveying period is shown. In particular, it’s referred to
the period since MJD 53683 to MJD 53715.

In Figure 13 the final portion of the analysis period is
shown. In particular it’s referred to the period since
MJD 53743 to MJD 53793.

RT estimates (blue dots)
TWSTFT estimates (red dots)

RT estimates (blue dots)
TWSTFT estimates (red dots)

Figure 13 RT and TWSTFT estimates comparison for the MJD
535743 to MJD 53793 period.

Figure 11 RT and TWSTFT estimates comparison for the MJD
535683 to MJD 53715 period.

From the plot above it’s able to notice a divergence
between RT and TWSTFT estimates since the day MJD
53767, when a glitch to the Ashtech receiver occurred.
This behavior is clearly evident from the plot showing
the RT to TWSTFT double differences:

Mean= 0.18 ns
STDev= 1.23 ns

Figure 12 Double differences between RT and TWSTFT for the MJD
535683 to MJD 53715 period.

In Figure 11 and in Figure 12 it is possible to notice that
the double differences between RT and TWSTFT
estimates have a “cyclic” behavior. At the moment the
reasons of this trend are not clear.

Figure 14 Double differences between RT and TWSTFT for the MJD
535743 to MJD 53793 period.

The reason for the divergence was due to an epoch
where all but one of the carrier phase measurements was
subject to a very small cycle slip. Some of these jumps
were detected by a-posteriori residual detection, but it
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appears that the statistical strength of the solution was
not sufficient to trap them all.
In general, only cycle slips with a magnitude
significantly larger than the noise level of the associated
pseudorange can be detected in the residuals. Devising
methods of detecting these marginal events in real-time
remains a significant challenge.
Moreover, a direct comparison of the RT estimates with
the UTC(USNO) to UTC(IEN) offset provided by
BIPM Time Section in monthly Circular T can be
performed, as shown in Figure 15. The results show that
the RT estimates are consistent at ns-level with BIPM
Circular T data, after a calibration constant application.

In Figure 17 a very steep slope in the first part of the
DOY 21/2006 (MJD 53756) is shown. Also in this case
the RT was able to detect this kind of problem as well as
the IGS clock products were able to do.

RT estimates (blue dots)
IGS Rapid estimates (green dots)
IGS Final estimates (red dots)

For purpose of plotting an offset has been added to RT estimates

RT estimates (blue dots)
BIPM Circular T data (green stars)

Figure 16 RT and IGS (rapid and final products) estimates comparison
for the DOY 347 (year 2005), MJD 53717.

RT estimates (blue dots)
IGS Rapid estimates (green dots)
IGS Final estimates (red dots)

Figure 15 RT and TWSTFT estimates comparison for the overall
surveying period.

V. RTIGS AS A MONITORING TOOL
For purpose of plotting an offset has been added to RT estimates

The aim of this work is to evaluate the capabilities of
the Real-Time time-transfer technique as a tool for the
monitoring of the behavior of a time scale in order to
support the real-time activities of the laboratory that will
host this new tool.
During the whole surveying period, some problematic
circumstances occurred. Some of these were due to
glitches in the tracking of the IENG receiver which the
Real Time tool was able to detect.
In Figure 16 a jump that occurred at IENG station on
DOY 347/2005 (MJD 53717) is shown. From the plot it
is possible to observe that the RT detected the trouble as
well as the IGS clock products were are able to do, but
with a shorter latency.
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Figure 17 RT and IGS (rapid and final products) estimates comparison
for the DOY 21 (year 2006), MJD 53756.

As we can see from the plots mentioned above, the RT
estimates are consistent with IGS Final clock products
in term of availability and accuracy (at ns-level), but
with much reduced latency, currently few hours and
potentially a few minutes.
In Figure 18 the “glitch” that occurred at IENG station
on DOY 32/2006 (MJD 53767) is shown. Also this
picture exhibits the good performance of the Real-Time
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in order to detect the real behavior of a Geodetic GPS
receiver.
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Multipath mitigation in GPS-based time and frequency transfer
P. Defraigne,* and C. Bruyninx
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B-1180 Brussels, Belgium
*Electronic address: p.defraigne@oma.be
GPS-based time and frequency transfer is presently performed either with a code-only
analysis (as presently done for TAI, using C/A or P codes), or with a combined analysis of
code and carrier phase measurements using geodetic analysis techniques (as used for the
generation of the IGS time scale).When neglecting calibration issues, the accuracy of both
solutions highly depends on the noise of the GPS codes. An important part of this code
noise is caused by multipath. In this paper, we use a linear combination of GPS codes and
carrier phases to mitigate the effect of multipath and noise on the code measurements, and
we evaluate the influence of this code noise reduction on the time transfer results. On one
hand, we get a reduction of the rms of the CGGTTS results from 0.3 to 0.1 nanosecond for
particular stations. On the other hand we show that the multipath/noise mitigation does not
allow reducing significantly the day boundary jumps in the time transfer solutions obtained
from code and carrier phase measurements.

I. INTRODUCTION
GPS is presently largely used for time scale generation
(TAI, IGS time scales, local time scales) as well as for
comparing precise frequency standards [1]. Two
methods are generally used: a GPS code-only analysis,
following the CCTF (Consultative Committee for Time
and Frequency) procedure [2,3] and providing the
results in CGGTTS (Common GPS GLONASS Time
Transfer Standard) format, and a geodetic analysis
combining GPS code and carrier phase measurements.
This latter offers significantly higher time transfer
precision thanks to the precision of the carrier phase
measurements (about two orders of magnitude better
than the code precision). However, when using the
carrier phases, the code measurements are necessary to
determine unambiguously the absolute clock offset; the
ambiguity being intrinsic to the carrier phase
measurements.
Consequently, the pseudorange noise level limits the
accuracy of both GPS-based time transfer methods,
beyond the problem of instrumental calibration
uncertainties which are not considered here. In
particular, the timing results obtained from the geodetic
analysis are characterized by jumps at the day
boundaries, caused by the fact that the data are analyzed
in daily data batches where the absolute clock offset is
determined by the mean code value during the daily
data batch. The colored noise of the pseudoranges
causes the jumps between the individual daily solutions.
The amplitude of these jumps is highly stationdependent, but the origin of this dependence is not yet
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fully understood [4]; one hypothesis is the code
multipath, i.e. signal reflections around the antenna.
In this paper, we go deeper into this multipath
hypothesis: we apply a code noise and multipath
mitigation procedure similar to the one used by the
TEQC tool [5] on the RINEX observation files, and
investigate the impact on time transfer for the CGGTTS
analysis as well as the geodetic analysis.
II. MULTIPATH/NOISE MITIGATION
The procedure we use to correct the pseudorange
observations for noise and multipath is based on the
same idea as the TEQC multipath estimation. This
procedure aims at mitigating both multipath and noise
and no distinction between both is possible.
The measurement equation for carrier phases (ΦL1 and
ΦL2) and pseudoranges (P1 and P2) can be written as:
λ
Φ Li = R + c(−τ s + τ r + τ t ) − cτ i , Li + Li (ϕ LO, Li − ϕ d , Li )
2π
+ N LiλLi + mpΦLi + nΦLi
PLi = R + c ( −τ s + τ r + τ t ) + cτ i , Li + cτ d , Li + mp PLi + n PLi

with R the geometric distance receiver-satellite, τs the
satellite clock error, τr the receiver clock error, τt the
tropospheric delay, τi the ionospheric delay (frequency2
dependent, with τ i , L 2 = f L1 τ i , L1 = ατ i, L1 ), λ the carrier
f L22
wavelength, N the phase ambiguity, mp the multipath
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error, τd the instrumental code delay, ϕd the instrumental
phase shift on the carrier (receiver + satellite), ϕL0 the
initial phase error, and n the noise.
For each satellite, the code multipath can be obtained
from a combination of code and phase measurements in
which the phase multipath and noise, significantly
smaller than the code multipath and noise, is neglected.
For the code multipath/noise on L1, this relation reads:

MP1 = PL1 − Φ L1 −
which reduces to

MP1 = mp PL1 + n PL1

2
(Φ L1 − Φ L 2 )
α −1

concerns observations at low elevations. In the second
case, we use the mean MP1 and MP2 over the full
satellite track to correct the data. The main sources of
data loss are now the tracking interruptions longer than
30 second causing in addition cycle slips which are not
corrected by the Bernese software. However, these
tracking interruptions occur mainly at low elevations so
that the reduction of observations is of the same order as
for the 40 min averaging.

(mp + noise)

λ L1 α + 1
λ
2
(ϕ LO , L1 + 2πN L1 ) + L 2
(ϕ LO , L 2 + 2πN L 2 )
2π α − 1
2π α − 1
(constant)
λ L1 α + 1
λL2 2
+ cτ d , L1 +
ϕ d , L1 −
ϕ d ,L 2
2π α − 1
2π α − 1
(constant or very slow variations)
−

Under the conditions that 1) multipath and noise have a
zero-mean during a period Tm, 2) the hardware delays
are constant during Tm and 3) no cycle slips occur
during Tm, the multipath and noise can be obtained
through the relation mp PL1 ≈ MP1 − M P1Tm , where MP1Tm is
the average of MP1 over the period Tm. To satisfy the
third condition, the Bernese software [6] is used to
remove cycle slips from the carrier phase data prior to
the multipath/noise mitigation procedure.
The multipath and noise on P2 can be obtained in a
similar way from the combination
2α
MP2 = PL 2 − Φ L 2 −
(Φ − Φ L 2 )
α − 1 L1
From which we obtain under the same conditions
mp PL 2 ≈ MP2 − M P2Tm .
The results which will be presented in this paper are
based on either an averaging period Tm of 40 minutes,
which removes all the noise and short-term (shorter than
40 min) multipath, or on averaging over the full satellite
track, which further removes long-term multipath. The
first choice of 40 min is deduced from the observation
that the noise reduction on pseudorange increases with
increasing Tm up to 40 min, while it remains stable for
Tm larger than 40 min. In that case, the data 40 min
around the track were used to compute the mean MP.
One disadvantage of this method is that it is only
possible to obtain corrected pseudoranges for a
particular epoch if the satellite is visible 20 minutes
before and after the epoch, without tracking
interruption. The number of satellites (and number of
observations) is therefore reduced with respect to the
full dataset. For averaging periods of 40 min, about 10%
of the original observations are lost, but it mainly

Figure 1. Estimated multipath and noise, mpPL1 (in
meters), using an averaging period of 40 min, for
different stations and receivers : ALGO and NRC1 use
AOA receivers, USNO, BRUS and ZTBR use Ashtech
Z-XII3T receivers, and PLB1 uses a PolaRx2 receiver.
Examples of the mpPL1 obtained with Tm=40min for
several stations are shown in Figure 1. The stationdependent behavior and receiver-dependent behavior
are clearly illustrated.
The maximal difference between the mpPL1 obtained
when averaging over Tm=40min or over the whole
visibility period is at the level of 50 centimeter, with a
long-term behavior. For this reason, we do not show in
the graphics the mpPL1 obtained with averaging on the
whole visibility, as the difference is not clearly visible
due to the high noise level of the multipath correction.
The mean multipath/noise correction for one satellite is
perfectly zero for the averaging over the full satellite
track, while it is between -1 and +1 cm with Tm=40min;
no significant offset is therefore introduced in the
pseudorange measurements of one satellite when
applying the multipath/noise correction. However, the
effect of the multipath on the mean pseudorange during
one satellite track is not accounted for in our correction.
This remaining part of the multipath effect will be
discussed later.
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III. EFFECT ON CGGTTS RESULTS
The CGGTTS results are obtained through the CCTF
procedure [2], or its modified version [3] using the
ionosphere-free pseudoranges P3 from 30-second
RINEX observation files. This procedure includes
quadratic (in its original form) and linear fits proposed
partly to mitigate the effect of multipath. The aim of the
present study is therefore to investigate if the CGGTTS
results are multipath-free, and if not, to determine the
impact of multipath on the CGGTTS results. We
compare in a first step the results obtained without the
CCTF procedure (what we call the code-only clock
solution STAT-IGST) and the CGGTTS results. In both
cases, all the results are based on the ionosphere free
combination P3 taken at a 30-second sampling rate,
from which we remove the corrected geometric distance
(including the station displacement due to solid earth
tides and the correction for satellite antenna phase
center for blocks II and IIA), the troposphere delay
using the Hopfield model, the satellite clock error, and
the relativistic clock correction. The code-only clock
solution outputs 30-second results, while in the CCTF
procedure a linear fit is applied on the 13 min tracks (=
26 points) of the BIPM tracking schedule, with 89
tracks per day, and the CGGTTS solution corresponds
to the mid point of the linear fit for each of the satellites
visible during that track. All the results presented in
this study are based on the IGS precise satellite orbits
and clocks.

Figure 2. BRUS-IGST using code-only analysis. All
satellite results are plotted as black dots, the weighted
averages per epoch are plotted in white. Results have
been obtained (a) from raw data, (b) from data corrected
for mp1 and mp2 using Tm=40min, (c) from data
corrected for mp1 and mp2 using the averaging on the
full satellite track.
Figure 2 presents the code-only clock solution BRUSIGST during 4 days, obtained from code data with and
without the multipath and noise mitigation. The picture
shows the results for all the visible satellites as well as
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the weighted average at each observation epoch, with
the weighting scheme sin2(elevation).
A clear reduction of the noise is observed when
applying the multipath/noise mitigation; the rms of the
averaged solutions falls down from 1.4 nanosecond (ns)
for the raw data to 0.5 ns after correction (with
Tm=40min and with averaging on the whole period of
visibility). Furthermore, the long-term multipath,
remaining after the correction with Tm=40min and
clearly visible in the second graph is largely reduced in
the lower graph, after correction with averaging on the
whole satellite track.

Figure 3. BRUS-IGST as obtained from different
PRN’s, with code-only analysis with and without
multipath and noise mitigation, and with the classical
CCTF procedure applied on the raw code data.
Figure 3 presents for several individual satellites the
code-only analysis obtained from pseudoranges
corrected for multipath and noise with Tm=40min or
with the whole visibility period average. This picture
underlines the long-term multipath remaining in the
correction based on Tm=40min, and removed with the
correction based on an averaging on the whole satellite
track.
Note the large long-term multipath for PRN 13. This
behaviour is cancelled by our noise-multipath mitigation
procedure when averaging on the whole satellite track,
while it is not certain that its origin is multipath. We
could indeed find the same shape in other European
stations (see Figure 4), so that it could be associated to
some non-multipath effect, not yet identified to date.
Figure 3 also shows the CGGTTS results obtained from
the CCTF procedure on raw data. The differences
between the CCTF results on raw data and the codeonly analysis obtained on the data after multipath/noise
mitigation reach 7 ns in extreme cases, and such large
differences occur only at low elevations. When using an
elevation-dependent weighting, the low elevation results
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date. As this periodicity is not observed in a close
station as WSRT (290 km), this seems to be a satellitestation effect rather than a pure satellite-dependent
effect. A part of this effect could be due to the impact
of multipath on the mean pseudorange during the period
of visibility of one satellite, which was not corrected as
explained before (our procedure is based on the
hypothesis of a zero mean of the multipath during the
averaging period).

Figure 4. BRUS-IGST as obtained through PRN 13,
with code-only analysis on code data corrected for
multipath and noise with Tm=40min, in four European
stations, and three consecutive days.
do not affect significantly the final clock-IGST results,
so that finally the difference between the CCTF results
obtained with and without noise/multipath mitigation
are rarely larger than one nanosecond. This is illustrated
in Figure 5 for three different stations equipped with Hmasers: WSRT, BRUS and USNO. The rms of the
results is clearly reduced when applying the
multipath/noise mitigation on the pseudoranges, this
corresponds to a reduction from 0.4 to 0.3 ns for BRUSIGST, from 0.3 ns to 0.1 ns for USNO-IGST, and from
0.3 to 0.2 for WSRT-IGST. The maximal difference
between results obtained with and without
noise/multipath mitigation is 1 ns.

Figure 5. CCTF results (in nanosecond) obtained from
raw data (dots) and from data corrected for multipath
and noise using an averaging on the full period of
visibility of the satellite (continuous line).
Note that a clear diurnal periodicity is present in the
signal for BRUS (in the results obtained with both
uncorrected and corrected pseudoranges); it is caused by
a satellite-dependent phenomena not yet identified to

The time links between the three stations are also
presented in Figure 5. They have been obtained using
the “all-in-view” scheme used by the BIPM, i.e.
differences between the solution STAT-IGST at each
epoch [7], with only one difference concerning the
weighting scheme which is sin2(elevation) in our study,
and 1/cos2(elevation) in the BIPM computations. The
rms of the results for the three time links presented is
reduced by the noise/multipath mitigation, from 0.4 to
0.3 ns for WSRT-BRUS, from 0.6 to 0.3 for USNOBRUS and from 0.5 to 0.2 ns for WSRT-USNO. The
maximal difference between the results obtained with
and without noise/multipath mitigation of 1.6 ns.
IV. EFFECT ON GEODETIC RESULTS
As the code multipath is suspected to be responsible of
part of the day boundary jumps in geodetic code/carrier
phase clock solutions, we investigated also the possible
reduction of these day boundary jumps induced by the
mitigation of multipath and noise on the P1 and P2
pseudoranges. In the IGS clock solution the day
boundary jumps show large dispersion between stations,
with rms ranging from 150 ps to 1000 ps [4], reflecting
the different station code performances. These rms
values are higher than the expected 120 ps based on the
accuracy of each clock estimate, the 1 meter precision
of the code data and a 5-minute sampling. We have only
investigated stations equipped with H-masers as for less
stable frequency standards the clock instability
dominates the day boundary jumps caused by the
pseudorange noise. A part of the code variability can be
associated with the variations of the instrumental delays,
primarily due to temperature variations. We could in
particular find a large correlation between the code-only
analysis results and the temperature variations at ALGO
(about 300 ps/°C), which could explain, as already
pointed out in [8], the large day boundary jumps at that
station especially during winter time (see Figure 6). We
therefore investigated the possibility to reduce the day
boundary jumps only in stations where we did not see
any correlation of the code-only solutions with external
temperature variations and where the internal
temperature is stabilized (except for NRC1), so that the
day boundary jumps where suspected to be due to code
multipath.
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Figure 7 presents the effect of multipath/noise
mitigation on a local setup, where the same clock is
driving two similar GPS receivers Ashtech Z-XII3T
named BRUS and ZTBR, connected to two separate but
similar Ashetch antennae. In the clock solutions from
geodetic analysis for the link ZTBR-BRUS during 2
weeks, the day boundary jumps are modified by the
multipath/noise correction but in some cases they are
increased while in other cases they are reduced. The
differences between the day boundary jumps with and
without multipath/noise correction reach maximally 150
ps.

Figure 6. Correlation between the code-only clock
solution for ALGO and the external temperature, which
is the cause of the major part of the large day boundary
jumps at that station. The temperature was multiplied by
-0.33 and shifted in order to allow the comparison.
Our geodetic analysis has been performed using the
Bernese 5.0 software. We only present the differential
solutions, as the Bernese results for PPP (Precise Point
Positioning) show day boundary jumps significantly
higher than in the IGS solutions; these day boundary
jumps find therefore their origin certainly in the
software and could not be reduced by the multipath
corrections. The differential solutions have however day
boundary jumps similar to the IGS solution. Only the
results obtained with multipath/noise corrections
computed with an averaging period corresponding to the
full satellite track are presented; our first results showed
that the correction using Tm=40min did not affect the
results of the geodetic time transfer.

Figure 7. Comparison of code/carrier time transfer
solutions computed with the Bernese 5.0 software
without (black) and with (grey) correction for multipath
and noise; the IGS solution is also shown (black, shifted
by 0.2 ns to allow better visibility).
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Three other IGS stations have been analyzed; these
stations were chosen because of their typical day
boundary jumps as presented in [4]: WSRT and USNO
for their medium-size jumps, and NRC1 for its very
large jumps. The results presented in Figure 7 are also
compared with the IGS solution. Similar to the local
setup, the difference between the day boundary jumps
obtained with and without multipath/noise mitigation is
small compared to the amplitude of the day boundary
jumps, with a maximum difference of 300 ps for NRC1
for one particular day boundary; but again, the
correction results in both reductions and increases of the
jumps.
V. CONCLUSIONS
This study investigated the effect of code
multipath/noise mitigation on code- and code/carrierbased GPS time transfer. The proposed mitigation
procedure is derived from a combination of L1 and L2
code and carrier-phase measurements, and is based on
the hypothesis that the instrumental delays are constant
and that the sum of noise and multipath has a zero
average over a specified period. We used both an
averaging period of 40 minutes, to remove noise and
short-term multipath, as well as an averaging period
corresponding to the full satellite track, removing both
the short and long-term multipath.
The impact of the complete multipath/noise correction
on the CGGTTS results (short and long-term) has been
estimated and gives a reduction of the rms between 0.1
and 0.3 ns on the clock-IGST results as well as on the
time links based on CGGTTS results. This corresponds
for example to a rms reduction from 0.3 to 0.1 ns for
USNO-IGST and from 0.5 to 0.2 ns for WSRT-USNO,
for the period investigated here. The maximal difference
between results obtained with and without
noise/multipath mitigation reaches 1 ns for the clockIGST results and 1.6 ns for the time links. The multipath
impact is therefore still present in the CGGTTS results
at a level of some tenths of nanoseconds.
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When using the combined code-carrier phase analysis,
we know that the absolute clock value is determined
from the daily mean of the code data, and that the jumps
between daily solutions are due to the colored code
noise. We therefore investigated the impact of our
multipath/noise mitigation on the day boundary jumps.
The observed changes in the day boundary jumps were
significantly smaller than the amplitudes of the original
day boundary jumps and the size of the jumps was not
necessarily reduced. It is therefore necessary to find
another candidate to explain the large dispersion
between day boundary jumps observed at some IGS
stations [4].
A part of the day boundary jumps could however still be
associated with the multipath, as we did not take into
account the effect of the effect of multipath on the mean
pseudorange during the satellite track, because our
procedure is based on the hypothesis of a zero-mean
multipath/noise during the averaging period Tm. This
non-zero mean multipath could also explain a part of the
diurnal periodicity observed in the CGGTTS results.
This periodicity is clearly visible in the multipath/noise
mitigated results for BRUS (Figure 5), and it originates
from a satellite-dependent phenomena with a daily
period. Some other effects on the code measurements,
not yet identified, inducing jumps in the code-only
solution, could also explain the day boundary jumps,
and will be the subject of further investigations.
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1

Introduction

GLONASS satellites emit the signals on individual frequencies.
This may lead to frequency–dependent biases in the receivers
that have been investigated, e.g., in [1]. Of course, these biases must be considered in a combined analysis of GPS and
GLONASS code data. Corresponding parameters can be estimated for all GNSS receivers even if they are not connected
to an external reference clock. This offers the possibility to investigate the frequency–dependent biases for all receiver types
that are represented in the IGS network. The estimated biases
can be interpreted as a relative “calibration” of each individual frequency used by a GLONASS satellite with respect to
the GPS frequency.

The Center for Orbit Determination in Europe (CODE)
is one of the global Analysis Centers (AC) of the International GNSS Service (IGS). It is a collaboration between the Astronomical Institute at the University of Bern
(AIUB, Switzerland), the Federal Office of Topography
(swisstopo, Switzerland), the Federal Agency for Cartography and Geodesy (BKG, Germany), and the Institut
Géographique National (IGN, France). It is located at
AIUB. The development version of the Bernese GPS Software package [2] is used for all analyses.
Since May 2003, CODE includes not only GPS but also
GLONASS satellites in all its orbit determination procedures for the submission to the different IGS product lines:
the final, rapid, and even ultra–rapid products1 . It is —
at least up today — the only AC of the IGS that performs a rigorous GNSS analysis by processing the observations from different Global Navigation Satellite Systems
(GNSS) together in one common parameter estimation
procedure. On one hand, this strategy requires a higher
computer performance because of the higher number of
observations that have to be processed together and because of the higher number of parameters that have to be
solved for. On the other hand, the resulting orbits for all
satellites of both GNSS have the best possible consistency.
Further details on the processing strategy at CODE may
be found in [3].
Up to now, CODE does not include GLONASS in its final
and rapid clock products. The most important reason for
this is, that interfrequency biases as described and calibrated, e.g., in [4] are unknown for the GNSS receivers
that are used in the IGS network. For a combined GNSS
analysis they have to be considered by estimating them
as unknown parameters in the processing. A summary of
the results will be given in Section 3.
In addition, the number of additional observations (including the corresponding increased number of phase am-

The rigorous common analysis of GPS and GLONASS measurements is considered as a good preparation for including
the upcoming European GALILEO system into the processing for geodetic time and frequency transfer with a maximum
benefit for the solution.

1 The IGS product lines are defined by their latencies between
the observation and the availability of the products. The ultra–
rapid products are generated four times per day and are available
three hours after the last observation. The rapid products are made
available at 17:00 UT for the previous day whereas the final products
have a latency of about two weeks.

Abstract
The Center for Orbit Determination in Europe (CODE) is one
of the Analysis Centers (AC) of the International GNSS Service (IGS). It is located at the Astronomical Institute of the
University of Bern (AIUB). Since May 2003, CODE provides
consistent GPS and GLONASS satellite orbits from a combined analysis using the Bernese GPS Software package. The
data of about 30 stations in the IGS network that are equipped
with GNSS receivers tracking GPS as well as GLONASS satellites are analyzed for that purpose together with numerous
stations that only track the GPS satellites.
With the background of the experience in orbit determination for more than one satellite system, we discuss the use of
both GPS and GLONASS observations in a combined analysis
for geodetic time and frequency transfer using code and phase
measurements. The number of satellites that can be used for
time transfer is increased when adding the GLONASS observations to the analysis. This may help to improve the redundancy
for the receiver clock parameters that are estimated for each
station from all satellites in view.
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GPS only
GPS+GLONASS

Figure 1: Location of the IGS stations included in the CODE GNSS clock processing.

biguity parameters) and the number of interfrequency bias
parameters that have to be estimated as well, increases the
required computing effort that is necessary to provide also
satellite clocks for GLONASS satellites.
On the other hand, the stations currently providing GNSS
data for GPS and GLONASS do not allow for a complete
coverage of the GLONASS orbits. A few gaps remain over
the Pacific Ocean and the southern part of the Atlantic
Ocean and Africa. For the orbit determination these gaps
can easily be bridged by dynamic orbit modeling, but for
the clock products epochs with missing satellite clocks result. This sparse station distribution may effect the results
when only the GLONASS satellite clocks are introduced
for a precise point positioning (PPP) resp. a PPP solution needs not to be improved by adding the GLONASS
to the GPS observations in a combined GNSS analysis —
especially outside from Europe where most of the GNSS
receivers are located in the IGS network. More details will
be discussed in Section 2.
In this paper we present results of a series of test solutions
set up to compute fully consistent satellite clock corrections for different GNSS. Problems and the benefit for
time and frequency transfer from a combined analysis using carrier phase data from multiple GNSS are discussed
in Section 4.

2

Description of the combined
GNSS Analysis

To compute the GPS satellite clock corrections from the
tracking network of nearly 350 IGS stations a subset of
90 stations for the rapid and 120 stations for the final
products are selected for the processing at CODE. As long
as no data problems are encounted the IGS stations located at timing laboratories contributing to TAI and the

IGS stations equipped with H-maser clocks to support the
generation of the IGS time scale ([5]) are included in the
solution every day. Further IGS stations with a low noise
in the code data (e.g., because of a low impact from multipath or environmental effects) are added to get a network
with global coverage that allows to compute the satellite
clock corrections for all satellites and epochs from the observations of at least three stations.
Today the IGS network contains about 30 stations
equipped with GNSS receivers that track signals from
GPS as well as from GLONASS satellites. As illustrated
by Figure 1 most of them are located in Europe while
the coverage of other region is very sparse. No redundancy is available (except in Europe) to cope with station
outages or late data submissions. When requesting a minimum number of stations to contribute to the estimation
of a satellite clock parameter it is for most GLONASS
satellites not possible to provide clock corrections for all
epochs (usually only for about 90%). Regions where no
GLONASS satellite clock parameters can be provided due
to lack of data are the Pacific Ocean and the southern part
of the Atlantic ocean as well as southern Africa.
As shown in Figure 2 the GPS satellite clock corrections
are computed from the data of at least ten stations. However, there are daily intervals where the GLONASS satellites are not observed by any of the GNSS receivers in the
IGS network. As a consequence, independent parts in the
resulting GLONASS satellite clock time series result that
are not connected by continuous carrier phase data. Discontinuities analogous to day boundary discontinuities for
station clocks (see, e.g., [6]) have to be expected.
Because of the lower redundancy for the estimation of
GLONASS satellite clock corrections stations with a
higher noise level in the code data may have a higher
impact on the results because they cannot be replaced
by other sites in the analysis. Figure 3 shows the Al531
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Figure 2: Number of stations that are used to compute the
GNSS satellite clocks in the CODE analysis for a period
of ten days. According to the RINEX convention the GPS
satellites are labeled with Gxx while the GLONASS satellites are named Rxx.

lan variance of the GPS and GLONASS satellite clocks.
To achieve a better comparability both the GPS and
GLONASS satellite clock corrections are computed from
the about thirty GNSS stations in the IGS network only.
The performance of the GLONASS satellite clocks is comparable with the GPS Block II resp. IIA Cesium clocks.
It is interesting to note that no improvement for clocks
onboard of the new generation of GLONASS–M satellites with respect to the older GLONASS satellites can
be found in the Allan variance.
For some satellites (GPS as well as GLONASS) a periodic
once per revolution signal can be found. These satellites
are located on different orbital planes and not all of them
are eclipsing during this period. Because the periods of
the different satellites are not in phase it can be ruled out
that the GNSS station SPT0 (Swedish National Testing
and Research Institute, Boras, Sweden) used as reference
clock has introduced this disturbation.
As long as the estimated satellite clock corrections are
used for a PPP such an effect does not inevitably degrade
the results if fully consistent satellite orbits and clocks are
used as required for the PPP in general.

σ(τ) for (sat)−SPT0

1e−11

1e−12

GPS (block II, IIA), Cs and
GLONASS and GLONASS–M

1e−13

GPS (block II, IIA), Rb

Intersystem and Interfrequency
Biases in GNSS Receivers

Because the orbits and clock corrections for the satellites
of the different GNSS are the result of a combined analysis all these products are fully consistent. They refer to
the same geodetic reference frame and to the same reference clock. That’s why they can be introduced into a
GNSS analysis without considering additional intersystem
biases. The only remaining type of intersystem bias relevant for the users are possible receiver time resp. receiver
antenna biases. Both are discussed in this section.

3.1

> 80◦ : Close to the zenith only a small number of observations is available due to the satellite geometry.
This leads to uncertain estimates for the corrections.
5
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Figure 3: Allan variance of GNSS satellites computed for
10 days in February 2006.
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Receiver Antenna Model

Because of the different frequencies and signal structure
of the individual GNSS the electronical characteristics of
a receiver antenna (described for the processing as models
of the antenna phase center variation – PCV) may be different for each satellite navigation system. Calibrations of
geodetic GNSS antennas (as described, e.g., in [7, 8]) are
done using observations to GPS satellites only. The question is whether these receiver antenna models can also be
used for observations to GLONASS satellites or whether
there are significant differences.
To generate Figure 4 the GPS derived receiver antenna model was applied for the GPS as well as for
the GLONASS observations. Furthermore, from all
GLONASS measurements, parameters to characterize an
elevation–dependent (i.e. rotation symmetric) receiver antenna model are estimated. It is expected that these corrections are zero if the GPS derived model can also be
used for GLONASS observations. The differential phase
pattern was computed for five antennas that are used in
the IGS network for GNSS receivers from four weeks of
data.
The values for very high and low elevations can be ignored:

PCV correction in mm

February 06
30
G02 G01
G04 G03
G06 G05
G08 G07
G10 G09
G13 G11
G15 G14
G17 G16
G19 G18
G21 G20
G23 G22
G25 G24
G27 G26
G29 G28
R01 G30
R03 R02
R07 R04
R17 R08
R19 R18
R22 R21
R23

Figure 4: Parameters of an elevation–dependent receiver antenna model for five antennas that are currently used for
GNSS receivers in the IGS network. The results are obtained from four weeks of data in January 2006.
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3.2

Receiver Intersystem/Interfrequency
Biases

The satellite clock corrections obtained in a combined
analysis of the GPS and GLONASS observations refer to
one and the same reference clock in the network solution.
The difference in the broadcast time scales between GPS
and GLONASS are, therefore, not relevant anymore. Nevertheless, an intersystem time bias within each receiver
may be expected because of the different frequencies and
signal structure of the individual GNSS.
Such a receiver internal time bias is only relevant for processing the code data. When analyzing the phase measurements the corresponding phase ambiguity parameters
will absorb the time biases.
Because the GLONASS satellites emit their signal on individual frequencies, in addition to intersystem also interfrequency biases for the receivers are expected (they were
detected already by other groups, e.g., [1, 4]). To make
this study as general as possible one bias for the code
measurements of each satellite (GPS and GLONASS) was
setup for each station. Because the receiver and satellite clocks are also computed, two singularities have to be
treated. We use to introduce a zero mean condition over
all estimated corrections:
• The sum of all estimated biases for the GPS satellites
of a station is zero for each day. This means that all
computed satellite biases of the GLONASS satellites
are relative to the biases for the GPS satellites.
• Furthermore, the sum of the biases of all stations for
one and the same satellite is zero.
These zero mean conditions are equivalent to fixing all
satellite biases of one receiver resp. to fixing the biases of

Satellite Biases in ns

After removing the estimated corrections at the extreme
elevations a middle part between 20◦ and 80◦ of elevation remains. The curves can now be shifted by a few
millimeters so that their mean value becomes zero. This
shift corresponds to a time offset between the GPS and
GLONASS observations that also can to be considered as
intersystem receiver code bias as will be discussed in the
following section. For the phase measurement the intersystem time bias is absorbed by the phase ambiguity parameters resp. by the phase shift parameters that have to
be estimated if the ambiguities for the GLONASS observations are resolved to their integer values. As conclusion,
the estimated corrections for the GLONASS receiver antenna model w.r.t. the GPS derived antenna model are in
the order of 1 mm. This means that this experiment did
not indicate a significant discrepancy between the antenna
models for both GNSS.
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< 20◦ : Close to the horizon troposphere and multipath
effects result in a higher noise of the observations.
Masking and elevation cutoff in addition reduces the
number of observations.
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Figure 5: Daily estimated satellite biases for the GLONASS
satellites at station ONSA (receiver: JPS E GGD) before
and after unifying the reference realized by the zero mean
condition.

one satellite for all receivers in the network to any value.
When using the zero mean condition the reference changes
from day to day according to the magnitude of the biases
of the receivers contributing to the daily network solution. Nevertheless, there are two strong reasons to prefer
the zero mean condition instead of fixing biases: First,
there is no preference for a specific receiver or a satellite.
Second, when fixing biases and the particular reference receiver resp. satellite is not available during an interval, no
solution can be generated or an alternative reference must
be defined. The second reason demands that a change of
the reference can be considered in a way that the results
remain comparable. With the same algorithm the disadvantage of the zero mean condition can be compensated.
The impact of the individual realization of the reference
in the case of a zero mean condition is demonstrated in
Figure 5. The upper diagram shows the satellite biases
as they are computed for each day for the station ONSA
(Onsala, Sweden; receiver: JPS E GGD). There is a clear
systematic pattern in the graph that is similar to all satellite biases. In addition, there are several values in the time
series that look like outliers. When unifying the reference
a long-term solution for the satellite biases of all stations is
generated. After that the daily solutions are fitted to the
long–term solution with the same zero mean conditions as
in the processing. With this algorithm the daily estimated
satellite biases are made comparable. The biases obtained
for station ONSA after the unification of the reference are
shown in the lower graph of Figure 5.
The satellite biases are constant for all stations (apart
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Figure 6: Daily estimated biases for all satellites at the station
ONSA (receiver: JPS E GGD). GPS satellites are named
Gxx resp. GLONASS satellites Rxx.
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Figure 7: Mean satellite biases for the GLONASS satellites at
the station ONSA (receiver: JPS E GGD) as a function
of the frequency factor of the individual satellites.

from receiver changes) over the time interval of more than
four months (November 2005 to the mid of March 2006)
that was processed here. No significant jumps were found
even if a satellite was not available for several days. On
the other hand, the repeatability of the satellite biases is
very different for individual stations — but it is consistent
with the mean noise level of the code data that may be
found in the post–fit residuals. The use of one value for
each satellite and receiver seems to be reasonable. This
is also supported by Figure 6 where the biases obtained
for the individual days are plotted in one column for each
satellite. The satellite biases for all GPS satellites are zero
within the uncertainty level. For the GLONASS satellites
a mean bias w.r.t. the GPS satellites of about 30 ns is
found. This can be interpreted as an intersystem bias of
the receiver at ONSA. Nevertheless, a significant variation
between the biases of the individual GLONASS satellites
remains.
Figure 7 confirms that these variations depend on the
signal frequency. Here the mean satellite biases are ordered in columns labeled with the frequency factors k
that are used for the the computation of the carrier
phase frequencies of the individual GLONASS satellites
(fRxx = f0 + kRxx · ∆f ). For the receiver in ONSA as
well as for the other stations no significant difference of
the mean satellite biases can be found if two satellites are
emitting their signal on the same frequency:
534

5:
6:
10:
11:
12:

R02 and R06,
R01 and R05,
R19 (since Jan. 2006), R23, and
R24 (until Dec. 2005),
R17 and R21,
R04 and R08,
R18 and R22,
R20, as well as
R03.

These results allow it to switch from satellite to interfrequency biases. This has the advantage that less unknown
parameters have to be estimated. But also another problem may be reduced: Due to the sparse coverage of stations observing the GLONASS satellites it may happen
that the network is decomposed into independent clusters
that are not connected by simultaneous observations to
each of the active GLONASS satellites. In that case, two
independent references to compute the satellite biases are
required to prevent singularities when resolving for the
unknown parameters. If two satellites contribute to one
interfrequency bias the decomposition of the network becomes less likely. Furthermore, the number of observations that contribute to the interfrequency biases is two
times higher than for satellite biases which improves the
uncertainty of the estimated parameters.
Figure 8 summarizes the mean interfrequency biases that
are computed for all GNSS receivers in the IGS network for the period from November 2005 to March 2006.
The stations are included in separated diagrams according to their receiver types. The stations equipped with
ASHTECH Z18 receivers have a negative bias w.r.t. the
GPS satellites whereas the JAVAD receivers show a positive bias. Obviously this is caused by the zero mean condition that was applied for computing these values. No
conclusion on the real receiver quality (no significant intersystem as well as interfrequency biases are expected
for a perfect receiver) can be derived. It is furthermore
noticeable that the biases differ not only between the receiver types but also from station to station that are using the same receiver type (see, e.g., station MTKA for
the ASHTECH Z18 receiver, or station SPT0 for the JPS
LEGACY receiver).
The estimation of interfrequency biases for each GNSS
station introduces a big number of additional parameters
when computing GLONASS satellite clock corrections.
On the other hand, biases that are computed from a certain time interval for a station can later be applied for the
analysis as it is done today with the differential code biases. The interfrequency biases and the obtained satellite
clocks are fully correlated. This means that, when using
the satellite clocks, e.g., for a PPP of further stations, corresponding biases have also to be estimated or applied for
these GNSS receivers.
When comparing these results with other calibration results, we have to keep in mind that the estimation of
the frequency biases is independent from the broadcast
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Figure 8: Receiver interfrequency biases for the GLONASS frequencies for five GNSS receiver types in the IGS network relative
the GPS frequency. The values are computed from four month of data (as long as the observations to the corresponding
GLONASS satellites are available). A zero mean condition for each GLONASS frequency was applied.

GPS and GLONASS satellite clocks. This makes sense
because of their higher uncertainty. In addition, the computation of GLONASS satellite clock corrections remains
independent from the availability of GLONASS broadcast messages. The solution is obtained by analyzing the
ionosphere–free linear combination of the phase observations at both frequencies. Calibration results obtained for
the individual frequencies of the two signals have to be
transformed to make them comparable with the results
from this study. Because also the satellite clock corrections are estimated when computing the interfrequency
biases for the individual receivers only the differences between the biases of one frequency for different receivers
can be directly compared.
It is clear that this approach is not a real calibration. It
considers the interfrequency and intersystem time biases
of the receivers in such a way that the corresponding code
measurement can be used for a geodetic (or also for a
code–only) time and frequency transfer. The advantage
is that also uncalibrated receivers can be included into

the network solution without degrading the quality of the
estimated satellite clocks resp. the time transfer results
between two calibrated GNSS receivers.

4

Multi-System GNSS Analysis
for Time and Frequency Transfer

If two GNSS receivers are used for a time transfer experiment that are both calibrated with GPS (e.g., [9]) the
interfrequency biases for both receivers (or at least their
difference) have to be considered. Additional observations
from the GLONASS satellites may then only help the frequency transfer because the interfrequency biases for the
receiver(s) have to be estimated. Since they are constant
in time, the additional code observations may help for the
time transfer when multiple days are analyzed (even if independent daily solutions are computed accepting the day
535

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

February 06

Number of satellites

04

05

06

07

08

09

10

11

12

13

16

total
12

8

GPS

4

0
53770

GLONASS
53772

53774

53776

53778

53780

MJD
Figure 9: Number of observed satellites from the different
GNSS for the station ONSA.
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Figure 10:
Receiver clock differences for the baseline
ONSA→SPT0 between the solutions computed from
GLONASS resp. GPS observations only and the receiver clock differences obtained from a combined GPS
and GLONASS GNSS solution.

ference between the GLONASS and GNSS solution reach
50 ps. This higher noise level can be assigned to the solution using only GLONASS satellites which is plausible
because of the estimation of the interfrequency biases together with the clock parameters.
The Allan variances of the three solutions for this baseline
in Figure 11 do not allow to favor either the GPS or the
GNSS solution. The advantage of the additional observations is compensated by the estimation of the additional
parameters, the interfrequency code biases. On the other
hand, the addition of the GLONASS to the GPS satellites in the analysis does not degrade the solution. This
confirms that all relevant biases are considered in the solutions.

5

Summary and Outlook

To obtain consistent products for different GNSS a rigorous combined analysis of measurements from all systems
is preferable. The network may contain single system receiver as long as enough multi–system receivers can be included. At the IGS analysis center CODE, this approach
is successfully applied for the combined processing of GPS
and GLONASS satellite tracking data to generate consisσ(τ) for SPT0−ONSA

boundary discontinuities, see [10]). Assuming that multipath effects depend on the frequency of the affected signal, the addition of an alternative GNSS (e.g., GLONASS)
may help to reduce the impact of these effects on the results. This is in particular valid for the GLONASS system
that has individual frequencies for each satellite and for
which the satellite constellation repeats only every eight
sidereal days. Assuming that the antipodal satellites emit
the signal on the same frequencies, a repeated multipath
situation is expected every four sidereal days instead of
every single sidereal day in the case of GPS. Nevertheless,
the argument for a combined GNSS analysis is mostly the
increased number of observations.
Figure 9 displays the number of satellites in view for the
station ONSA during 10 days as an example. During
this selected period between three and five GLONASS
satellites are observed whereas usually measurements to
between eight and ten GPS satellites are available. By
adding the measurements of the GLONASS satellites to
those to the GPS vehicles in a GNSS analysis, the number
of available data can be multiplied by a factor of up to 1.5 .
With a full GLONASS (and later also GALILEO) constellation, this factor increases to nearly two (resp. three).
As a first√rough estimate an improvement of
√ the results of
a factor 1.5 = 1.2 (and in future up to 3 = 1.7) may
be expected from this increased number of observations.
Provided that consistent products for the different GNSS
(see Section 2) are introduced into the combined analysis only intersystem biases of the user’s receivers have
to be considered in the processing as it was discussed in
Section 3. In the case of GLONASS the interfrequency
biases weaken the solution because for each frequency factor (usually one pair of satellites) one additional parameter has to be solved for when the receiver and satellite
clocks are computed. For that reason, the factor of 1.2 for
the improvement of the combined GPS and GLONASS
solution is not realistic.
Figure 10 shows the differences of the GPS resp.
GLONASS solution to the combined GNSS solution for
the baseline between the two GNSS stations in SPT0
and ONSA, both equipped with H-masers. The GPS and
GNSS solution are equal within the 10 ps level. The dif-

1e−12
GNSS
GPS
GLONASS

1e−13

1e−14

1e−15
100

1000

10000

Please not that the curve for
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Figure 11: Allan variance for the receiver clock differences for the baseline ONSA→SPT0 computed only from
GLONASS, only from GPS, and from a combined GNSS
solution.
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tent orbits since May 2003. First experience to extent
this combined analysis to the computation of fully consistent precise GNSS satellite clocks are encouraging. The
obtained GLONASS satellite clocks have a comparable accuracy to the satellite clock corrections for the GPS satellites. The performance of the GLONASS satellite clocks is
comparable with the performance of the GPS block II/IIA
satellites with Cs clocks.
A prerequisite for the combined analysis of different GNSS
is that also the receiver intersystem biases are taken into
account. One item of investigation was the verification of
the validity of the GPS derived receiver antenna models
also for GLONASS observations. Data from five antennas currently used at GNSS sites in the IGS network are
analyzed for an interval of four week. No significant differences were detected, which means that the GPS derived receiver antenna models also can be adopted for
GLONASS measurements.
Because the GLONASS satellites emit the signal on individual frequencies, GLONASS (and also GNSS) receivers
are affected by interfrequency time biases. For a GNSS
receiver, these interfrequency biases also act as intersystem time biases as long as the GLONASS interfrequency
biases refer to the GPS frequencies. The corresponding
biases have to be considered (estimated or introduced)
when analyzing GLONASS code data. These biases are
different for individual receivers. As long as interfrequency
time biases for the GNSS receivers have to be estimated
together with the receiver and satellite clock corrections,
the advantage of more satellites due to a GNSS instead of
GPS analysis is compensated. For carrier phase measurements these biases are absorbed by the phase ambiguity
parameters. They become only relevant if ambiguities are
resolved to their integer values.
The launch of further GLONASS satellites and the densification of the GNSS stations in the IGS network will improve the situation for the rigorous GNSS analysis. When
adding GALILEO as third GNSS to a combined analysis,
only one additional intersystem time bias for each receiver
is expected (in the optimistic case, one for each receiver
type).
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The T2L2 Ground Experiment
Time transfer in the picosecond range over a few kilometres
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The new generation of optical time transfer (T2L2: Time Transfer by Laser Link [1]), under development at
CNES (Centre National d’Etudes Spatiales) and OCA (Observatoire de la Côte d’Azur), shall allow the
synchronisation of remote ultra-stable clocks and the determination of their performances over intercontinental
distances. The principle is based on the propagation of light pulses between clocks to be synchronized. T2L2 is
the follow-on mission to LASSO (LAser Synchronisation from Stationary Orbit) [2, 3] with performances in the
picosecond range for both stability and accuracy. T2L2 is based on a space instrumentation that includes an
event timer linked to the space clock, and some laser ranging stations linked to ground clocks.
In order to validate the concept and to evaluate precisely the error budget, we realized two global experiments
with some prototypes of both the ground and space instrumentations. These prototypes are based on electronic
event timers and photo-detection devices that we developed in the framework of T2L2 project. In 1998, we
performed a first ground experiment involving two OCA’s laser stations and a first prototype of the space
instrumentation 2.5 km apart. Results were promising but with some limitations due to the use of a bad quartz
oscillator as the space clock. A second experiment was decided in 2004 with the OCA Lunar laser ranging
station and a more finalized space segment installed closed to the station. The experiment was based on a free
space propagation across 10 kilometres thanks to a large corner cube placed 2.5 km away. In order to measure
the noise of the link without the noise of the clocks, a third event timer was able to measure the direct phase
between signal clocks of both the space and ground prototypes.

1. INTRODUCTION
The “Time Transfer by Laser Link” experiment T2L2
[1], under development at CNES (Centre National
d'Etudes Spatiales) and OCA (Observatoire de la Côte
d'Azur), France, will be launched in 2008 aboard the
altimetric satellite Jason 2. T2L2 on Jason 2 will permit
to synchronize remote ground clocks and to compare
their frequency stabilities with a performance never
reached before. In common view mode (i.e. two laser
stations are communicating with T2L2 at the same
time), T2L2 will measure the stability of remote ground
clocks, itself having a time stability in the range of 1 ps
over 1000 s.
The objectives of the T2L2 mission are threefold:
The first one is a technological objective concerning the
validation of optical time transfer, including the
validation of the experiment and of time stability and
accuracy.
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The second one is oriented to time and frequency
metrology, fundamental physics and earth observation.
The characterization of the onboard Doris oscillator and
the validation of the one-way laser ranging concept is
the third and complementary objective of the mission.
In order to evaluate precisely the error budget, a
comprehensive T2L2 ground experiment has been
performed with some prototypes of both ground and
space instrumentations.
II. T2L2 DESCRIPTION
T2L2 is a follow-on mission to LASSO [2], [ 3] which
was proposed in 1972 and launched in 1988 on
Meteosat P2. T2L2 was first proposed in 1996 to fly on
the Russian space station MIR [4] as a French passenger
experience. It has been accepted by CNES before being
cancelled. In the meantime, it was accepted by ESA in
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the framework of the ACES (Atomic Clock Ensemble in
Space) program which was scheduled on the
International Space Station (ISS) in 2002. T2L2 was
one of the three scientific proposals of ACES, but was
cancelled again for technical reasons concerning the
whole ACES mission. T2L2 was then phase-A studied
for a dedicated micro-satellite Myriade with CNES
before being proposed and definitively accepted by
CNES in 2005 to fly on Jason 2.

roughly 40 laser stations in the world that range
satellites and moon and roughly 25 that range JASON 1
regularly. A typical laser station includes a pulsed
Nd:Yag Laser (20 to 200ps) at 10 Hz, a telescope (~
1m) , 2 event timers or an intervalometer.

T2L2 is based on the propagation of light pulses
between the clocks to be synchronized. The light pulses
carry the temporal information from one clock to
another. An ultra-stable oscillator and a time-tagging
unit on the satellite are used as relay to allow time
transfer between remote ground clocks. Some laser
stations at ground emit asynchronous short light pulses
(~ 20 ps FWHM) towards the satellite. Retro-reflecting
corner-cubes located near the T2L2 payload return a
fraction of the received photons back to the ground
station which records, for each laser pulse, the start and
return time. The T2L2 payload records the arrival time
in the temporal reference frame of the on-board
oscillator. These data are downloaded to the ground via
a regular microwave communication link. The
synchronization between the ground and space clocks is
then derived a-posteriori from these data.

The objective is to realize an experiment very close to
the real space project in order to get the best estimation
of the whole error budget.

Figure 1 shows the synoptic of the whole T2L2 space
instrument. The photo-detection unit is composed of
two avalanche photo-detectors. One is working in a
special “Geiger” mode for precise chronometry, the
other one is in linear gain mode in order to trigger the
system and to measure the received optical energy [5],
[6], [7]. The time tagging unit is a dedicated design,
built with a programmable logic array at 100 MHz for
rough timing and a vernier for precise measurement
with a resolution of 1 ps [8].

Figure 1: Synoptic of the whole T2L2 space instrument.

The T2L2 ground segment is a laser ranging station
with a special instrumentation to measure accurately
both the start and return time of laser pulses. There are

III. GROUND EXPERIMENT DESCRIPTION

A first experiment was done in 1998 at OCA between
the Lunar laser ranging and the ultra-mobile stations via
a prototype of the space segment (Figure 2).

space segment
prototype
FTLRS
LLR

Figure 2: first ground experiment at OCA in 1998.

The space segment was set at 2.5km from the stations
without any direct connection. It was power supplied by
a generator unit and driven with an autonomous
software. Unfortunately, during the acquisition phase,
the temperature control of the quartz oscillator used in
space prototype was out of range. This failure degraded
considerably the time stability of the whole experiment.
An other experiment with only one station (figure 4)
and a new prototype of the space segment has then been
planned in 2004.

Figure 3: Experimental setup. The equivalent distance between
the T2L2 space segment and the MeO laser station is 2 x 2.5km.
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The space prototype is set close to the station and the
beacon emitted from the laser is bent back to the station
by a fold mirror (figure 3, 5, 6). The equivalent distance
between the station and the prototype is 5 km (fold
mirror located at 2.5 km from the laser station). The
T2L2 corner cube is fixed on the secondary mirror of
the telescope, in the central obstruction of the beacon.

Figure 4: MeO laser Ranging station. It is based on a 1.5 m
telescope and a flash pomped Nd:YAG laser. The station has been
built in 1980 to range the Moon

station and the second one is connected to the space
instrument prototype. The prototype of the T2L2 space
instrument includes a PC, a photo-detection module and
two event timers (Dassault Electronique). One of them
is used to record the arrival time of the laser pulse and
the other one to perform a direct phase comparison
between the space and ground clocks. The phase
comparison event timer is linked to the same 10 MHz
space clock signal and receives a PPS (Pulse Per
Second) extracted from the 10 MHz ground clock.

Figure 6: Fold mirrors. The device has an equivalent aperture of
30 mm and generate a beacon translation of 400 mm.

In order to eliminate the noise generated by the clocks
one has also the possibility to connect the same clock on
both the space and ground instruments (Figure 7).

The main optical characteristics of the experimental
setup are:
- Telescope diameter:1.5 m,
- Central obstruction 0.45 m,
- Fold mirror aperture: 30 mm,
- Fold mirror translation: 400 mm,
- T2L2 retro-reflector: a unique high index
corner cube,
- T2L2 retro-reflector diameter: 100 mm.

Figure 7: On the scheme, the same atomic clock is connected on
both space and ground instruments. This permits to reject the
noise generated by the clocks.

Figure 5 : MeO station telescope. The T2L2 corner cube is set on
the secondary mirror, in the central obstruction of the beacon.

Two HP5071A atomic clocks are used for the
experiment. The first one is connected to the laser
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The photo-detection instrument is the first prototype of
the T2L2 space photo-detection device (Figure 8). As
compared to the real T2L2 space instrument for Jason 2,
the optical configuration is a little bit different: the light
pulses are sent to the instrument through an unique
multi-mode optical fiber and splitted for the
chrononometry and the energy measurement inside the
instrument with a separator cube.
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except for the dead time that is 10 µs. This short dead
time allows to get both the start and return events with
the same instrument: the time-interval measured is
34 µs (4 x 2.5km). The time stability is illustrated on
figure 11.

Figure 8: Prototype of the T2L2 space photo-detection module. It
includes a Geiger photo-detector and a linear photo-detector for
respectively the chronometry and the energy measurement.

For some statistical reasons, the precision of the
instrument depends on the photon number received. One
gets roughly 40 ps rms in a single photon mode and 5 ps
with 100 000 photons (Figure 9) [9].

Figure 10: OCA event-timer. The T2L2 space instrument for
Jason 2 is also based on this design. The event-timer has a
precision better than 2 ps and a time stability of 10 fs over 1000s.
10
1
σ x (ps)

The photo-detection for the ground segment is based on
the same scheme. Since the photon number received at
ground is lower than the photon number received at the
satellite, the instrument uses a miniature photomultiplier for the energy measurement instead of an
avalanche photodiode. This permits a threshold of only
one photon.
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Figure 11: Time stability of the OCA event-timer. For this
measurements the event-timer measures some electrical events
generated from the 10 MHz clock signal.
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Figure 9: Precision of the T2L2 instrument versus the photons
number received (dots). The photons noise statistic is illustrated
on the lower curve (diamonds).

The event-timer used in this ground experiment for the
space prototype was built by Dassault Electronique in
1995. It includes a frequency synthesis @ 200 MHz and
two 2 verniers. Its main characteristics are:
- Precision: 5 and 2 ps,
- Dead time: 400 µs,
- Time stability: < 10 fs over 1000 s.
The event-timer uses for the ground prototype was built
by OCA (Figure 10). The characteristics are the same

Data were acquired during the summer in 2004 for a
T2L2 ground segment validation. The whole experiment
was maintained during two weeks providing 71
observation sessions. It allowed stability measurements,
noise
estimations
and
dedicated
sensitivity
measurements: corner cube orientation, light energy,
corner cube distance, distance between reflection and
detection. The data, ground start and return times, and
space arrival times with the corresponding detection
levels, are treated to extract the time offset between the
clocks.
The time walk of the detector is computed on a
reference calibration session and removed from all the
data (Figure 12). After the fit, the residual dispersion of
a typical session is 13.5 ps rms.
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The dispersion of the ground-space offsets is 19 ps rms
and the mid-term stability is σx = 1.5 ps for τ = 1000 s
(Figure 16).

Figure 12 : Ground detector Time-walk fit versus Level (040728,
session 10).
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Figure 16 : Ground-Space offset Time variance versus Time
during 33 hours (040728 session 1 to 040729 session 5) with
τ0 = 1 s.

The data from the 28/7/04 session 1 to the 01/08/04
session 4 are used to compute a long term stability curve
with τ0 = 1 s for 1 s < τ < 30000 s and τ0 = 21600 s for
τ > 30000 s (Figure 17).
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Figure 13 : Ground-Space offset and Round Trip Time residuals
after removing a constant versus Time (040729, session 5).
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Figure 17 : Ground-Space offset long term Time variance versus
Time with τ0 = 21600s.
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Figure 14 : Ground-Space offset Time variance versus Time
(040729, session 5) with τ0 = 1 s.

An acquisition of one hour every 6 hours during 7 days
was made with an unique HP5071A clock connected to
the ground and the space segments. The objective is to
get the mid-term time stability. A daily fluctuation can
be seen on Figure 15 certainly due to thermal effects.

542

1.00E-10

.

-4E-10
111000 113000

Figure 15 : Ground-Space Offset and Temperature versus Time
during 33 hours (040728 session 1 to 040729 session 5).
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In order to evaluate the short term time stability, a
continuous acquisition was made during 30
hours @ 10 Hz, with a single HP5071A clock,
connected to both ground and space segments. The
experimental set-up is shown on Figure 7. The groundspace offsets have a dispersion of 18 ps (Figure 13). The
round trip time residuals have a dispersion of 23 ps with
a drift that didn’t show up the ground-space offsets. The
ground-space offset time variance shows a short time
stability better than 0.7 ps for half an hour
measurements. The short term white phase noise is
σx = 17.10-12τ-1/2 @ τ0 = 1 ps (Figure 14).
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A continuous acquisition during 8 hours @ 10 Hz
between two distinct HP5071A clocks was made with
an independent phase measurement. The experimental
set-up is shown on Figure 3. The objective is to identify
the noise that could be eliminated in common mode
with an unique clock. The offset between the clocks is
computed and compared to the phase (Figure 18). We
can see the very good agreement between the offset and
the phase: the difference of the two quantities has a
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Figure 19 : AB clocks Offset Time variance and AB clocks Offset
minus Phase Time variance versus Time (040802 sessions 1 to 4)
with τ0 = 1 s.

An acquisition was dedicated to sensitivity to the corner
cube distance. The data shows that the T2L2 time
transfer performances are not affected by a variation of
the space segment distance (Figure 20). The corner cube
distance varies between 0 and 25 mm corresponding to
a variation of the round trip time about 165 ps. The
analysis shows that the offset is not varying
significantly. The time stability of the mid and long
term offset is not degraded (Figure 21).
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Figure 20 : Ground-Space Offset and Ground-Space Round trip
time versus Time during 2 hours (040729 session 6).
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T2L2 measurement is sensitive to the noise σx(τpulse)
added by space clock (if we consider the ground clock
as a reference) over an integration time equal to the time
between laser pulses τpulse = τ0. This noise is computed
directly from phase data. It includes both the clock
noises and the noise coming from the phase
measurement. We get σx(τpulse = 1s) = 4ps that is small
as compared to the global T2L2 noise. This can be seen
on figure 19: the T2L2 offset noise, considered on the
short term, is equal to the noise of the differences.

Offset

-6.E-11
119000

Figure 18 : AB clocks Offset and Phase versus Time during 8
hours (040802 sessions 1 to 4).

The time variance of the differences between the offset
and the phase is computed (Figure 19). The short term
stability, σx = 2.10-11τ-1/2 @ τ0 = 1 ps, is very close to
the time stability obtained previously with a common
clock.

3.E-10
2.E-10
1.E-10
0.E+00
-1.E-10
-2.E-10
-3.E-10
-4.E-10
-5.E-10

4.E-11

GS RTT (s)

Proceedings of the 20th EFTF, 2006

10

τ (s)

100

1000

Figure 21 : Ground-Space Offset and Ground-Space Round trip
time Time variance versus Time with τ0 = 1 s (040729 session 6).

V. CONCLUSIONS
This ground experiment performed in 2004 permitted to
precisely evaluate the T2L2 performance. The
experiment was able to reproduce an atmospheric
propagation of 2 x 5 km, some observation conditions
with a real laser station and some prototypes of both the
T2L2 space and ground instrumentations.
As compared to the real space project, the ground
experiment gave an unique opportunity to perform a
comparison of the T2L2 link by eliminating the clock
noises: a common clock for both the space and ground
segment and also two directly connected clocks.
Time stability performances measured in this
experiment are quite close to the performances
specifications that were deduced from a global link
budget. Data analysis showed a daily drift of the offsets
that seems to be temperature related with a sensitivity in
the range of 4 ps/°C and a time shift of a few hours.
This sensitivity is probably linked to the thermal
dilatation of the whole laser station. Even if this drift is
not very large, it should be eliminated in the real space
project because laser stations perform some continuous
internal calibrations that will permit to correct this
problem.
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Time Transfer by Laser Link :
The T2L2 experiment onboard the Jason-2 space vehicle
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The new generation of optical time transfer (T2L2: Time Transfer by Laser Link [1]) under
development at OCA and CNES shall allow the synchronisation of remote ultra stable
clocks and the determination of their performances over intercontinental distances. The
principle is based on the propagation of light pulses between clocks to synchronize. T2L2 is
the follow-on mission to LASSO (LAser Synchronisation from Stationary Orbit) [2] with
performances improved by two orders of magnitude.
We have now the opportunity to put a T2L2 payload on the Jason-2 space vehicle, which
will be launched in mid 2008 for a 5 years long mission. A preliminary performance budget
and a ground experiment conducted by the OCA permit to envision a performance
improvement of at least one order of magnitude as compared to the best time transfer
techniques available. Expected performances are in the 100ps range for accuracy, with an
ultimate stability better than 1ps over 1000s (one pass) and than 10ps over one day. Time
transfer performances in a common view mode are driven by the noise of both the ground
and the onboard timers whereas the performances in a non-common view configuration are
limited by the onboard clock (DORIS USO). The main objectives of the T2L2 mission are
technological (In-orbit functional and performance validation), scientific (Time &
Frequency metrology and Fundamental physics tests) with also a contribution to the Jason2 core mission (Evaluation of the behaviours, versus radiations, of the DORIS USO).

1. INTRODUCTION
In a few years, space will be used like a laboratory of
physics with missions dedicated to extremely fine tests
of the Gravitation theory. The General theory of
relativity is a classical theory of which unification with
the other interactions, treated within the frame of
quantum physics, presents particular difficulties. All
the models of unification lead to modifications of the
theory with observable consequences, for example a
violation of the principle of equivalence, or a variation
of the fundamental constants.
The measurement of these observable, often infinitely
"small", needs new extremely powerful techniques such
as ultra-precise atomic clocks, inertial sensors, laser
ranging or very large baseline interferometers. Precise
synchronization devices for distant clocks comparison,
either spatial or terrestrial, will play an major role then.
The “Time Transfer by Laser Link” experiment T2L2
[1], under development at CNES (Centre National
d'Etudes Spatiales) and OCA (Observatoire de la Côte

d'Azur), France, will be launched in 2008 onboard the
altimetric satellite Jason 2. T2L2 on Jason 2 will permit
to synchronize remote ground clocks and compare their
frequency stabilities with a performance never reached
before. In common view mode (i.e. two laser stations
are communicating with T2L2 at the same time), T2L2
will measure the stability of remote ground clocks, itself
having a time stability in the range of 1 ps over 1000 s.
The objectives of the T2L2 experiment onboard Jason-2
are threefold:
-

The first one is a technological validation of optical
time transfer, including the validation of the
experiment, of time stability and accuracy and of
one way ranging.

-

The second one is the characterization of the
onboard Doris oscillator needed for Jason-2
purpose and a contribution to the Jason-2 laser
ranging core mission.
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-

The third one is aimed at various scientific
applications concerning time and frequency
metrology, fundamental physics, earth observation
or very long baseline interferometry (VLBI).

arrival time (tB) in the temporal reference frame of the
on-board oscillator. These data are downloaded to the
ground via a regular microwave communication link.

2. T2L2 HISTORICAL ACCOUNT
T2L2 is a follow-on mission to LASSO [2], which was
proposed in 1972 and launched in 1988 on Meteosat P2.
A first optical time transfer had been successfully
achieved in 1992 between OCA, France and Mac
Donald, USA.
T2L2 was first proposed in 1996 to fly on the Russian
space station MIR [3] taking the opportunity of the
French PERSEUS mission but finally it could not be
selected by CNES. In the meantime it was accepted by
ESA in the framework of the ACES (Atomic Clock
Ensemble in Space) program scheduled on the
International Space Station (ISS). T2L2 was one of the
three scientific proposals of ACES, but had to be
descoped in 2001 for some technical reasons concerning
the whole ACES mission. CNES decided to go on with
the feasibility study of the instrument and to look for
other flight opportunities.
A new opportunity for the T2L2 instrument appeared at
the end of 2004, when NASA decided to abandon the
WSAO instrument, an American contribution to the
Jason-2 mission. Preliminary analysis shows that it is
relevant to put the T2L2 instrument onboard the Jason-2
space vehicle, both for the T2L2 mission and the
Jason-2 mission (through a synergy with the DORIS
instrument). Then a new version of the T2L2 instrument
was selected as a passenger on the Jason-2 mission.
3. T2L2 PRINCIPLE
T2L2 allows the synchronization of remote clocks on
Earth and the monitoring of satellite clocks. The
principle, shown in Figure 1, is based on the
propagation of light pulses between the clocks to be
synchronized. The light pulses carry the temporal
information from one clock to another.
The Earth clock and the satellite clock (the ultra-stable
oscillator USO of DORIS in case of Jason-2) to
synchronize are linked respectively to a laser station and
to the T2L2 space equipment. This equipment is
constituted of a photo-detection device, a time tagging
unit and a retro-reflector. The laser station emits
asynchronous, short light pulses (~ 20 ps FWHM)
towards the satellite. Retro-reflecting corner-cubes
returns a fraction of the received photons back to the
station. The station records the start (tS) and return (tR)
time of each light pulse. The T2L2 payload records the
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Figure 1 : T2L2 principle
The project needs laser ranging stations on ground and
a specific time tagging unit on the satellite.
For a given light pulse emitted from station A, the
synchronization χΑ between the ground clock A and the
satellite clock can is then derived a-posteriori from these
data :
t +t
χ A = S R − t B + τ Relativity + τ Atmosphere + τ Geom
2
For another light pulse emitted from a station B, χB can
be also computed.
In the common view configuration, the noise of the
onboard oscillator, which has to be considered over very
short time, is negligible in the global error budget and
time transfer between ground clocks A and B is then
deduced from the difference between χA and χB. In the
non-common view mode, the time walk of onboard
clock between the two stations has to be taken into
account and the use of a quartz crystal oscillator induces
a significant degradation of the performances.
4. T2L2 INSTRUMENTATION ON JASON 2
Jason 2 is a French-American follow-on mission to
Jason 1 and Topex/Poseïdon. Its goal is to study the
internal structure and dynamics of ocean currents
mainly by radar altimetry. It will be placed in an 1,336
km orbit with 66° inclination by a Delta launcher [4].
Jason-2 core mission consists in a dual-frequency radar
altimeter Poseidon 3 , a radiometer (AMR – Advanced
Microwave Radiometer) to measure the water vapor
content in the troposphere and derive the appropriate
radar path delay correction, a DORIS receiver and a
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GPS receiver for precise determination of the orbit of
the satellite, and a laser retro-reflector (LRA - Laser
Ranging Array) to complete the orbit tracking.
T2L2 is a passenger instrument as well as two other
payloads designed to study radiations (Carmen 2 –
France – and LPT – Light Particle Telescope, Japan – ).
The altitude of Jason-2 will allow common views at the
continental scale (~3000 km baseline), with 6 pass per
day over each participating ground station. The dead
time between two consecutive passes is about 120 mn,
their average duration is 1000 s (for passes with a
maximal elevation greater than 20°).

the system and to measure the optical energy
received and the solar flux [7], [8], [9]. Trigger
level could be adjusted either by telecommand or
from the solar flux measurement in order to
optimise the false detection rate.
-

The Electronic Unit, located inside the Jason-2
payload module, ensures the conversion of the laser
pulse into an electronic signal and then its dating
and the management of the whole instrument.

The T2L2 instrument has an estimated mass of 12 kg
and a power consumption of 48 W.

T2L2 will use the ultra stable oscillator of the DORIS
positioning system [5], [6] as the reference clock for the
onboard time tagging. The retro reflector LRA
designed by JPL and already installed onboard will be
used for laser ranging to reflect the light pulses (Figure
2), instead of the dedicated corner cube previously
foreseen which was developed as a breadboard model
tested at OCA.
Figure 4 : Jason-2.
The LRA (yellow) and the T2L2 optical units (blue) are
on the left of the Poseidon antenna.

Figure 2 : The LRA (Laser Ranging Array)
consists of nine 32mm diameter corner cubes.
Optical units
Collection / Injection
Optic

Electronic unit
Delay line

Non Linear
Detection
Trigger

Linear
Detection

Detection
Solar Flux

LRA

Time tagging

Amplitude

Date

1 PPS
Clock

Processing unit

TM/TC

DC/DC Converters

28 V

The definition and the conception of the metrological
part of the instrument is under the responsibility of
OCA/GEMINI. The time tagging system is a dedicated
design, based on a 54 bits counter for rough timing and
a vernier for precise measurement with a resolution of
1 ps [10] (
Figure 5). A PLL provides, from the 10 MHz clock (i.e.
DORIS USO), the 100 MHZ signal used to
synchronized the 54 bit counter and to generate
reference signals for the vernier and for internal
calibrations. Internal calibrations are mandatory to
monitor the behaviour of the instrument all along the
mission and to compensate internal drifts due to aging
or to external sensibilities.
FPGA

Figure 3 : Instrument architecture.
The instrument breaks up into two subsystems, an
optical one and an electronic one (Figure 3) :
-

Two Optical Photo Detection Units are located
outside the main Jason 2 payload on the LRA boom
(Figure 4). Both are composed of avalanche photo
detectors. The first one is working in a special
“Geiger” mode for precise chronometry (so called
Non Linear Detector). The other is in linear gain
mode (so called Linear Detector) in order to trigger

PLL

RS422

Management

VCXO

Calibration

Counter 54

× 10

10 MHz

Vernier

Pulse
PPS

I
Q

Datation Board

Figure 5 : T2L2 time tagging system.

The T2L2 onboard instrument will tag the arrival time
of light events in the reference of the Doris OUS with a
resolution of 1 ps. Figure 6 shows the precision versus
the number of photons received on the Geiger photo

547

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

detector measured with a first OCA prototype of the
T2L2 instrument [11], [12]. The dead time between 2
consecutive measurements must be below 20 µs. Its
expected time stability is defined by:

σ (τ )T 2 L 2 ≤ K τ + K τ
2
x

2 −1
1

2
2

σ 2x .S (τ ) σ 2x .R (τ )
+
+ σ 2x .B (τ ) + σ 2x .Geom (τ )
(2)
4
4
+ σ 2x .Atmosphere (τ ) + σ 2Re lativity (τ)

K1 = 4 × 10 ≈ 12.6 s.ps

σ 2x .BS (τ) =

K 2 = 4 / 100000 ≈ 12.6 fs / s

Moreover, In order to see a linear phase drift between
ground clocks, T2L2 must be able to measure accurately
a time interval τ with an uncertainty lower than the time
deviation σx-Clock(τ) of the clock.

σ 2x .S (τ ) is the stability of the dating of the departure of
the laser pulse from the station. With the assumption of
the use of a device based on a fast linear photodiode,
one has :

(

σ 2x .S (τ ) = 4 × 10 −12 × τ −½

45
40
30
25
20
15
10
5
0
1

10

100
1000
Photon number Ni

) + (10 × 10
2

−15

× τ +½

)

2

σ 2x .R (τ ) is the time stability of the dating of the return of
the laser pulse to the station. Its is dependent on the link
budget. The use of the LRA places us in the most
unfavourable case, with a number of photons per pulse
between 0,1 and 100. For a detection based on a
avalanche photodiode in its Geiger mode, we have, in a
single photon mode :

Statistic Rms
Diode Rms = f(N)

35
Rms(ps)

Time Stability :
The time stability of the time transfer between a ground
clock and the on-board clock is then give from (1) by :

with :

10000

100000

Figure 6: Precision of the T2L2 instrument versus the
photon number received (dots).
The photon noise statistic is illustrated on the lower
curve (diamonds)
5. PRELIMINARY BUDGETS
The time transfer between a ground clock and the onboard clock is given by :
t +t
χ A = S R − t B + τ Relativity + τ Atmosphere + τ Geom (1)
2
Where :
- tS is the departure date of the light pulse from the
ground station,
- tR is the arrival date of the echo light pulse at the
ground station,
- tB is the detection date of the light pulse by the
onboard instrument
- τRelativity represents all relativity delays
- τAtmosphere is the atmosphere delay
- τGeom is the geometrical delays dues to the
difference of optical path between the ground
station and the reflection reference point on one
side and between the ground station and the timing
reference point on the other side (Because of the
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distance between the LRA and the T2L2 optic
elements).

(

σ 2x .R (τ) = 30 × 10 −12 × τ −½

) + (10 × 10
2

−15

× τ +½

)

2

σ 2x .B (τ ) is the time stability of the dating of the arrival
of the laser pulse onboard the satellite. It gathers
instabilities due to the detection and the time tagging
unit. T2L2 instrument requirement are :

(

σ 2x .S (τ ) = 12.6 × 10 −12 × τ −½

) + (12.6 × 10
2

−15

× τ +½

)

2

σ 2x .Geom (τ ) represents the noise in the restitution of the
relative positions of the reflection reference point and
the detection reference point. This noise breaks up into
two terms: One comes from the signature of target
(LRA), the other from the uncertainty on the distance
between the reflection reference point and the detection
reference point. The first term has been evaluated in
OCA laboratory by measurements carried out with ultra
mobile laser station FTLRS and based on an emulation
of the LRA by 3 corner-cubes laid out with
characteristic distances. Using the short term stability of
the oscillator, it is possible to transform the real noise
generated by this signature into a white phase noise.
For the second term, by supposing a difference between
these two points of 100 mm and by taking into account
a noise of restitution of the attitude of 1 mRad (Jason-1
value) we obtain an RMS error of 3×10-13 s which is
negligible. Thus one has :

(

σ 2x .Geom (τ) = 1.10−11 × τ −½

)

2
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σ
(τ) is the instability related to the
atmospheric fluctuations between the outward travel of
the laser pulse and the return.
2
x .Atmosphere

(

)

σ 2x .Atmosphère (τ) = 6.10 −12 × τ−½ for 0.1 < τ < 106 s
2

-

σ
(τ ) , which represent fluctuations of the terms
related to calibration and the relativistic effects, is
supposed to be negligible.

-

We have then from (2) the time stability for the time
transfer between a ground clock and the on-board
clock :

-

2
x . Re lativity

(

σ 2x .BS (τ) = 23 × 10 −12 × τ −½

) + (14 × 10
2

−15

× τ +½

)

2

(3)

calibration terms (they include vernier calibration,
delays compensation due to laser pulse energy,
differential transmission of linear and non linear
optics …). Internal calibrations performed by the
T2L2 instrument shall allow us to neglect this last
term ;
σAtmosphere : Uncertainty on the atmosphere delay
compensation, due to atmospheric fluctuation
between the outward propagation of the pulse and
the return ;
σRelativity is the uncertainty on the relativistic delay
compensation, which is supposed to equal to zero
thanks to a high performance orbit determination
(DORIS, GPS and laser ranging) ;
σGeom is the uncertainty on the determination of the
relative positions of the LRA and of the T2L2
Optical Units.

1000

To take into account the reattachment to the local
onboard or ground time frame, we have then :
2
2
σ GS
= σ 2TGS + σ 2Groud + σSpace

σx(τ) (ps)

100

10

Atmosphere
Geometry
DORIS USO
Tagging unit (Ground)
Tagging unit (Ground - Return)
T2L2 instrument
Ground to Space Transfer

1

0.1
0

1
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100

1 000

10 000

100 000

1 000 000

10 000 000

τ (s)
100 000 000

Figure 7: T2L2 ground to space stability budget :
We will be able to read DORIS USO for τ > 30 s.
Accuracy :
The uncertainty budget, at one σ, takes into account on
the one hand uncertainty terms from equation (1) and on
the other hand the reattachment to the local onboard or
ground time frame.
We can deduce from (1) the uncertainty for the time
transfer :
σ 2 σ2
σ 2TGS = D + R + σ S2 + σ 2Atmosphere + σ 2Re lativity + σ 2Geom
4
4
Where :
2
2
σ 2D = σ GrDet
+ σ GrTag
+ σ 2GrCal is the departure date

-

uncertainty where σGrDet is the contribution of the
photo detector, σGrTag the contribution of the
tagging unit and σGrCal is linked to the fluctuation of
the optical path inside the instrument ;
σR is the return date uncertainty, same as σD ;
2
2
2
σS2 = σ SpaceDet
+ σSpaceTag
+ σSpaceCal
is the onboard
date uncertainty where σSpaceDet is the contribution
of the photo detector, σSpaceTag the contribution of
the tagging unit and σSpaceCal the contribution of the

That lead to the preliminary uncertainty budget give in
Table 1. Contributions of ground tagging units come
from evaluations performed by the OCA whereas it is
expected values for the onboard equipment.
Item

Uncertainty (ps)
Type A

Type B

12.4
Departure Date σD
12.0
σGrDet
3.0
σ GrTag
1.0
σGrCal
40.1
Return Date σR
40.0
σGrDet
3.0
σ GrTag
1.0
σGrCal
17.2
Onboard Date σS
16.9
σSpaceDet
3.0
σSpaceTag
σSpaceCal
20.0
Atmosphere σAtmosphere
0.0
Relativity σRelativity
0.3
Geométry σGeom
29.5
Time Transfer σTGS
35.0
Onboard reattachment σSpace
50.0
Ground reattachment σGround
67.8
Total Uncertainty (1 σ)
Table 1 : T2L2 expected ground to space
uncertainty budget

549

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

Common view and non common view :
For ground to ground clocks comparisons, we have to
consider the transfer between each ground clock and the
space clock, χA(tA) and χB(tB), and the time walk of the
onboard clock during τAB = tB-tA.
In common view configuration, that is to say when the
two ground stations draw at the same time on space
vehicle, τAB is the dead time between to laser pulse, i.e.
τp = 0.1 s. The onboard clock contribution has to be
taken into account for this duration τp and we have :
τp
σ 2x .AB _ CV (τ) = σ x2 .A (τ ) + σ x2 .B (τ ) + σ 2x .Clock τ p
(4)
τ

( )

That gives, for different values of ∆τAB (Figure 8) :
σ x2 .AB _ 100 s
σ 2x .AB _ 3000 s

(

) + (20 × 10
2

−15

× τ +½

)

2

We can deduce from (4) the uncertainty for the time
transfer :
σ 2TAB _ CV = σ 2A + σ 2B + σ 2x.Clock (τ p )
To take into account the reattachment to the local
onboard or ground time frame, we have then (Table 2) :
2
σ 2AB _ CV = σ 2TAB _ CV + 2 × σ 2Ground + σSpace
Uncertainty (ps)

Item

Type A

Type B

29.5
Ground/Space Transfer σA,B
0.01
Cock σx.Clock(0.1s)
41.7
Time Transfer σTAB_CV
35.0
Onboard reattachment σSpace
50.0
Ground reattachment σGround
89.3
Total Uncertainty (1 σ)
Table 2 : T2L2 ground to ground uncertainty budget
common view configuration
In non common view configuration, that is when there is
a dead time ∆τAB between the access of each ground
station to space vehicle, the onboard clock contribution
becomes significant and the larger this dead time the
bigger the degradation of performances. Considering an
average pass duration of 1000 s over each ground
station we have for τ > 1000 s :

σ x2 .AB _ NCV (τ ) = σ 2x .A (τ ) + σ x2 .B (τ )

{ ( )

( )

}τ τ

+ σ x2 .A 103 + σ x2 .B 10 3 + σ x2 .Clock (τ AB )
(5)
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AB

) + (20 × 0 × τ )
) + (20 × 0 × τ )
) + (20 × 0 × τ )

−9

× τ −½

−9

2

−15

2

× τ −½

−15

2

−15

+½ 2

+½ 2

+½ 2

We can deduce from (5) the uncertainty for the time
transfer :
σ 2TAB _ NCV = σ 2A + σ 2B + σ 2x .Space (τ AB )
To take into account the reattachment to the local
onboard or ground time frame, we have then (Table 3) :
2
2
2
σ 2AB _ NCV = σ TAB
_ NCV + 2 × σ Ground + σ Space

With a stability of σx-Clock(τ) ≈ 12×10-12×τ½, the
contribution of the DORIS USO is negligible over 0.1 s
and we have (Figure 8) :
σ 2x .AB _ CV (τ) = 32 × 10 −12 × τ −½

(
(τ) = (4 × 10
(τ) = (21 × 10

σ 2x .AB _ 300 s (τ) = 0.6 × 10−9 × τ −½

clocks grounds starting from Uncertainty (ps)
1000s. Item
Type A Type B
29.5
Ground/Space Transfer σA,B
Cock
37.5
σx.Clock(300s)
125.0
σx.Clock(1000s)
375.0
σx.Clock(3000s)
Time Transfer
56.1
σTAB_NCV (300s)
131.8
σTAB_NCV (1000s)
377.3
σTAB_NCV (3000s)
35.0
Onboard reattachment σSpace
50.0
Ground reattachment σGround
Total Uncertainty (1 σ)
96.8
σAB_NCV (300s)
153.6
σAB_NCV (1000s)
385.5
σAB_NCV (3000s)
Table 3 : T2L2 ground to ground uncertainty budget
non common view configuration. This budget is clearly
controlled by the contribution of the oscillator.
1000
σx(τ) (ps)

100
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Ground to Ground Transfer (Non Common view - 1 000s)
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1
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1 000 000

10 000 000

100 000 000

Figure 8: T2L2 ground to space stability budget :
Even in non common view, with an improvement of at
least on order of magnitude, T2L2 offers the capability
calibrate existing RF time transfer systems [13], [14].
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In common view configuration, T2L2 should reach the
majority of the current atomics clock, including cold
atoms microwave ones, for duration greater than 1000 s.
In non common view configuration, if the T2L2 loses of
its interest because of the limitation imposed by the
onboard clock, Figure 8 shows that T2L2, even in this
unfavourable configuration, offers an interesting
alternative in calibration campaigns of radiofrequency
frequency and time transfer systems based on
transportable stations.

Concerning the electronic subsystem, carried out by
EREMS company (Toulouse, France), it was decided to
proceed in 3 steps : Prototype boards of the metrological
part, engineering model and qualification and flight
model. Prototype boards have been just delivered and
are under evaluation at the OCA. First results exhibit a
precision of one ps in calibration mode.

Influence of the signal to noise ratio
In order to limit the rate of false detections onboard and
to optimize the signal to noise ratio, non linear detection
works in a triggered mode. Release of the trigger is
managed by the linear detection, when the measure of
the received energy is greater than a threshold whish is
adjusted according to the solar noise. At this time, linear
detection then sends a polarization signal to non linear
detection in order to prepare it on arrival of the laser
pulse (This pulse will have been delayed by an optical
delay line). However, this system is not insensitive with
the photons of noise which would arrive on the linear
detector the moment between the establishment of this
polarization signal and the true laser pulse. Such false
measurements are not filterable a priori and induce a
degradation of the precision of dating. This degradation
depend on the width of the spectral filter implemented
on the non linear detection, of, and of solar flux :
2

 δt 
Φ
 + (1− k)σ 20 with k ≈ thν
σ 2N = k
hc
2 3
λ

Where :
σ 20 is the nominal precision ;
- δt is the normal time between the establishment of
the signal and the arrival of the pulse (set by
hardware) ;
- Φthν is the solar flux reflected by the Earth and
received by the detector after the spectral filter. Φthν
depends on the weather conditions (night / day,
sunny / cloudy) and of the geography (sea,
snow …).
With a 2 nm width spectral filter and δt set to 3 ns, k
varies from 0 (night) to 0,075 (day, cloudy). That led to
a degradation of the precision of a factor up to 8. It
should be possible to limit this degradation to a factor
for if we are able to reduce δt to 1.5 ns.

Figure 9: Prototype boards of the detection and
time tagging system.
7. CONCLUSION
T2L2, because of its non all weather capacity, will
never be an operational system. Nevertheless its
performances, with an improvement of one order of
magnitude compared to existing systems, will allow a
calibration of the various existing radiofrequency time
and frequency transfer systems, based on GPS or
TWSTFT, and comparisons of ground cold atoms
atomic clocks at level never yet reached.
Beyond first measurements on the engineering model
foreseen in May 2006, next milestones are the
characterization and then delivery of the flight model at
the end of 2006 and the launch of Jason-2 mid-2008.
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6. CURRENT STATUS
Only a proto-flight model of the optical subsystem will
be manufactured. Its elements are under development
by SESO company (Aix-en-Provence, France) and first
measurements are envisaged during June 2006.
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A GPS CV LINK EXPERIENCE BETWEEN ROA AND IREE
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Increasing the number of tracks per day of a TTR-6 receiver has been demonstrated to
provide a good tool to reduce the uncertainty of the comparison of two clocks located at
laboratories within few hundreds of kilometres after J.Palacio et al. [1]. To check the
validity of the results obtained with this cheap and easy-to-implement method, it was
necessary to use it in a regular way to link two long-distance separated Timing Laboratories
that contribute to TAI. Thus Real Observatorio de la Armada (ROA) and the Institute of
Radio Engineering and Electronics (IREE - TP), with a 2200 km baseline, have agreed to
set up a computer that controls the spare TTR-6 AOA GPS receiver of IREE in order to
increase the daily number of tracks.
I. INTRODUCTION
The tracking schedule for time and frequency
comparisons by GPS common-view single-channel for
Europe area has the disadvantage of having to track
low elevation satellites both in IREE and ROA
laboratories (Fig. 2, 4). In this paper it will be shown
how the tracking schedule can be improved by adding
a selection of new satellites to the standard schedule
and thus increasing the number of observations up to
the 89 daily tracks.
Fig. 1 shows the time difference between ROA and
IREE reference clocks obtained from the extended schedule

since MJD 53150. The excessive jumps around MJD
53700 are due to sudden malfunction of the TP
reference clock.
200
Time diff
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Fig. 1. Time difference between ROA and TP
reference clocks.

II. THE EXTENDED SCHEDULE
The extended schedule for ROA and IREE receivers
shown below allows us to make a selection of more

suitable satellites with higher elevations (Fig. 3, 5).
This new schedule is modified every month in order to
get the best results in both laboratories.
Tracking schedule No. 45 for international time and frequency
comparisons by GPS CV single-channel receivers.
Tracks added
CLASS
EE
A0
EA
EE
18
EE
EE
EE
EE
EE
EE
EE
EE
EE
EE
18
BC
EE
EE
18
A0
EE
EE
EE
EE
EE
18
BC
EE
BD
74
EE
18
19
1A
EE
74
EE
EE
BC
EE
A0
74
EE
EE

PRN
28
28
26
29
18
29
26
26
9
9
5
5
5
30
30
14
9
30
6
1
2
6
6
6
6
6
16
30
21
30
16
21
3
3
3
16
3
16
16
22
3
18
19
3
3

hour
0
0
0
0
1
1
1
2
2
2
2
3
3
3
3
4
4
4
4
5
5
5
6
6
6
6
7
7
7
7
8
8
8
8
9
9
9
10
10
10
10
11
11
11
11

min
8
24
40
56
12
28
44
0
16
32
48
4
20
36
52
8
24
40
56
12
28
44
0
16
32
48
4
20
36
52
8
24
40
56
12
28
44
0
16
28
44
0
16
32
48

CLASS
EE
18
A0
BC
EE
EE
A0
BC
BD
18
EA
EE
A0
A1
74
A2
EA
BC
EE
EE
74
EE
EE
BC
EE
A0
A1
A2
EE
EE
A0
A1
74
18
19
EE
18
A0
74
EE
74
EE
EE
EE
EA

PRN
19
11
22
3
19
19
14
1
1
24
20
20
1
1
24
1
20
11
24
24
4
24
24
20
24
23
23
23
27
27
13
13
10
29
29
27
26
27
29
29
26
29
29
29
29

hour
12
12
12
12
13
13
13
13
14
14
14
15
15
15
15
16
16
16
16
17
17
17
17
18
18
18
19
19
19
19
20
20
20
20
21
21
21
21
22
22
22
23
23
23
23

min
4
20
36
52
8
24
40
56
12
28
44
0
16
32
48
4
20
36
52
8
24
40
56
12
28
44
0
16
32
48
4
20
36
52
8
24
40
56
12
28
44
0
16
32
48
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receiver and the one calculated using IONEX files,
versus the satellite elevation.

20
15
10
5
0
0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Elevation angle

Fig. 2. Monthly elevation average of tracked
satellites, following the BIPM schedule for GPS
CV single channel in ROA.
25
20
15

Fig. 6. Ionospheric delay errors vs. elevation
angle errors.

10
5

Although the ionospheric delay can be compensated
properly, the estimation of the delay caused by the
troposphere is more complicated, being separated into
its two components, the zenith hydrostatic delay
(ZHD) and the zenith wet delay (ZWD).
The ZHD can be precisely determined by means of
surface pressure measurements, whereas the ZWD
(Fig. 7) can hardly be modelled due to the irregular
and changing distribution of the water vapour in the
atmosphere.

0
0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Elevation angle

Fig. 3. Monthly elevation average of tracked
satellites added to the BIPM schedule for GPS CV
single channel in ROA.
20
15
10
5
0
0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Elevation angle

C1

Fig. 4. Monthly elevation average of tracked
satellites, following the BIPM schedule for GPS
CV single channel in TP.
20

Fig. 7. Dependency of Zenit Wet Delay on
the satellite elevation angle.

15
10
5
0
0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Elevation angle

Fig. 5. Monthly elevation average of tracked
satellites added to the BIPM schedule for GPS CV
single channel in TP.

Due to this low elevation, the uncertainty in the
determination of the ionospheric and tropospheric
delays reduces severely the achievable accuracy in
time and frequency transfer. Fig. 6 shows the
difference of the ionospheric delay applied by the
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The important influence of the satellite elevation can
be quickly observed taking into consideration the DSG
value [2] which is provided by the receivers as a
quality factor for individual tracks, and can be
considered as a contribution to the uncertainty of the
measurement (Fig. 8). Thus, we can evaluate the
influence of the selection of the satellites with higher
elevation in the accuracy of the comparison.
The multipath effect [3] is another important
contribution to the total error, although this effect is
reduced using grounded plate antenna in the ROA
station (Fig. 8).
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Fig. 8. Root mean square of the linear fit
residuals used to produce the REFGPS
common view data file.

III. DATA PROCESSING
Taking several weeks of raw data and studying
separately standard and added tracks, a reduction near
to 1 ns rms has been shown, as resulting from a fit and
a better approximation of the resulting data from
Circular T (Fig. 9). This improvement in the added
data can be also shown in terms of modified Allan
deviation (Fig. 10).
-80

In order to improve the quality of observations, the
data of both laboratories have been corrected by
precise ephemeris and ionospheric delay. The
atmospheric delay has been calculated using IONEX
files, which contain the vertical TEC (VTEC) needed
to estimate the first order ionospheric propagation
delay.
Precise IGS orbits in the SP3 format have been used,
after applying Neville algorithm [4], to estimate the
biases between the precise satellite position and the
result from the broadcast ephemeris contained in the
RINEX navigation files.
Finally the modified and overlapping Allan deviations
have been calculated (Fig. 11, 12) to confirm the
improvement due to the extended schedule. In the
presence of white phase noise it can be translated into
a theoretical improvement in the stability of time
transfer by a factor close to √2.

Standard tracks
Added tracks
Circular T

-90
-100

ns

-110
-120

Fig. 11. Modified Allan deviation of time
difference reference clocks between ROA & TP.

-130
-140
-150
53710

53715

53720

53725

53730

53735

53740

MJD

Fig. 9. Time difference between ROA and TP
reference clocks for ordinary and EE class tracks.

Fig. 12. Overlapping Allan deviation of time
difference reference clocks between ROA & TP

IV. CONCLUSIONS

Fig. 10. Modified Allan deviation of raw data.

With this improvement the TTR-6 receivers can
perform 89 daily tracks which represent the useful
16-minute time slots. Although the amount of data is
reduced after the common-view processing, it still
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remains about twice as large compared to the usual
single channel schedule.
Using the raw data and only taking into account the
added and standard BIPM tracks, an improvement in
the uncertainty of time and frequency transfer has
been shown, mainly due to the selection of high
elevation satellites.
This increase in the number of observations and its
theoretical improvement in the stability is in
agreement with the real data results in terms of
modified and overlapping Allan deviations.
REFERENCES
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The Comparison between TWSTFT and GPS time transfers on inter-continental
baseline links
W. H. Tseng1,*, S. Y. Lin1, H. M. Peng2, H. T. Lin1, and C. S. Liao1
1
Telecommunication Laboratories, Taiwan
2
Institute of Applied Mechanics, National Taiwan University
*email: whtseng@cht.com.tw

This study compares the results of different kinds of the precise time transfer techniques
and estimates their qualities. Four laboratories equipped with the two-way satellite time and
frequency transfer (TWSTFT) stations and dual frequency GPS multi-channel receivers are
chosen for the representative sites of Europe, North-American and Asia. We investigate the
difference between TWSTFT and different kinds of GPS data, including the continuous
GPS code combined with Carrier-Phase solutions, GPS Multi-Channel C/A code, GPS P3
code Common-View and All-in-View. This study shows that TWSTFT and GPS data are in
good agreement. The standard deviations of their double difference could be in the order of
sub-nanosecond.

I. INTRODUCTION
The two-way satellite time and frequency transfer
(TWSTFT) and GPS techniques are the major methods
for the long distance time transfer. The TWSTFT data in
European and North American have been used to
calculate the international atomic time (TAI) since 1998
[1]. In Asia-Pacific region, several major time and
frequency institutes are participating in a TWSTFT
network, including the link between the NICT in Japan
and TL in Taiwan. The NICT-TL TWSTFT data have
also been used for the computation of TAI since January
2002 [2]. From the middle of the 2005, the multichannel TWSTFT modems, which are developed by
NICT, are formally used on the Asia-Pacific TWSTFT
links. And, the TWSTFT data of more than 24 points
per day are available. On the other hand, the first Asia
and Europe TWSTFT link was set up between VSL and
TL in 2003 [3]. In September 2005, both VSL and TL
have finished the automation of their daily TWSTFT
measurements and data processing. Therefore, we can
compute the time difference data between TL and the
laboratories in European or North American via the
VSL-TL TWSTFT link.
The performance of TWSTFT was conventionally
considered by the comparison with GPS Common-View
(CV) method, which is widely used for the international time comparison. The earlier GPS CV time
transfer used the single-channel and single-frequency
GPS receivers. The errors in the ionospheric correction
would be present in the results of GPS CV, especially
for TL that is located at tropical ionosphere latitudes [4].
The multi-channel or dual-frequency GPS receivers
have progressively replaced the previous receivers, due
to the advantage of the correction of the ionospheric

delay [5]. Furthermore, the International GPS Service
(IGS) provides more precise ephemeredes and clock
offsets of the GPS satellites. A GPS All-in-View (AV)
method has become realizable to perform directly time
transfer between any two laboratories on the Earth [6]
[7].
On the other hand, a network of the GPS stations in
Europe and North America has been routinely analyzed
for the continuous time transfer purposes using the
carrier phase observations [8]. Since 2001, The IGS
stations of “KGN0” in NICT and “TWTF” station in TL
have been contributing to the IGS Time. The continuous
GPS code combined with Carrier-Phase (CP) results
could provide a precise time and frequency transfer data.
Remarkable advances of the time transfer method have
been made in the recent years. The goal of this paper is
to compare the precise time transfer techniques and to
estimate their qualities.
II. TIME TRANSFER LINKS
Four laboratories equipped with TWSTFT stations and
dual frequency GPS multi-channel receivers are chosen
for the representative sites of Europe, North-American
and Asia. They are PTB, USNO, NICT and TL. Table 1
shows the baseline lengths of each time transfer links.
We investigate the difference between TWSTFT and
different kinds of GPS data, including the continuous
GPS CP, GPS Multi-Channel (MC) C/A code, GPS P3
code. Table 2 lists the multi-channel and dual-frequency
GPS receivers of each laboratories. For computing the
time transfer results, we downloaded the data of GPS
MC and P3 from BIPM ftp site, except for TL’s GPS
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MC data that were put on TL’s ftp site. And, the data of
GPS CP were downloaded from IGST web site. The
GPS data from MJD 53555 to 53766 were used in this
study.
The TW data were downloaded from the ftp site of each
laboratories. Table 3 lists the time spans of TW data
used for the calculation. The kinds of TW modem are
also listed.
Table 1. Baseline lengths and time transfer methods.
TW: Two-Way satellite time and frequency transfer
TW*:Calculating TW links via VSL-TL TW link
MC: GPS single-frequency Multi-Channel C/A code
P3: GPS dual-frequency multi-channel P3 code
CP: GPS code combined with Carrier-Phase solutions
Link
NICT- TL
PTB-TL
USNO-TL

Distance
2113 km
8376 km
10692 km

Method
TW, MC, P3, CP
TW*, MC, P3, CP
TW*, MC, P3, CP

MC and P3 data, we computed their time transfer results
between two laboratories by Common-View and All-inView methods. In the All-in-View method, we
calculated two results by using equal weight and
elevation weight on different satellites. The elevation
weight means that the weight of different satellites are
determined according to their elevations as following.
Weightj=1/cos2(Elevationj )
NICT-TL link
Both the NICT and TL are located in the Asia-Pacific
Region. During the time span of the data that we used,
the reference of NICT was based on a high performance
CS clock, and the reference of TL was an active
Hydrogen maser.
Since the data of TW, GPS MC and GPS P3 have been
calibrated, the different values of TW-MC and TW-P3
are close to zero. The phase offset of the GPS CP has
not been calibrated, and the difference between TW and
GPS CP data is about 380.5 ns. Some gibbous about 4
ns can be found from MJD 53730 to 53760. The plots of
the double differences for TW-CP and TW-P3 AV
(elevation weight) are shown in Figures 1 and 2.

Table 2. Laboratories and their GPS equipments.
GPS MC
Topcon EURO 80
Topcon EURO 80
AOS SRC TTS-2
AOS SRC TTS-2

GPS P3, CP
Ashtech Z12T
Ashtech Z12T
Ashtech Z12T
Ashtech Z12T

Time difference (ns)

Laboratory
NICT
TL
PTB
USNO

5
3

TW-CP-(380.5 ns)

1

-1
-3

Laboratory
NICT/TL

TW modem
NICT/NICT

Data
MJD 53664-53764
(24 points/day)
VSL/TL MITREX/SATRE MJD 53615-53766
(1 point/day)
PTB/VSL SATRE/MITREX MJD 53615-53645
(4 points/day)
USNO/VSL SATRE/MITREX MJD 53646-53766
(12 points/day)
III. COMPARSIONS
For the purpose of a direct and meaningful comparison,
we averaged the GPS data over the time interval that
around to the time tag of individual TW measurements.
To ensure a meaningful average, we demanded that
there are 9~12 points in a time interval for the most part
of the GPS data. Then, we selected a time interval of ±
0.5 hours for the GPS CP data, ± 1.5 hours for GPS P3
data, and ± 2.5 hours for GPS MC data. For the GPS
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-5
53664

53684
53704
53724
53744
MJD (Oct. 21 2005- Jan. 29 2006)

53764

Figure 1. Double differences of TW and GPS CP for
the NICT-TL link.
6
Time difference (ns)

Table 3. TW data used for the calculation.

TW-P3 AV(elevation weight)

4
2
0

-2
-4
53664

53684 53704 53724 53744
MJD (Oct. 21 2005- Jan. 29 2006)

53764

Figure 2. Double differences of TW and GPS P3 AV
for the NICT-TL link.
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PTB-TL link
The TW data for PTB-TL link were computed from
PTB-VSL and VSL-TL TW data. VSL and TL started to
perform the daily measurements from September 2005.
There are 3 sessions from 7:38 UTC to 7:48 UTC every
day. The average value of these 3 sessions was taken as
the single point TW result.
For the PTB-VSL TW link, there were 4 points/day
before MJD 53645, and 12 points/day after MJD 53646.
We took a linear fit to compute the point corresponded
to the time of VSL-TL link. In order to avoid the clock
error, no fitted data were used unless the data of PTBVSL link can be obtained within ± 0.5 hours interval
around the regular VSL-TL sessions. From MJD 53643,
new CALR was inserted to the data of VSL-PTB link.
And we compensated it for the calculation of PTB-TL
link. A few data were removed due to the obvious jump
compared with the adjacent points. The reference of
PTB is based on a primary CS clock, and the reference
of VSL is based on a high performance CS clock.

10
Time difference (ns)

Table 4. Double differences of TW and GPS data for
the NICT-TL link. Double differences of TW-CP means
[UTC(NICT)–UTC(TL)]TW–[UTC(NICT)–UTC(TL)]CP.
*: only on that the CP data are also available.
Comparison
Points Mean (ns) Std.Dev. (ns)
TW-MC CV
1922
-3.116
2.223
TW-MC AV
1922
-3.122
2.250
(equal weight)
TW-MC AV
1922
-4.010
2.053
(elevation weight)
1892
-0.012
0.904
TW-P3 CV
1503*
-0.209*
0.726*
TW-P3 AV
1892
0.141
0.934
(equal weight)
1503*
-0.066*
0.749*
1892
-0.018
0.884
TW-P3 AV
(elevation weight) 1503*
-0.224*
0.694*
TW-CP
1503
380.474
0.558

data from MJD 53708 to 53740, because the antenna of
VSL was under repair. The resumption of VSL-TL link
caused a step. The TW data for VSL-TL link and CP
data for PTB-TL link have not been calibrated. For the
convenience of comparison, different offsets have been
added to the data sets. Both plots of the TW-CP and
TW-P3 AV results show obvious tilts before MJD
53741, but become flat after MJD 53741.

5

TW-CP+ 222.6 ns
TW-CP + 174.3 ns

0
-5

-10
53615

MJD 53741
53665
53715
MJD (Sep. 2 2005- Feb. 1 2006)

53765

Figure 3. Double differences of TW and GPS CP for
the PTB-TL link.
10
Time difference (ns)

The differences between TW and different kinds of GPS
data for the NICT-TL link are listed in Table 4. The
standard deviations show that the GPS CP data has the
best agreement with TW. The deviation of their
differences amounts to 0.558 ns over the 100 days of
1503 available data. The GPS P3 data also show a good
agreement with TW. As we included the P3 data only
on the period that the CP data were also available, a
deviation of 0.694 ns for TW-P3 AV (elevation weight)
is obtained. The AV method with elevation weight has a
better agreement with TW than CV or AV with equal
weight.

TW-P3 AV(elevation weight)+ 53.9 ns
TW-P3 AV(elevation weight)+ 5.9 ns

5
0
-5

-10
53615

53665
53715
MJD (Sep. 2 2005- Feb. 1 2006)

53765

Figure 4. Double differences of TW and GPS P3 AV
for the PTB-TL link.
The double differences of TW and GPS data for the
PTB-TL link, before and after MJD 53741, are listed in
Tables 5 and 6 respectively. One can see that the
standard deviations after MJD 53741 are reduced,
because the VSL-TL TW data have better quality
afterward. This may due to the reinforcement of VSL’s
antenna structure, and then the performance of TW data
was less affected by wind. Both TW-P3 AV with equal
weight and elevation weight show a similar standard
deviation about 0.42 ns, which is smaller than that of
TW-CP.

Figures 3 and 4 show the double differences TW-CP
and TW-P3 AV (elevation weight). There were no TW
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10
Time difference (ns)

Table 5. Double differences of TW and GPS data for
the PTB-TL link from MJD 53615 to 53707.
Comparison
Points Mean (ns) Std.Dev. (ns)
TW-MC CV
73
-54.310
3.674
TW-MC AV
73
-55.085
2.787
(equal weight)
TW-MC AV
73
-54.559
2.849
(elevation weight)
TW-P3 CV
72
-53.491
2.753
TW-P3 AV
72
-53.490
2.701
(equal weight)
TW-P3 AV
72
-53.784
2.666
(elevation weight)
TW-CP
71
-222.638
2.730

TW-CP- 337.2 ns
TW-CP- 388.8 ns

5
0
-5

-10
53615

53665
53715
MJD (Sep. 2 2005- Feb. 1 2006)

Figure 5. Double differences of TW and GPS CP for
the USNO-TL link.
TW-P3 AV(equal weight)+ 17.4 ns
TW-P3 AV(equal weight)- 33.1 ns

USNO-TL link
As the case of PTB-TL link, the TW data for USNO-TL
link were obtained by using USNO-VSL and VSL-TL
TW data. We applied the same data processing method
as described in the previous section. The reference of
USNO is based on a Hydrogen maser ensemble.
Figures 5 and 6 show the double differences TW-CP
and TW-P3 AV (equal weight). Just as in Figures 3 and
4, both results also show tilts before MJD 53741, and
become flat afterward. The double differences between
TW and GPS data during different time spans are listed
in Tables 7 and 8, respectively. There is no CV data
here, because no common GPS satellite could be
observed at the same time by USNO and TL. It is
obvious that the standard deviations after MJD 53741
are better. The best standard deviation is the TW-CP
result of 0.833 ns. For the TW-P3 AV results, equal
weight is better than elevation weight.
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Time difference (ns)

10

Table 6. Double differences of TW and GPS data for
the PTB-TL link from MJD 53741 to MJD 53766.
Comparison
Points Mean (ns) Std.Dev. (ns)
TW-MC CV
22
-1.772
2.344
TW-MC AV
22
-2.154
2.213
(equal weight)
TW-MC AV
22
-1.799
2.248
(elevation weight)
TW-P3 CV
20
-5.620
0.511
TW-P3 AV
20
-5.881
0.424
(equal weight)
TW-P3 AV
20
-5.880
0.420
(elevation weight)
TW-CP
19
-174.307
0.523

53765

5
0
-5

-10
53615

53665
53715
MJD (Sep. 2 2005- Feb. 1 2006)

53765

Figure 6. Double differences of TW and GPS P3 AV
for the USNO-TL link.
Table 7. Double differences of TW and GPS data for
the USNO-TL link from MJD 53615 to 53707.
Comparison
TW-MC AV
(equal weight)
TW-MC AV
(elevation weight)
TW-P3 AV
(equal weight)
TW-P3 AV
(elevation weight)
TW-CP

Points
77

Mean (ns)
-10.504

Std.Dev. (ns)
2.744

77

-10.366

2.308

76

-17.385

2.450

76

-17.440

2.820

78

337.198

2.338

Table 8. Double differences of TW and GPS data for
the USNO-TL link from MJD 53741 to MJD 53765.
Comparison
TW-MC AV
(equal weight)
TW-MC AV
(elevation weight)
TW-P3 AV
(equal weight)
TW-P3 AV
(elevation weight)
TW-CP

Points
22

Mean (ns)
41.373

Std.Dev. (ns)
1.669

22

41.416

1.793

21

33.083

1.203

21

32.984

1.620

20

388.779

0.833
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IV. SUMMARY
This paper compares the time transfer results of
TWSTFT and different kinds of GPS methods, and
summarizes the following.

[3] H. T. Lin, W. H. Tseng, S. Y. Lin, H. M. Peng, C. S.
Liao, G. de Jong, E. Kroon, and M. J. Brakel, “The First
Two-Way Time Transfer Link between Asia and
Europe,” in Proc. of 35th Annual Precise Time and
Time Interval (PTTI) Meeting, pp. 71-80, 2003.

We averaged the GPS data over the same time span of
TW measurements, and then made double differences of
TW and GPS data.

[4] Huang, Y. N., K. Cheng, and W. T. Huang,
“Seasonal and Solar Cycle Variations of Spread F at the
Equatorial Anomaly Crest Zone,” J. Geomag. Geoelectr.,
39, pp. 639-657, 1987.

The comparison for NICT-TL link shows a good
agreement. The standard deviations of double
differences amount to 2 ns for TW-MC, 0.7 ns for TWP3, and 0.56 ns for TW-CP over 3 months. The AV
method with elevation weight has a better agreement
with TW than methods of CV or AV with equal weight.

[5] P. Defraigne and G. Petit, “Time transfer to TAI
using geodetic receivers,” Metrologia, Vol. 40, pp. 184188, 2003.

We calculated the TW data between PTB, USNO, and
TL via VSL-TL TWSTFT link. For both the PTB-TL
and the USNO-TL links, all the results of the TW-CP,
TW-P3, and TW-MC show the obvious tilts before MJD
53741, and become flat after MJD 53741. The tilts may
be caused by the system errors of TW or GPS in longbaseline time transfer. We also note that the VSL-TL
TW data have a better quality after MJD 53741.
In the case of the PTB-TL link, the GPS AV data with
elevation weight is better than that of equal weight.
Contrarily, the equal weight is the better method for the
USNO-TL link, in which the baseline distance is too
long to have common observations.

[6] T. Gotoh, “Improvement GPS Time Link in Asia,”
in Proc. of 2005 Joint Meeting IEEE IFCS and Precise
Time and Time Interval (PTTI) Meeting, pp. 707-711,
2005.
[7] Z. Jiang and G. Petit, “Time transfer with GPS
satellites all in view,” in Proc. ATF2004, Beijing, China,
Oct. 2004, pp. 236-243.
[8] R. Dach, T. Schildknecht, T. Springer; G. Dudle,
and L. Prost, “Continuous time transfer using GPS
carrier phase,” IEEE Trans. Ultrason., Ferroelect., Freq.
Contr., vol. 49, no. 11, pp. 1480－1490, Nov. 2002.

In both cases of the NICT-TL and USNO-TL links, the
TW-CP result shows the smallest standard deviation.
But in the PTB-TL link, the standard deviation of TWP3 AV is 0.42 ns, which is better than the results of
TW-CP.
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An experiment of GPS+GLONASS common-view time transfer
using new multi-system receivers
J. Nawrocki*, W. Lewandowski**, P. Nogaś*, A. Foks*, D. Lemański*
*Space Research Centre, Borowiec, 62-035 Kórnik, Poland,
e-mail: nawrocki@cbk.poznan.pl
**Bureau International des Poids et Mesures, Sèvres

In this paper we report a new experiment of the combined use of GPS and GLONASS for
international time and frequency transfer using TTS-3 multi-channel multisystem receivers.
The investigation was carried out on a baseline of about 1400 km between the
Astrogeodynamical Observatory (AOS) in Poland and Bureau International des Poids et
Mesures (BIPM) in Sèvres. Unlike GPS, almost every GLONASS satellite works at a
different basic frequency. In order to study the effects of these different frequencies on the
common-view links, the investigations were carried out for every individual satellite. The
results confirm that a combined use of GPS and GLONASS is feasible, despite the
differences between the two systems. The use of two systems in multi-channel mode
increases the number of observations by a factor of 28 in comparison to a single-channelone-system mode, resulting in improved time and frequency comparisons.

1. INTRODUCTION
For the twenty five years the common-view time
transfer for TAI calculation has been carried out using
GPS, meanwhile the estimated uncertainty of
GLONASS time transfer is comparable. The major
obstacle to using GLONASS is operability of the
system, at the time of experiment the number of
satellites was 17 (included 13 operating) instead of 24.
A new experiment of the combined use of GPS and
GLONASS for international time and frequency transfer
was carried out on a baseline of about 1400 km between
the Astrogeodynamic Observatory (AOS) in Poland and
Bureau International des Poids et Mesures (BIPM) in
Sèvres using the new TTS-3 multi-channel multisystem
receivers.

SAT

FR Obs.

bias

σ

bias

C/A

σ

bias

L1 P

σ

L2 P

102

1

218

1,36

0,69

1,27

0,69

5,24

0,74

106

1

185

0,00

0,64

0,67

0,55

3,71

0,78

105

2

154

6,33

0,52

5,50

0,51

7,90

0,64

119

3

204

5,70

0,70

4,25

0,68

5,13

0,64

107

4

91

8,03

0,27

6,42

0,36

3,83

0,26

117

5

214

6,75

0,71

7,42

0,72

6,77

0,71

121

5

75

6,20

0,76

7,38

0,69

6,26

0,90

104

6

207

7,17

0,56

7,75

0,56

6,89

0,75

108

6

216

7,60

0,67

8,00

0,56

5,82

0,50

118

10

188

8,14

1,03

7,95

1,03

6,61

0,89

122

10

212

8,54

0,68

8,47

0,71

6,64

0,62

103

12

195

8,23

0,73

9,22

0,76

6,41

0,99

II. GLONASS FREQUENCIES CALIBRATION
The problems that appear when combining signals from
both systems are results of substantial differences in
time and space references and signal structure. The
discrepancy in time scales vanish in the common-view
time transfer, the different reference frames are aligned
by transformation parameters in the receiver software,
only the problem of different frequencies used by
GLONASS satellites remains and leads to the necessity
of receivers calibration for each GLONASS frequency.
In March 2006 the TTS-3 receiver from BIPM was
calibrated in AOS, the results of GLONASS frequency
biases application are shown below.
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Table 1., fig. 1. GLONASS frequency biases between rec.
TTS-3 sn.12 (BIPM) and TTS-3 sn. 02
(AOS) with respect to frequency No. 1.
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Removing the frequency biases, which reach even 9 ns,
allows one-site comparisons with an accuracy of 1 ns.
MJD
53801
53802
53803
53804
53805
53806
53807
53808

C/A
2,8
2,9
3,0
3,2
3,2
2,6
2,6
2,7

C/A cal.
1,1
1,0
1,4
1,7
1,4
1,0
0,9
1,1

1P
3,1
3,0
3,2
3,4
3,3
2,9
2,9
2,9

1P cal.
1,0
1,0
1,3
1,6
1,3
1,0
0,9
1,0

2P
1,6
1,6
1,9
2,4
1,9
1,5
1,6
1,6

2P cal.
1,0
1,0
1,5
2,1
1,4
0,9
1,0
1,0

Table 2. Standard deviations [ns] of one-site time
comparisons by TTS-3 sn. 12 and TTS-3 sn. 02
multichannel GLONASS common-view before
and after calibration.

GPS (C/A, P1, P2) multichannel method and 28
observations by GPS+GLONASS.
The use of two systems in multi-channel mode increases
the number of daily observations by a factor of 28 in
comparison to a single-channel-one-system mode, from
89 for the one-channel GPS link to 2451 for the
GPS+GLONASS multichannel link.
average number of
Method

sat in c-v

obs.

at the same time
GPS C/A single
channnel

1

1

sat.in c-v

obs.

per day
89,3

89,3

GPS C/A

6,6

6,6

574,4

574,4

GPS L1P

6,2

6,2

535,0

535,0

GPS L2P

6,2

6,2

535,0

535,0

GPS multichannnel

6,6

18,8

574,4

1644,4

GLONASS C/A

3,1

3,1

272,4

272,4

GLONASS L1P

3,1

3,1

266,9

266,9

GLONASS L2P

3,1

3,1

266,9

266,9

GLONASS
multich

3,1

9,3

272,4

806,2

GPS+GLONASS
multich

9,7

28,2

846,8

2450,6

Table 3. Number of observations by different methods
for [UTC (AOS) – BIPM clock] comparison.

Fig. 2. One-site comparisons at the AOS:
GLONASS C/A code multichannel and
GLONASS C/A code multichannel with
frequency biases removed (below).

The following figures present the results of time transfer
between AOS and BIPM over the same period by
different possible methods using TTS-3 on both sides.
For the GPS+GLONASS multichannel link we applied
a constant to the GLONASS data to bring it in line with
GPS. The linear trend is removed.

III. TTS3 – MULTICHANNEL MULTISYSTEM
RECEIVER
The experiment was carried out using a new 20-channel
TTS-3 receivers which integrate observations of all
available navigation satellites: GPS, GLONASS,
WAAS and EGNOS, and use GPS and GLONASS C/Acode, GLONASS P-code, GPS reconstruted P-code and
P3 mode. The receiver hardware, the treatment of the
observations, and the output data fulfil the
recommendations of the CCTF Group on GNSS Time
Transfer Standards (CGGTTS).
Fig. 3. [UTC (AOS) - BIPM clock] by single-channel
GPS C/A common-view.

IV. AOS/BIPM CV TIME LINK
On average six to seven GPS and three GLONASS
satellites were observed at the same time in AOS and
BIPM, which gives 19 simultaneous observations by
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c

Fig. 4. [UTC (AOS) - BIPM clock] by multichannel
GPS C/A common-view.

b

a

Fig. 7. Time deviation of [UTC (AOS) - BIPM clock] as given
by multichannel GLONASS C/A (a), by multichannel
GPS C/A (b) and multichannel GPS+GLONASS (c)
observations.

All data presented, for averaging period of half a day
and more, are affected by a noise. This noise might be
due to the short period of UTC(AOS) steering, but it
requires further investigation calling for more data.
V. CONCLUSION

Fig. 5. [UTC (AOS) - BIPM clock] by multichannel
GLONASS C/A and P common-view.

The results confirm that a combined use of GPS and
GLONASS is feasible, despite the differences between
the two systems.
A significant increase of daily multichannel GPS +
GLONASS common-views in comparison with the
single-channel GPS link improves the reliability of the
time transfer. A theoretical gain in stability is of
(847/89)1/2=3,1.
Investigation reported in this paper demonstrates that
GLONASS and GPS+GLONASS time links might be
considered by the BIPM, initially as back-up links for
TAI calculation, and later as possible official time links.

REFERENCES
Fig. 6. [UTC (AOS) - BIPM clock] by multichannel GPS+
GLONASS common-view.

Figure 7 shows the TDEV of CV time transfer using
GLONASS multichannel C/A (a), GPS multichannel
C/A (b) and GPS+GLONASS method (c). The
observations were not corrected for ionosphere
observations and precise orbits.
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The goal of the EUROMET Project 529 is to extend the GPS receiver calibrations performed by
the BIPM to all the European Laboratories that contribute with their data to the computation of
the TAI. During 2004 a TTR6-AOA GPS receiver from ROA has been sent to selected European
Laboratories with some expertise in former GPS calibration trips, to elaborate a procedure valid
within Europe.
A relevant result of the experience is that the pilot laboratories, ROA and VSL, have gained
a valuable experience allowing to increase the performance of the ’traveling standard’ and have
confidence in the results.
In this paper the results of the year 2004 calibration trip are exposed including the expression of
the considered uncertainties well below ten nanoseconds.
I.

INTRODUCTION

The circulation of a traveling receiver led by BIPM,
has allowed participated timing laboratories to calibrate their Common View GPS links. The effort done
by the BIPM Time Section is recognized and a corresponding effort from the time laboratories is required
to extend the calibration results to other laboratories not visited in the past. According to the spirit
of the MRA, the traceability of the Regional Metrological Organization laboratories must be an issue of
the concern of the members. In Europe, the laboratories that participated in the past GPS calibration
trips were chosen from those ones which in the time
of the trip were equipped with a TWSTFT station.
These are only 10 of a total of 28 European laboratories that participate to TAI. Thus, there is a need
for such a work to be performed. The EUROMET
Time and Frequency Technical Committee approved
during the annual meeting held at Torino in the year
2000, to carry out a Cooperation Project to circulate
a NBS GPS time receiver to extend the calibration to
all laboratories participating to TAI.

II.

THE TRAVELING SET

All the components of the setup were transported
in a single box, subdivided in compartiments. The receiver, a TTR-6 AOA model s/n 419, is a single channel GPS receiver, specially designed for time transfer.
The original power supply unit of the receiver was
changed on Februry 15th 2002 after it failed; all other
components of the receiver remain original. The original antenna, s/n 527, was modified to allow it to be

∗ Electronic

address: jpalacio@roa.es

mounted on a metal ground plate to reduce the multipath. The length of the IF and LO cables was chosen
to fit the maximum distance between the roof and the
measurement room of the visited laboratories. So a
one hundred meters pair of cable was prepared and
calibrated at ROA. No measurements of the cables
were required nor requested to be done in each visited
laboratory. A temperature sensor was also included
to store the temperature near the antenna during the
calibration, and the temperature inside the box during the transport. Unfortunately, temperature data
recorded during the trip were missed due to a communication failure of the device. A personal computer
was prepared to control the functioning of the receiver
and to increase the number of tracks per day up to 90,
as explained in [1]

III.

THE CALIBRATION TRIP

The receiver setup was completed at ROA on December 30th 2003, and it was installed in the environmental controlled room and the results were stored
in the hard disk of the computer. As the master
GPS receiver at the laboratory and the traveling one
were controlled by an external computer, a mean of
80 tracks per day were available for common-view.
On February 03rd 2004, MJD 53038, all parts were
tidily packed in a box as seen in Figure 1 and the
box was sent for the calibration trip to VSL, PTB
and OP, and afterwards back to ROA. The traveling
receiver was operated in parallel to the local reference
GPS receiver in a common clock experiment.
In the Table I, the days the receiver collected data at
each laboratory, the total number of tracks performed
by the traveling receiver, and the number of tracks
used for the CV are shown.
One inmediate conclusion is that the traveling
receiver collected more data than the local ones, and
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FIG. 1: Box ready for the travel.Ground plate at the top
.

FIG. 2: DSG values and elevation of tracks at VSL.

TABLE I: Campaign schedule.

which is a limiting factor for the comparison due to
the high DSG values obtained for these elevations.

IV.

ANALYSIS OF THE DATA

To analyze the quality of the stored data, we studied
the DSG columm provided by the standard format.
This value (Data Sigma) corresponds to the Rootmean-square of the residuals to the linear fit of the
52 points after obtained the quadratic fit [2]. We analyzed the DSG values with respect to the elevation, to
perceive the origin of unexpected high data scattering
that appeared at some sites. In the following graphs
the red (brigth) triangles correspond to the data from
the traveling receiver and the solid blue (dark) dots
are from the local one.

A.

VSL

Refer to FIG. 2. VSL’s receiver is the least noisy
of the involved local GPS. It is an original NBS design s/n VSL01, constructed at VSL. The traveling
receiver shows higher noise in all the elevations compared to the local one, but particularly around 40 and
50 degrees, probably due to the surrounding elements
on the roof around the antenna. Most of the tracks
are allocated between 20 and 40 degrees of elevations,

568

PTB

While the receiver was traveling from VSL to PTB
the BIPM issued a new tracking schedule to be uploaded to the receivers at MJD 53097. A new extended schedule table was issued to cover the gaps of
the BIPM’s table and uploaded to the computer before connecting it to the traveling receiver. The effect
of the new schedule was accompanied by a concentration of the tracked satellites with elevations around
40 degrees, in contrast with the concentration on two
differentiated elevations observed at VSL.
The local GPS receiver unit was a TTR-5 AOA model
s/n 156.
PTB

EUROMET Project
20

DSG / ns

thus only the 56 per cent of them were usefull for CV,
because the local receiver was working as originally
programmed.

B.

15
10
5
0
53110
20

DSG / ns

Interval Days Total tracks Used tracks Perc.
53003 - 53037
2813
2694
96%
53059 - 53093
2722
1522
56%
53109 - 53128
1578
871
55%
53135 - 53156
1775
943
53%
53164 - 53191
2881
2170
74%

53115

53120

53125

15
10
5
0
0
80

Elev / deg.

Lab
ROA
VSL
PTB
OP
ROA

20

40

60

80

60
40
20
0

53110

53115

53120
Dates / MJD

53125

FIG. 3: DSG values and elevation of tracks at PTB.

Refer to FIG.3. A slight increase in the mean of the
DSG values of the tracks performed by the traveling
receiver is detected at PTB, as observed in the DSG vs
elevation graph and comparing it to what obtained at
VSL. Also, the DSG values remain mostly constant for
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Elev / deg

DSG / ns

DSG / ns

In FIG
5 two
different zones are shown in the graph,
all the elevations, against what it is expected:
lowerof the 20th
Proceedings
EFTF,
2006
corresponding to the period of time before the deparDSG values for higher elevation satellites.
ture and after the arrival. We observe that the traveling receiver obtains lower DSG values by the end
of the trip, due to change of the tracking schedule
C. OP
that selects higher elevation satellites shortly after the
changing date. This situation degrades with time and
OP
some satellites are going slowly to low elevation, havEUROMET Project
30
ing the effect of increasing the noise of the track.
The change of the tracking schedule table has no
20
considerable effect in density of the elevation of the
10
tracked satellites (lower graph), because the extended
0
53135
53140
53145
53150
53155
30
schedule table selects the higher elevation satellites for
20
the common view measurements in the European region.
10
The local GPS receiver was a TTR-6 AOA model s/n
0
0
10
20
30
40
60
70
50
80
253.
60
40
20
0
53135

53140

53145
Dates / MJD

53150

FIG. 4: DSG values and elevation of tracks at OP.

At OP the DSG values for the traveling receiver was
lower than those of the local receiver, which is mainly
due to the effect of the ground plate that eliminates
rebounds of signals on elements of the roof close the
antenna. See FIG 4. The site for the antenna at OP
is surrounded by high buildings preventing the tracking of satellites below 30 degrees of elevation; in the
graph some satellites below 30 degrees of elevation are
shown, corresponding to the azimuths with open sky.
However, larger DSG values were observed compared
to low elevation satellite trackings at other sites.
The local GPS receiver unit was a TTR-5 AOA receiver, designated as AOA51.

D.

V.

53155

RESULTS

To obtain the results of the comparison, the data
are subtracted to get the Ref laboratory - Ref traveling
differences. A 3σ filter is applied to the results, to
eliminate those differences whose residuals with respect to the mean are greater than three times ’sigma’.
The DSG values of each corresponding track are combined to get a common DSG value (DSGtotal =
p
DSG2Lab + DSG2T rav ). The raw differences are
plotted and also the histogram of the data is displayed.
Then one point per day is obtained running a weighted
average window over a period of time of a complete
day, using the inverse of the squared combined DSG as
the weighting factor. The program also produces the
standard deviation of the mean of the data included
inside the one day window.
The intermediate results obtained in each laboratory
are shown in pictures 6 - 9 and Table II sumarizes the
results.
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EUROMET Project
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FIG. 6: Mean phase differences between VSL and traveling
receiver

FIG. 5: DSG values and elevation of tracks at ROA.
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FIG. 7: Mean phase differences between PTB and traveling receiver
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receiver
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concentration: one around the +2.5 nanoseconds bin
and the other around the -4 nanoseconds bin. They
correspond respectively to the days previous to the
trip and the days after the arrival. A jump in phase
was detected when the receiver was back, but no
indication about its nature was found.
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The histogram at VSL shows an accumulation
around the -22.5 nanoseconds bin but most of them
are closed in an interval of 5 nanoseconds centered at
this value.
The dispersion of the data is larger at PTB. They
are centered around the -9 nanoseconds bin, but the
interval is 7 nanoseconds.
At OP, the values are centered around the -7 nanoseconds bin, with an interval centered in this bin of 5
nanoseconds.
When looking at the graph corresponding to ROA,
FIG 9, one can see that there are two zones of

TABLE II: Results of the raw differences. Units ns
Lab
ROA
VSL
PTB
OP
ROA

570

Mean difference
2.71
-23.12
-8.79
-6.86
-3.92

σ
0.17
0.43
0.60
0.59
0.18

Mean tracks/day
77
43
43
43
77

-30
53000

53050

53100
MJD

53150

53200

FIG. 10: Daily mean

The source of this jump could be either the
traveling receiver or the local receiver at ROA. To
discriminate between both of them, a third receiver,
a TTR-5 receiver (s/n E63) that acts as a spare at
the laboratory, was included in the analysis.
Figure 10 shows the differences obtained following the
procedure previously described, including the spare
receiver at ROA (named ROA GP1) . Observing the
graph, the ’star’ symbols show that the differences
between the receivers at ROA (GP2 - GP1) is nearly
constant during the whole campaign. So we must
conclude that the source of the jump was the traveling
receiver.
We have forced the receiver at ROA with series of
power off and on cycles according to the calibration
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• For
calibration
purposes it is preferred to select
Proceedings of the 20th
EFTF,
2006
high elevation satellites to avoid the multipath
y
U(k=2)
effect and reduce the DSG values of the indi2.7
7.2
vidual tracks residual. This can be successfully
-23.1
7.6
achieved using external computers to drive the
-8.8
7.9
SC GPS receiver.

TABLE III: Results of the calibration. Units: ns
Lab
ROA
VSL
PTB
OP
ROA

Diff.
2.71
-23.12
-8.79
-6.86
-3.92

uA(1σ)
0.17
0.43
0.60
0.59
0.18

εclosure
6.63
6.63
6.63
6.63
6.63

uε
0.25
0.25
0.25
0.25
0.25

-6.9
-3.9

7.9
7.2

trip practice in wich the receiver is shipped between
different laboratories, to quantify the maximun error
of the jumps we expect to have. After several cycles,
we have not detected significant quantities.
The difference between the initial value at ROA
and the value obtained when the receiver returned
is -6.63 ns and its uncertainty (1σ) 0.25 ns. Assuming this figure as the closure error, combining
the uncertainties and using a covering factor k=2 in
the uncertainty budget, we have the results for the
calibration trip in Table III.

VI.

CONCLUSIONS

• EUROMET has demonstrated to be prepared to
extend the past GPS CV calibration trips carried out by BIPM within the area of its responsability.

[1] J. Palacio et al. A contribution for the improvement of
GPS CV time transfer technique. Proceedings of the
18th EFTF, 140, 5-7 April 2004, Guilford (2005)

• Using two receivers at the pilot laboratory can
avoid misinterpretations of phases jumps observed during the experience.
• The use of a ground plate can decrease the effect
of multipath.
• The selection of the site for the antenna of the
traveling standard is not trivial, the presence of
obstacles, reflecting parts, etc., should be considered. The coordinates of the site should be
determined using the same reference frame as
the local GPS antenna point.
• Using an external PC to drive the SC NBS GPS
receivers can extend the performance of the receivers and the quality of the comparison. When
both receivers, the local and the traveling, are
managed in this way, the standard deviation of
the results are reduced in a range going from 30
to 50 per cent.
• For the next calibration trips, an additional
computer will be included to increase the number of high elevation satellites tracks.

[2] D.W Allan, C. Thomas, Metrologia 31, 69 - 79, (1994)
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Research and Application of Multi-channel GPS Common-view Receiver in NIM
Zhang Aimin and Gao Xiaoxun
National Institute of Metrology, Beijing,China
zhangam@nim.ac.cn, gaoxx@nim.ac.cn
Abstract
GPS Common-view is a very important and widely used technology for time and frequency transfer. The
multi-channel GPS common-view receiver has been developed successfully in NIM China. This receiver is
composed of a VP ONCORE engine made by Motorola company and a .high precision time interval counter（TIC）
developed by our staff. the resolution of the TIC is 50ps. The software is accordant with standardization guide for
data process software of GPS common-view method. Compared with single channel receiver, this multi-channel
receiver has more friendly interface, it is more convenient to operate and also has a stronger ability to analyze and
process data. The experimental result shows the time transfer uncertainty of the multi-channel GPS receiver is less
than 4ns in the condition of common-clock on zero base line. As for the complicated circumstance in NIM China,
Some experiments have been done in order to decrease the effect of the circumstance. The multi-channel receiver
has been used in the International Atomic Time Comparison System of NIM China, and also been used in domestic
remote time and frequency calibration service. Some detail will be described in this paper.

1． Introduction

multi-channel GPS common view receiver has

GPS Common-view is a very important and

been developed in NIM. This receiver is

widely used technology for time and frequency

composed of a VP ONCORE engine made by

transfer. The multi-channel GPS common-view

Motorola company and a .high precision time

receiver has been developed successfully in NIM

interval counter（TIC）

China. In this paper we introduce the principle

The TIC card is developed by our staff, The
resolution

common-view receiver. As for the complicated

recommendation

circumstance in NIM China, Some experiments

common view receiver.

have been done in order to decrease the effect of

is

it

and the performance of the multi-channel GPS

50ps.
for

satisfies

hardware

CCTF

of

GPS

The principle of this TIC is as follows

the circumstance. The multi-channel receiver has
been used in the International Atomic Time

T

Comparison System of NIM China and report

N0

the data to BIPM, and also been used in
domestic remote time and frequency calibration
service.
2. NIM multi-channel GPS common-view

τ0
T1

T0

T2

Fig.1 Principle of TIC

receiver
Time links from UTC(NIM) to UTC was
based on single-channel GPS common view
receiver since 90’s. In order to improve the link,
and also to establish remote time and frequency
calibration
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service

system

in

China,

a

T is the time interval to be measured:

T = T0 + T1 − T2
N0 is the integer number of the pulse
measured, and T0 = N0τ0
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T0 can be measured accurately, and if we

(3) data

process

according

to

the

can measure T1 and T2 accurately then the ±1

standardization guide for data process software

errors can be eliminated.

of GPS common-view method published by

We enlarge T1 and T2 first, then measure
them by time base τ0.

CCTF.
The software add some functions that single

Suppose we enlarge T1 and T2 2000 times.

channel receiver could not have, such as:

and we can get pulse data which are N1 and N2,

automatically position，Input of known antenna

then we can get the following formula.

coordinates，compensation of 1pps antenna cable

N
N ⎞
⎛
T = ⎜ N 0 + 1 − 2 ⎟τ 0 ± δT
2000 2000 ⎠
⎝

delay，compensation of GPS receiver delay，
selection for GPS satellites mask angle，etc.
Some experiments were carried out with 3

2
δT ≤ ±
τ0
2000
If

time

base

GPS receivers(2 single channel GPS receivers
and the NIM multi-channel GPS receiver) under
is

10

MHz,

then

τ 0 = 0.1µs, δT ≤ 0.1ns .

the condition of zero baseline, common clock
and common view. With this measurement setup,
the

common

errors

caused

by

satellites

VP ONCORE Engine is composed of an

ephemeris, ionospheric delay, tropospheric delay

antenna and a metal-sealed PCB，provided with

and antenna position etc. were all cut off. By

one RS232 serial port. We choose Motorola

comparing the common uncertainty of each 2

Binary Format for data transfer protocol. By

receivers, we can get each receiver’s uncertainty.

sending commands to VP ONCORE GPS

Through the experiment results, we deduced the

Engine, we can receive corresponding response

uncertainty of the NIM multi-channel GPS

messages. And we also can get GPS 1pps signal.

receiver is 3.54ns when the elevation is more

1pps from Local atomic clock and 1pps from
VP ONCORE GPS engine are used as start and
stop signal of TIC.

than 40 degrees.
And also we carried out the experiments
with 2 NIM multi-channel GPS receiver under
the condition of zero baseline, 2 different local
clock and common view. From the experiment
results, we can see that relative frequency
difference of two atomic clocks measured by 2
Multi-channel GPS receivers is very close to the
relative frequency difference directly measured
by 2 atomic clocks. It indicates that the
performance of NIM multi-channel GPS receiver

Fig 2 TIC card integrated with Vponcore

is credible.

engine
3. Experiments to decrease the effect of the
The software for NIM GPS Multi-channel
GPS receiver consists of 3 parts:
(1) communication between the computer and
VP ONCORE GPS engine
(2) communication between the computer and
TIC

circumstance.
The GPS antennas are set on the top of
our building, but the top is also an EMC open
field. The reflection affects the GPS common
view result. In order to obtain good results for
GPS common view and time measurement,
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two ways were taken. First, a chock ring was

averaging time was 1 day or 10 days.

installed on the top of GPS antenna, which

Suppose ∆TAG and ∆TBG are average time

reduces the reflection of GPS signal from

difference between GPS time and local clock on

feild close to the antenna. Fig.3 shows the

place A and place B respectively, then

data before and after the chock ring was

∆TAB = ∆TAG − ∆TBG is the time difference

installed, it is obviously that after the chock
ring was installed, the data is more stable.

of place A and B, and the fractional frequency
difference of the Hydrogen maser under test is:

UTC(NIM)-GPS
0.1 ns
0

y (τ ) =

-200

-400

-600

∆f ∆TAB 2 − ∆TAB1
=
τ
f0

∆TAB1 and ∆TAB2 are the average time

-800

-1000

difference of place A and B on the first and

-1200

second day respectively, and τ = 1 day =

53722

53721

53720

53719

53718

53717

53716

53715

53714

53713

53712

53711

53710

-1400
MJD

Fig.3 comparison before and after the chock

86400×109ns. The uncertainty is less than
1×10-13.
If τ =10 days, ∆TAB1 and ∆TAB2 are the average

ring was installed

time difference of place A and B on the first and
Another way is a new 1PPS distribution
amplifier was implemented in the system, this

11th day respectively. The uncertainty is less
than 1×10-14.

amplifier has good driving capacity for long
distance, it also has good isolation and keeps

With the development of GPS time transfer

sharp rising edge of 1PPS signal from output

technology, the remote calculation will be a

of the clock.

more and more popular way of time and
frequency calibration.

4. Application of the NIM multi-channel GPS
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Establishment of a TWSTFT link
between Asia and Europe connecting NICT and PTB
H. Maeno1, M. Fujieda1, D. Piester2, A. Bauch2 , M. Aida1, Q. T. Lam1, T. Gotoh1, and Y. Takahashi1
1

National Institute of Information and Communications Technology
4-2-1 Nukuikita-machi, Koganei, Tokyo 184-8795 JAPAN
2
Physikalisch-Technische Bundesanstalt
Bundesallee 100, 38116 Braunschweig, Germany
Electronic address: maeno@nict.go.jp

In this contribution we report on the installation of a two-way satellite time and frequency transfer link
(TWSTFT) between NICT and PTB and discuss first observation results. Specific features of the
architecture of the Earth stations are the use of the multi-channel time-transfer modems developed by
NICT, which are also in operation in the Asia-Pacific TWSTFT network, and optical fiber connections
for radio frequency transmission between indoor and outdoor equipment. Especially at PTB a distance of
1 km has to be bridged by that way. We have performed time transfer alternatively with two different
reference sources, caesium standard based realizations of UTC and hydrogen masers (HM) at both sites,
NICT and PTB. First results show Allan standard deviations at 104 s of 1x10-13 and 5x10-14, respectively.
This represents a significant improvement compared to the GPS based comparisons made hitherto. In a
first approach towards an improvement of the TWSTFT stability we study the causes of diurnal
variations appearing in the measurements.
1. INTRODUCTION
Two-way satellite time and frequency transfer
(TWSTFT) is the leading technique for
intercontinental comparisons of time scales. At
present, two networks employing TWSTFT exist
worldwide, the Asia-Pacific net which is operated by
NICT and the Europe-USA net [1]. Following first
TWSTFT experiments between Asia and Europe [2],
a link between NICT and PTB was established to
connect both networks by means of TWSTFT.
After a description of the installed hardware and the
operation parameters we show first results of clock
comparisons between NICT and PTB using
TWSTFT. We investigated the stability of the link
by using different frequency sources at both sites,
caesium standards or hydrogen masers. Thereafter,
routine operation was started comparing the local
realizations of UTC at each laboratory. An analysis
of four months data recording is presented. In a first
approach to improve the stability of the link we
investigate diurnal effects.
II. HARDWARE AND OPERATION
In addition to the existing TWSTFT systems for clock
comparisons between institutes in the Pacific-Rim
region [3], NICT initiated the establishment of a
TWSTFT link between Asia and Europe. Two earth
stations were designed and hardware was initially tested

to be installed thereafter at PTB and NICT. Both
stations consist of standard telecommunication up- and
down-converters (UC, DC), solid state power amplifiers
(SSPA), low noise amplifiers (LNA), and antennae. The
modem is a 8-receive-channel modem developed at
NICT [4]. In Fig. 1 a block diagram of the hardware is
shown, and in Fig. 2 the earth stations of PTB and NICT
for communication with the PAS-4 satellite is depicted.
At both sites the modems, UC, and DC are located
indoors in temperature stabilized environment
(temperature variations < 1 K). Only SSPAs, LNAs and
antennae are installed outdoors. The LNAs are mounted
in temperature stabilized boxes. At PTB and NICT
2.4 m diameter Cassegrain and offset antennae have
been installed, respectively. RF frequencies are
transmitted from indoors to outdoors and vice versa via
40 m coaxial cables at NICT. At PTB the antenna is
located at a distance of about 1 km from the time
laboratory. To transmit the RF frequencies over that
distance an optical fibre cable with electro-optical (E/O)
and optical-electrical (O/E) converters have been
installed indoors and outdoors. The separation in
longitude between both sites is quite large which
implies low elevation angles. Fortunately, the PAS-4
satellite is positioned such that a rather symmetrical
signal path with elevation angles of 8o at PTB and 9o
at NICT is feasible. At present, we use up- and
down-link frequencies of 14.265000 GHz and
12.678250 GHz
(14.426250 GHz
and
11.465000 GHz) at NICT (PTB), respectively. The
occupied bandwidth is 2.5 MHz.
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After an initial performance evaluation and an up link
access test (UAT), the first observation succeeded on
July 22nd in 2005. Tentative operation started on that
day. During August and September 2006 different test
measurements were carried out (see Section III). The
transponder frequency was changed to avoid

interference problems on 18 October 2005. Regular
operation started on 26 October 2005. Starting from
1 January 2006, data formatted according to the
relevant ITU-R recommendation [5] are submitted to
the BIPM on a weekly basis.

Figure 1. Block diagram of NICT-PTB Link

PTB Antenna of 2.4m Equipment in PTB

Optical fibre cable in PTB

NICT Antenna of 2.4m
Equipment in NICT
Figure 2. Earth station for PAS-4 satellites of PTB and NICT
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III. Short Term Stability
During the first operation phase we changed the
frequency references from caesium standards based
local realization of UTC (CS) to hydrogen masers
(HM) of the modems to investigate the achievable
short term frequency stability. Two measurement
series were recorded, one with CS connected to the
modems and the other with HM as the source for the
frequency reference. The series consist of six and
nine days continuous recordings of one second
measurements
UTC(NICT) – UTC(PTB)
and
HM(NICT) – HM(PTB), respectively. In Fig. 3a and
b the results of Allan standard deviation analysis are
shown for both cases, respectively (dots). The slope
reveals white phase noise up to τ = 104 s, and values
of 1x10-13 and 5x10-14 at τ = 104 s are reached.
Reducing measurement noise by reducing the onesecond-data to 5 minute averages results in a lower
noise level (line). The dominant noise type changes
to white frequency noise for CS, proving that 5
minutes averaging is sufficient. However, in the case
of HM the noise type at 5 min is still white phase
and a small bump at about τ = 4x104 s may indicate
diurnal effects superposed to the time transfer
information.

Figure 3b. Frequency stability of time transfer
HM(NICT) – HM(PTB).
IV. FOUR MONTH OBSERVATION RESULTS
Since Nov 2005 the TWSTFT link is routinely operated.
The one second data are reduced to one value per hour.
The first 300 data points taken every hour are fitted with
a quadratic function, and the midpoint is reported in the
file format according to the well-known ITU-R
recommendation [5]. Additionally, the link was
calibrated using GPS P3 time transfer data provided by
the BIPM [7]. The estimated uncertainty for a time
comparison is thus uB = 5.0 ns due to the uncertainty of
the GPS link calibration. A comparison of the TWSTFT
and the GPS P3 link is shown in Fig. 4. The red line
represents GPS P3 data while the blue line represents
the TWSTFT measurements. The course of both time
series data show good agreement. In Fig. 5 the
corresponding Allan deviations are displayed in the
same colors. TWSTFT shows a significant improvement
of the time-transfer stability compared to GPS P3. The
noise level and slope of the Allan deviation plot at long
averaging times is typical for Cs standards which were
the frequency sources connected to the modems during
this period of time. A change of the UTC(NICT)
generation from a CS clock ensemble to a HM steered
in frequency happened on 7 Feb 2006. Data taken
afterwards (black crosses) reveal a reduced noise, and
one can see the typical shot-noise limited frequency
stability of PTB’s primary standard CS2. Additionally,
the Allan deviation of one year (starting in Feb 2005)
CircT data are shown as black dots.
B

Figure 3a. Frequency stability of time transfer
UTC(NICT) – UTC(PTB).
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coefficient between the temperature records at PTB and
NICT and the double differences are 0.26 and -0.57,
respectively. The diurnal variation seems to be related
to the temperature at NICT. In fact, the course of the
temperature at NICT shows a strong day-to-day
periodicity, which makes an analysis of the correlation
much easier than in case of PTB. The main difference
between the NICT setup and the PTB setup is the use of
optical fibres at PTB instead of coaxial cables at NICT
to connect indoor and outdoor equipment. However, the
E/O and O/E mounted in an outdoor box have only
minor temperature coefficients (overall < 25 ps/K) of
the group delay. The source of the diurnals should be
analysed in more detail in future investigations.

UTC(NICT)-UTC(PTB)
0

-5

time difference[ns]

-10

-15

-20

-25

-30
P3CV:1 hour averaged
-35
P3CV
UTC(NICT)-UTC(PTB)
-40
53640

53660

53680

53700
53720
MJD

53740

53760

53780

Figure 4. Time difference of UTC(NICT)-UTC
(PTB)

Frequency Stability
2005/10-2006/01

Overlapping Allan deviation

P3CV
TW
CircularT
New UTC(NICT)-UTC(PTB)

10 -13

10 -14

10 -15
10 3

10 4

10 5

10 6

10 7

Figure 6. Double difference (ns) between P3CV
and TWSTFT (blue) and local temperature (°C)
at PTB (upper graph) and NICT (lower graph).

averaging time[s]

Figure 5. Frequency stability.

V. DIURNAL EFFECTS
A small bump in the Allan deviation at τ ≈ ½ day
visible in Fig. 5 indicates a diurnal effect superimposed
to the time transfer. These variations were also observed
by BIPM [6]. The correlation of these diurnals to the
outdoor temperatures at both earth stations is analysed
in the following. In Fig. 6, a five-days excerpt of the
double differences GPS P3 - TWSTFT from the data
shown in Fig. 4 is displayed together with records of
the outdoor temperatures at PTB (upper graph) and
NICT (lower graph). The GPS P3 analysis shows clear
diurnals, so we attribute most of the effect visible in the
double differences to the TWSTFT link. The correlation
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VI. CONCLUSION
On initiative of NICT, a TWSTFT link between
NICT and PTB was established. This link has a
baseline of about 10,000 km. This is the longest
baseline in the world wide network of TWSTFT
links used in the production of TAI. The time
transfer is regularly performed and hourly data are
reported to the BIPM. The observed diurnal variations
are an important issue to be understood and its analysis
will continue. Furthermore, in a cooperation between
NICT, TL, USNO, and NIST a construction of an
earth station at Hawaii is planned to expand the
Asia-Pacific TWSTFT network to USA. Once this
project is completed, an around the world TWSTFT
network will be in operation.
Acknowledgements
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The Use of Ambiguity Resolution for Continuous Real-Time Frequen y Transfer
by Filtering GNSS Carrier Phase Observations

Carsten Rie k, Per Jarlemark, and Kenneth Jaldehag

SP Swedish National Testing and Resear h Institute, Box 857,
S-501 15 Boras, Sweden, Phone +46 33 165440, Fax +46 33 125038
We have studied the in uen e of phase ambiguities and their resolution on the quality of the
station lo k parameter when ltering real-time GNSS arrier phase observations. Espe ially the
bene ts of xed integer phase parameters are dis ussed in this paper. An earlier work [1℄ des ribes
a ontinuous real-time GPS arrier phase pro essing software based on Kalman ltering of ommon
view satellite observations. In this pro essing arrier phase ambiguities were handled by estimating
separate initial L3 phase parameters for ea h observed satellite. In su h an approa h the frequen y
estimation su ers from mapping of di erential station oordinate errors into these non-integer start
phase estimates. Most of the phase parameters are initialized with a biased error due to the fa t
that the orientation of satellite passes is unequally distributed, whi h in turn a umulates into the
estimated station lo k parameters. This introdu es a onstant error in the frequen y estimation of
the station lo ks. Fixed integer phase parameters are one solution to the problem des ribed.
The paper des ribes how to resolve integer phase ambiguities on single di eren es from a real-time
data stream. At startup, at any time a new satellite is in luded to the omputation and at any y le
slip o asion, the di erential phase ambiguities are resolved ahead of the ltering pro ess. In su h
a way the initial phase parameters do not need to be estimated by the lter and leaks of position
errors into the lo k parameters are minimized, i.e. they do not bias the estimated frequen y.
Aditionally, the Kalman lter is less omputational demanding, whi h allows higher throughput
and more stations to be omputed at the same time. Even though the approa h was only tested on
GPS arrier phase observables, the method is generally appli able for any multi-frequen y GNSS
arrier signal.
Continuous real-time frequen y estimations are very useful for pre ise system riti al os illator
monitoring as for example in real-time interferometry appli ations (VLBI).
I.

INTRODUCTION

In the following we onsider GPS as an example of
a generi multi- arrier-frequen y GNSS system.
We have studied the in uen e of phase ambiguities
and their resolution on the quality of the station lo k
parameter when ltering real-time GNSS arrier phase
(CP) observations. In an earlier work [1℄ we des ribe a
ontinuous real-time GPS ommon view arrier phase
(L3) pro essing software based on Kalman ltering,
that estimates station lo k di eren es, tropospheri
delays and onstant non-integer oat phase ambiguities (F 3), in the following also alled start phase or
initial phase. All station positions are xed and assumed to be a urately known with an un ertainty of
a ouple of mm. Su h small systemati station oordinate errors have the potential to bias the initial
phase estimates. Due to the fa t that the orientation
of the satellite passes is unequally distributed, it exhibits a dominant West-East orientation, every time
a new satellite is allowed to ontribute data to the
ltering, the respe tive start phase is estimated with
a systemati bias. Both the ambiguous start phase
parameters and the station lo k di eren es are des ribed with a similar partial derivative that has no
elevation dependen e. This makes it diÆ ult to dis Ele
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tinguish between station lo k drift and initial phase.
Figure 1 shows how a typi al GPS visibility at the
Boras site evolves over the ourse of a day. In this
ase new satellites appear in the Western/Northern
part of the sky and together with the dominant WestEast orientation of the satellite passes reate always
a similar error in the start phase estimate if baseline
errors exist. Thus the lo k solution is mostly sensitive to errors in the East-West omponent of the
station oordinate. Figure 2 summarizes the results
of a few lo k solutions estimated for the SP-PTB
baseline. By applying deliberate East-West baseline
errors the lo k solutions omprise frequen y errors,
here visible as di eren es to a referen e solution. A
typi al value is about 20ps=day per mm East-West oordinate error. Even other position omponent errors
(i.e. North and Up) result in frequen y o sets, but to
a lesser degree. Table I lists approximate frequen y
error values for the SP-PTB baseline, that appear also
to be valid for other (smaller) baselines. Also systemati tropospheri model errors at low elevation angles
ould ause the start phase to be wrongly estimated.
As a result the frequen y estimates of the stations
lo k di eren es are always biased, it is not possible
to avoid this e e t in our type of pro essing using F 3
estimates. In order to over ome the des ribed problem we have introdu ed integer ambiguity resolution
in the real-time pro essing. Even though the reated
frequen y o set errors are very small, these errors are
apparent in omparison with the a ura y of todays
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FIG. 1: Dominant West-East GPS satellite passes: visibility plots for 3rd of O tober 2004, Boras, Sweden; the majority
of satellites pass from West to East. The urrent satellite positions are marked red.

atomi os illators. Figure 3 shows a 65 day long ontinuous real-time CP pro essing in omparison with
a time series derived from TWSTFT measurements,
whi h we assume to have a zero mean frequen y error. The frequen y error seen in the graph an be
translated to a 2 mm East-West baseline error.
II.

PROBLEM DESCRIPTION

Forming L3 observables dire tly from L1 and L2,
in ase of GPS, has the advantage of eliminating the
TABLE I: Frequen y o sets due to station position errors
in ommon view CP pro essing with oat ambiguities.
Error Component
Absolute f
Relative f
East-West
20ps=daymm 2:3  10 16 =mm
North-South
3.5ps=daymm 4:1  10 17 =mm
Up
0.2ps=daymm 2:3  10 18 =mm

ionospheri delay with mm a ura y, but destroys the
natural integer ambiguity relation of the two arrier
signals by introdu ing non-integer ambiguities. These
are estimated as L3 oat start phase parameters (F 3)
by the real-time lter. But the estimates do not ne essarily orrespond to the right ombination of L1, L2
ambiguities (N 1; N 2) due to unmodeled omponents
in the observables, thus introdu ing an ambiguity error. In order to syn hronize new satellite observations
to a set of existing ones, it would be ne essary to onvert all phase parameters to a on urrent set of N 1
and N 2, whi h is generally diÆ ult. Figure 4 pi tures
possible relations of arbitrary phase ambiguities between N 1, N 2 and the oat area of the estimated F 3.
No distin tion between the di erent values of a oat
area is possible be ause a oat area an be mapped
to an in nite number of N 1; N 2 ombinations. A F 3
ambiguous oat area is a small area around a mapped
(N 1, N 2) > F3 start phase estimate, whi h mat hes
the noise level of the ltering. The small systemati
errors introdu ed, by for example station oordinate
errors, reate an in onsistent set of phase parameters.
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FIG. 2: Pro essed GPS arrier phase data PTBB-SP01: frequen y o set error of the lo k solution due to deliberate
station oordinate o sets of SP01. The east omponents is espe ially sensitive be ause 14of the West-East dominan e of
the satellite passes. A 0.1m East o set auses a frequen y o set error of about 2:3  10

Thus it is desirable to determine N 1; N 2 before
ombining to L3. However, errors in the observables, mainly unmodeled tropospheri delay, unmodeled ionospheri delay and distan e errors due to orbits an prevent the N 1; N 2 resolution at low elevation angles.
In order to illustrate the di eren e between oat estimation and integer determination a very simplied satellite system is introdu ed in Figure 5. Imagine a single frequen y f = = and two dimensional
GNSS system. All the satellite lo ks are perfe t and
exhibit no relative drift. Any of the max three satel-

lites that are visible at any time are always measured
in three well de ned positions A, B and C. The re eiving antenna is o set from its known position x0 by x
ausing the observables to di er by ( , 0, ) for satellite measurements at (A, B, C), whi h are otherwise
perfe tly modeled (i.e. no atmosphere, perfe t orbits,
et .).  is a fun tion of x, e.g.  = os  x, with
being the elevation angle to a satellite in position
A or C. N de nes the delay aused by the phase ambiguity of the respe tive measurement. This kind of
error ontribution also ensures a perfe t re eiver lo k
but the lter software does not assume this fa t in its
pro essing. For the following dis ussion it should be
noted that no di eren es are onsidered, whi h does
not limit the validity of the examples below. Table II
des ribes some steps in the lo k estimation for the
two methods. A total of four satellites rise sequentially, passing positions A, B, C and disappear from
sight after six time units t0. In this limited model a
measurement M to satellite s is de ned as :
M (t) = A + C (t)
(1)
where A de nes the over the ourse of a satellite
pass onstant phase ambiguity of the arrier signal
and C the station lo k parameter.
x

s

s

s

s

s

FIG. 3: Comparison between a GPS real-time lo k solution and results from Two Way Satellite Time and
Frequen y Transfer (TWSTFT) of the baseline SP-PTB
623km. The al ulated frequen y o set an be translated
to about a 2mm error in the East omponent of the baseline.
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 Initially, no previous lo k estimate exists at

= 1, thus the FLOAT method assumes the
lo k parameter C1 to be zero. Sin e there are
no other parameters to be estimated (Eq. 1) the
lter sets the initial phase value A1 to the value
of the measurement M1. At t = 2 A1 is kept
t

PAPERS

AUTHORS

TABLE OF CONTENTS

PRINT

QUIT

Proceedings of the 20th EFTF, 2006

onstant and C1 starts to a umulate an error
whi h is aused by the assumption that all relevant e e ts are perfe tly modeled. As the se ond satellite omes into view the lters best estimate about the new measurements's lo k ontribution C2, is that it is equal to that of measurement 1, C1, sin e the same re eiver lo k
governs all hannels of the re eiver. In turn, also
the initial phase A2 is wrongly estimated. This
error propagates through the entire pro essing
and auses the averaged lo k parameter C to
exhibit a drift of:
lim
FLOAT(f; ) = t0
(2)
!1
t

with t0 de ning the sampling interval.
 The FIXAMB method assumes that  >> 
and thus an determine A1 = N1 at t = 1 by
rounding the measurement M1=. The error 
is entirely absorbed by the lo k parameter C1.
At t = 2 and any subsequent sampling times
the determined arrier phase ambiguity A1 is
still valid and used to determine the measurement's lo k ontribution C1. Any new satellite is treated independently from ea h other ree ting that the lter allows model errors in the
measurements. This auses the lo k parameter
C = mean(C1 :::C ) to be wrong at the beginning and at the end of the time series. For long
observations times the lo k drift is essentially
zero:
lim
FIXAMB (f; ) = 0 .
(3)
!1

III.

The real-time pro essing an be simpli ed with
three steps. Raw data  at time t and a troposphere
delay estimate T from the previous step t 1 is
fed to the model redu tion routine that removes all
estimated and modeled ontributions from the raw
measurement of the arrier phase observables at
two frequen ies f1 and f2 . The redu ed measurements  are used to determine N 1 and N 2 with
the ambiguity resolution routine. N 1 , N 2 and 
are then used by the lter to form L3 observables
and to estimate lo k and troposphere delays.
f

It an be seen that the oat solution in presen e of a
oordinate error estimates the station lo k with a frequen y error, whereas the integer ambiguity solution
does not introdu e su h an error.
L1 wave front

L2 wave front

f

f

T (t

1)

?

?

f

(t)

(L1,L2) Model Redu tion: 

?

(L1,L2) Amb. Resolution: N 1 , N 2
f

f

?

(L3) Filter: T , C
T (t)

n

t

METHOD

?

?

C (t)

The following is a generally valid des ription of
the model redu tion and ambiguity determination
pro ess, whi h ex ludes the nal ltering as pi tured
above.
If we de ne  to be a raw measurement at arrier
frequen y f dire tly extra ted from a arrier phase
GNSS re eiver, see e.g [2℄, then the measurement
 presented to the ambiguity resolution routine is
f

f

Possible L3 float ambiguities

sat@B

...
sat

@C

sat

@A

...

Nx
Nx + ε

Nx - ε

float area

...

...

ε =f(∆ x)
∆x
x0

FIG. 4: GPS L3 oat ambiguities (F3) and L1,L2 integer ambiguities: distin t integer N 1, N 2 ambiguities are
mapped via the linear ionospheri free ombination to arbitrary lose oat values. The oat area mat hes the noise
level of the ltering.

FIG. 5: A very simpli ed two-dimensional navigation system. Maximal three satellites are visible at any time and
those are always measured at three well de ned points
A, B and C. No di eren es, no atmosphere and perfe tly
modeled satellite lo ks and orbits.
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TABLE II: Simulation of the very simpli ed GPS ltering a ording to Figure 5, with the error in the observable due
to a position o set. The upper table shows the solution based on estimation of oat ambiguities. A onstant frequen y
o set of =t0 is visible. The lower table depi ts the the same steps but uses xed integer ambiguity resolution. The lo k
solution is noisy but exhibits no frequen y o set for long time series.
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simply de ned as:
 =  T I
(4)
where  de nes the modeled distan e to the satellite.
 in ludes the satellite orbits derived from broad ast
ephemerides and IGS ultra rapid orbit predi tions,
see [3℄, [4℄ as well as a simple earth tide model and
feed rotation orre tions. T denotes the tropospheri
delay estimated using Niell's mapping fun tion [5℄.
This delay onsists of a standard atmospheri value
(mainly hydrostati delay) and the atmospheri delay
derived by the real-time lter that omprises the biased dynami part of the tropospheri delay (mainly
wet delay). I
is an ionospheri model derived
from the Klobu har oeÆ ients [6℄ found in the GPS
broad ast message.
In a typi al situation both  and T an be derived
with suÆ ient a ura y in order to allow a robust
ambiguity resolution. I
is transparent to the determination pro ess, but by removing the "known"
ionospheri delay it allows the ambiguity resolution
method to use a limited sear h range.
Consider in the following an epo h t and observables
from two di erent re eivers k and l with observations
of a satellite i at frequen y f that an be written as :
 = + I + +  N +  ,
(5)
 = + I + +  N + 
(6)
omprising of the satellite lo k , the station lo ks
and , the remaining unmodeled ionospheri delays I and I , the phase ambiguities N and N
with their respe tive wavelengths  , and residuals
 and  that have ontribution from unmodeled errors and measurement noise. Assuming ideally aligned
measurement epo hs (t) for both observations one an
form a single di eren e  as:
  
 = I + +   N +  (7)
where the omponents for the ionospheri delay I ,
the station lo k , the phase ambiguity N and the
residual  are di eren es of the respe tive re eiver observable omponents for k and l. A onvenient e e t
of di eren ing is that the satellite lo k be omes a
ommon lo k and is an eled in the equation. Espeially from a real-time lter point of view it is easier
to pro ess GNSS data without the diÆ ult to predi t
satellite lo ks. Equation 7 still ontains the station
lo k di eren e between j and k, whi h is an unknown that needs to be removed from the equation in
order to determine the right phase ambiguity N . One
ould either use the lter estimate in order to get rid
of this ontribution, or, in a more orre t way, form
a double di eren e,  where i and j denote the two
di erent satellites used:
    = I +   N +  . (8)
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Now, left in the equation are only double di eren ed:
ionospheri delay I , the phase ambiguity N and
the model residual  . Let us introdu e two arriers
at frequen ies f1 and f2 for Eq. 8. Assuming that
the residual  is small enough, then it is possible to
determine the phase ambiguity by using the fa t that
during normal ionospheri a tivity the ionospheri delay on the arrier frequen y f1 is a down-s aled version
of the delay on arrier frequen y f2 with f1 > f2 :

l
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f

ij
f

(9)
At elevation angles
the tropospheri model error is on a level of a few mm, and for
baselines < 1000km satellite orbit predi tions as well
result in di erential distan e errors of a few mm. If
the a umulated model errors  are below a ertain
threshold  <<  , e.g 1 m, the ionospheri rule
an be used in order to nd a right ombination of
N 1 ; N 2 , provided that the sear h window for N is
small enough. The algorithm sear hes in real-time for
a suitable ombination that minimizes the ionospheri
residual:
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where N 1 ; N 2 de ne the sear h range of N 1 and N 2
respe tively. The sear h range is usually set to about
3 ... 4 y les for ea h arrier frequen y f around an
initial estimate of N
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(11)

A new set of (N 1 ; N 2 ) is only a epted if the ionospheri residual for (N 1 ; N 2 ) in Equation 10 is
smaller than a ertain threshold, e.g. 1 m. The double di eren es  are al ulated between all satellites
i and j from the valid set of satellites at the urrent
epo h t with elevation angles >
, where j denotes a referen e satellite, whi h is hosen as the satellite with the highest elevation . This referen e satellite has also to have avalid set of (N ) for (t 1),
setting N 1 (t); N 2 (t) = N 1 (t 1); N 2 (t 1)
in order to bind the urrent epo h t to all the previous epo hs. This will ensure a set of ompatible
ionospheri delays for the two frequen ies. If this requirement is not met or no trusted ombination is
found the pro edure indi ates this fa t. In order to
nd the single di eren e phase ambiguities N (t) the
referen e ambiguity N (t) has to be added to the double di eren e phase ambiguity N (t) for every i:
N =N +N .
(12)
The pro edure applies some further rules of when to
a ept and release phase ambiguities to and from the
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valid set in order to ensure a robust ltering. In addition the real-time Kalman lter is now apable of handling any ombination of integer and oat ambiguities,
whi h allows the determination pro ess to reje t unertain phase ambiguities without ompromising the
number of observations available to the lter.
IV.

RESULTS

Our algorithm removes the sensitivity to small errors, on the m level, in the station positions. We
have made several experiments on short baselines.
 Zero- lo k and very short baseline, Figure 6:

A lo k is onne ted to two arrier phase reeivers, whi h ea h in turn is onne ted to its
own antenna that are separated by a very short
baseline (30m). The station oordinates are
known and xed. Any orre t lo k solution
should produ e a zero-mean lo k di eren e.
The di erential atmospheri delay is basi ally
zero. The turquoise graph represents the standard lo k solution using estimated oat start
phase parameters. It an be seen that even with
a reasonable well known baseline the solution exhibits a lo k drift orresponding to an East station oordinate error of about 7.5mm. All other
graphs have additional East- omponent baseline
errors introdu ed. Both the lo k di eren es
based on oat start phase estimates (blue and
pink) show the expe ted additional lo k o set
of about 20ps=(daymm) East oordinate error.
The two solutions based on xed integer phase
ambiguities (green and red) behave a ording to
the theory explained above. The solutions were
pro essed with a di erential East baseline error
of 15mm, but they still maintain a zero lo k
drift. In addition, the green graph is produ ed
by a spe ial mode that deliberately uses only one
xed integer ambiguity at any epo h and estimates all others as oats (in green). This single
xed ambiguity maintained the right lo k differen e as mu h as a solution based on the maximal number of xed integer ambiguities (in red).

[1℄ Rie k et al. "Real-Time Time and Frequen y Transfer using GPS Carrier Phase Observations" (Pro eedings of the 35th Annual PTTI System and Appli ations
Meeting, 2003)
[2℄ B Hofmann-Wellenhof, H. Li htenegger, and J. Collins,
"GPS: Theory and Pra ti e" 5th ed. ( Springer Verlag,
2001)
[3℄ International GNSS Servi e IGS, web-site
http://igs b.jpl.nasa.gov/
[4℄ G. Beutler, M. Rotha her, S. S haer, T.A. Springer,
J. Kouba, and R.E. Neilan, "The International GPS
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 Short Baseline SP01-ONSA, Figure 7:

On the 67km long baseline between SP and
the Onsala Spa e Observatory (OSO) we have
tested a more relevant setup. The two graphs
represent the di eren es between two 5mm East
station oordinate o set-ed lo k solutions,
left graph: using oat ambiguity estimates and
right graph: xed integer ambiguities.
The oat based solutions di er by
20ps=(daymm), whereas the integer ambiguity xed solutions di er insigni antly. The
s atter between the lo k estimates in the right
graph relates to the amount of the oordinate
error imposed between the two solutions.
This might not prove that the x ambiguity
solutions have a zero mean frequen y error but
the di eren e shows that both solution agree
despite the imposed baseline error. Currently,
no alternative and independent time link exists
between OSO and SP.

V.

CONCLUSIONS AND DISCUSSIONS

We have shown that the real-time estimation of arrier phase ambiguities in reases the robustness of the
real-time lter and that the frequen y o sets, mainly
aused by di erential position errors, are removed
from the lo k solution. This works well for short
and very short baselines, however longer baselines,
e.g. SP-PTB (622km) need a more ne-tuning of the
estimation algorithm due to the tropospheri disturban es at low elevation angles. During future work we
will generalize the algorithm for use with any multifrequen y GNSS system (Glonass, Galileo).
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Zero Clock and Very Short Baseline, Real-Time Clock Differences SP01-SPF2
0.6
sloppy fixed ambiguities, posoffset east 5mm
single fixed ambiguity, posoffset east -10mm
estimated float ambiguity, posoffset east 5mm
estimated float ambiguity, posoffset east -10mm
REFERENCE: estimated float ambiguity, no posoffset

0.5

Estimated station clock error [ns]
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0
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FIG. 6: Zero-Clo k, very short baseline (30m) experiment: the plot shows several di erent station lo k solutions
derived from two days of GPS arrier phase data. Due to that both re eivers (SP01, SPF2) use the same lo k the lo k
di eren e should be zero. Due to deliberate station position o sets the solutions based on L3 oat ambiguities learly
show frequen y o sets (100ps/day for 5mm east omponent). Both position-o set integer ambiguity solution are lose
to zero mean in frequen y.
sp01-onsa: Realtime (float.log) - Realtime (float-posoff.log)
0.1
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0.04

std 0.04868 ns based on 5510 points, difference
linear fit, offset : 0.0867192589249668 ns/day

sp01-onsa: Realtime (ambfix.log) - Realtime (ambfix-posoff.log)
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FIG. 7: Short baseline SP01-ONSA (67km) experiment: a two day data set was pro essed with oat ambiguities and
xed integer ambiguities, both with and without a station o set of 5mm East omponent resulting in four lo k solutions.
The left graph shows the di eren e between the two oat solutions revealing a frequen y o set of about 90ps/day. On
the ontrary the di eren e of the two xed integer ambiguity solutions on the right side show an insigni ant frequen y
o set of about 0.4ps/day.
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