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Dr Paul Vigoureux attended the conference dinner as guest of the Local Organising
Committee, in recognition of a long and distinguished career in frequency metrology.
Although Dr Vigoureux retired officially in 1974 following some five decades of work
in metrology, he continues to contribute to various research projects at NPL. His
expression of thanks is reproduced here.
"Mr Chairman, Members of the Organising Committee, Ladies and Gentlemen, I
thank the Organising Committee for the great honour done to me by asking me to be
here with you this evening; my thanks go also to the Professor Underhill for his kind
remarks about my scientific activities. When I joined the National Physical
Laboratory in 1925, my activity became precisely your own, for I worked under D W
Dye, a brilliant experimenter who, like Cade on the other side of the Atlantic, was a
pioneer in the application of quartz crystals to the measurement of frequency and
time. After Dye's untimely death in 1932, his work on time and frequency was
continued by Essen with great success that I think you all know.
Your conference is being held, I gather, under the auspices of the Institution of
Electrical Engineers. I have appreciated being associated with the Institution ever
since Ijoined it as a student in 1923. 1 have enjoyed attending lectures at Savoy
Place, enjoyed serving on committees at the Institution, enjoyed membership of the
Dining Club, which I still hold. Now that I have resigned from the committees, Istill
enjoy an occasion like this evening, and when the IEE News arrives, I enjoy opening
it to read Dipole's article. My sincere thanks to the Institution, Mr Chairman, as well
as to you all.
Paul Vigoureux

PULSARS AS CLOCKS
A. G. Lyne
University of Manchester, Nuffield Radio Astronomy Laboratories,
Jodrell B a n k , Macclesfield, Cheshire S K l l 9DL, UK.
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INTRODUCTION

Radio pulsars are neutron stars, highly condensed bodies formed in the gravitational collapse of the cores of massive stars, following
exhaustion of fuels for nuclear burning. Enormous amounts of gravitational energy are released in the collapse, resulting in the bulk of
the star being blasted into space with velocities
of perhaps 10,000 km/sec. These violent events
are witnessed as supernova explosions, such as
that which formed the Crab Nebula and its central pulsar in 1054 AD. The collapsed body is a
highly compact object, a neutron star, predicted
by Baade & Zwicky (1934), and first observed at
Cambridge in 1967 (Hewish et al. 1968). Consisting mostly of neutrons, they have masses of
about 1.4 times the mass of the Sun, but confined in a star of only 10-15 km in radius. With
~ , central
mean densities of 1012 gm ~ m - their
densities are perhaps 1000 greater, far exceeding the density of matter in the atomic nucleus.
During the collapse, angular momentum is conserved and the neutron star ends up rotating
perhaps a hundred times a second, the enormous gravitational field keeping the star from
flying apart through centrifugal forces.
We would not normally expect t o be able t o
detect such small, dead bodies, except for the
fact that they are mostly endowed with intense,
dipolar magnetic fields, which were probably
formed in the squeezing of the magnetic field
of the progenitor star during the collapse and
maintained by the superconducting properties
of the few electrons and protons inside the star.
The rotation of the star and electromagnetic induction result in large electric fields along the
magnetic field lines above the magnetic poles.
These fields accelerate particles t o highly relativistic velocities, causing them t o emit beams

of electromagnetic radiation, roughly out of the
magnetic poles. As the star rotates, these beams
of radiation cross the line-of-sight t o the Earth
and we receive a pulse of energy, much in the
way that a lighthouse beam is observed t o produce pulses of light.
Such an object is known as a pulsar, of which
over 700 are now known, having rotation periods between 1.5 milliseconds and 5 seconds. Being massive, inert flywheels, spinning in essentially empty space, and whose rotation can be
observed, it is perhaps not surprising that they
are potentially superb clocks. In this review,
we describe the technical means by which this
promise can be realised in practice and the limitations t o their precision as clocks. This is followed by examples of the use of these remarkable
astrophysical clocks for studying general relativity and other areas of fundamental physics. For
a more general review of pulsars and their properties, the reader should refer t o the books by
Manchester & Taylor (1977) or Lyne & Smith
(1990) on these remarkable objects, the most
condensed state of matter outside a black hole.

2

TECHNICAL ASPECTS

There are a number of technical problems to
be surmounted before accurate arrival times of
pulses can be obtained from pulsars.
Firstly the pulses have passed through the interstellar medium, which causes them t o be dispersed, so that low radio frequencies are delayed
relative t o high frequencies, resulting in a broadening of the pulses when observed with a wide
receiver bandwidth. Observing in many narrow
bandwith frequency channels permits the effects
of such dispersion t o be removed. Secondly,
since the pulses are so weak after travelling for
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many hundreds or thousands of years, they have
to be observed with large radiotelescopes and integrated, typically for intervals of a few minutes,
in order t o achieve a satisfactory signal-to-noise
ratio. To obtain an arrival time, the observed
pulse profile is then convolved with a template,
a noiseless "ideal" profile. The time measured
for the pulse is relative t o the observatory clock,
usually based on a rubidium frequency standard.
This is calibrated continuously against UTC ,
which is transferred by time-averaged measurements using the GPS navigation system t o an
accuracy of about 100ns.
These pulse arrival times are measured on the
surface of the Earth which is, of course, by
no means in an inertial frame. The nearest
point approximating to an inertial frame is the
barycentre of the Solar System, which is moving
uniformly through space, apart from the small
acceleration due t o its motion around the Milky
Way. The barycentric arrival times, tb, are then
obtained by correcting the observed times, to,
for 3 main effects:

where r, is the position of the observatory relative t o the Solar System barycentre, and i is a
unit vector in the direction of the pulsar. The
first correction term is just the light travel time
across the Solar System, amounting t o up t o 500
seconds. The last two terms arise from general
relativistic effects: t, is a clock correction due
to the fact that a clock on the Earth runs at
a variable rate compared with one in an inertial frame because it is moving up and down
the gravitational potential well of the Sun, since
the orbit is slightly eccentric. t , is the Shapiro
delay which arises from the passage of the radiation through the gravitational potential well
of the Sun. These latter terms amount to a few
milliseconds in total.
The final process is to compare these barycentric
measured times of arrival (TOAs) with a model
for the pulsar position and its rotation. The
differences between the TOAs and the model
times are called timing residuals, and the model
is then adjusted t o minimise these residuals.
For example, the top panel of Fig. 1 displays
the timing residuals for a millisecond pulsar,
PSR J0437-4715, showing a sine wave of one
year period and increasing in amplitude due to

Figure 1: Timing residuals for PSR J0437-4715
relative t o a simple model. The top display
shows an annual sinusoid of increasing amplitude, the effect of the motion of the pulsar across
the sky a t a rate of 0.14 arcsec/year. The lower
diagram shows the residuals after adjusting the
model to include the effects of the pulsar's motion.
a movement of the pulsar across the sky at a
rate of about 0.14"/year. After fitting a new
model which includes this motion t o these data,
the residuals shown in the lower panel of Fig. 1
are very small. Such measurements provide extremely precise determinations of position, frequently with errors of less than a milliarcsecond, and often far superior t o optical astrometric methods.

3

REGULAR SLOW-DOWN

Pulsars slow down through the loss of kinetic
energy in the form of low frequency electromagnetic waves or high energy particles. In a general
slowdown, the braking torque is proportional to
the frequency derivative i/ and depends upon the
rotation rate v , leading to the spin-down equation i/ = -Kvn, where n is the braking index
and depends upon the physics of the mechanism
by which rotational energy is lost. If the energy
is lost through dipolar electromagnetic radiation
at the rotation frequency of the pulsar or by
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Figure 2: The slowdown of the Vela pulsar over
14 years. 6 glitches can just be seen in the top
panel which is dominated by the secular slowdown. The lower panel shows the same, after
subtraction of a slope, corresponding t o a constant value of i..
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Figure 3: The slowdown of the Vela pulsar. The
run of the value of li over 24 years, showing the
9 glitches and quasi-exponential relaxation following each.

4

GLITCHES AND TIMING
NOISE

particles accelerated out of the magnetic poles,
the constant K is proportional t o the square of
the magnetic field of the pulsar and n has an
expected value of 3 (Pacini 1968; Goldreich &
Julian 1969).
There are two main types of pulsar. The
young, "normal" pulsars have rotation periods
between about 0.1 and 2 seconds, have surface
magnetic fields of around 1012 Gauss ( l o 8 T )
and spin-down and fade on timescales of a few
million years. On the other hand, the old, "millisecond" pulsars have rotation periods between
about 1.5 and 20 milliseconds, surface magnetic
fields of around 10' Gauss and spin-down only
very slowly, on timescales of 10' - 10'' years,
essentially the age of the Universe ! The latter
pulsars are thought t o be "dead" normal pulsars
which have been spun-up t o millisecond periods
by accretion of matter from an orbiting companion star (see Bhattacharya & van den Heuvel
(1991) for a review of the formation of millisecond pulsars).

The normal slowdown described above is steady
and predictable. However some pulsars show erratic behaviour of two types: glitches and timing
noise, which occur predominantly in young objects. Both are apparently associated with the
irregular transfer of angular momentum from a
fluid component in the interior (Lyne 1992) as
the pulsar slows down, and we discuss each of
these in turn.
Glitches are seen as sudden increases in the rotation rate, v , usually followed by an exponential recovery or relaxation back towards the preglitch frequency. For example, the slowdown of
the Vela pulsar over a 14-year interval is shown
in Fig. 2. During this time, 6 glitches can barely
be seen in the top diagram against the normal
slowdown but, after a slope is removed, they are
clear, each step corresponding t o a fractional inThe
crease in rotation rate of Avlv 2 x
relaxations can be most clearly seen in Fig. 3
which shows the variation in i., over a 25-year
period. These relaxations give clear evidence for
a loosely coupled neutron superfluid inside the
star.
N
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Figure 4: Examples of timing noise in 8 pulsars
over about a 10 year period, showing increasing
amounts of activity from the top t o bottom.
Glitches are rare - only about 20 out of over 700
pulsars have suffered a total of 45 glitches and
until recently the study of glitches has been limited by their small number, mainly because they
occur most frequently in young pulsars which
slow-down very rapidly.
The first proposed cause of these glitches was a
starquake which might arise from changing ellipticity of the solid crust of the neutron star as
it slows down (Ruderman 1969). The oblateness of an equilibrium spheroid will decrease as
the rotation rate decreases. Stresses build up in
the rigid crust as the departure from the equilibrium shape increases, until it cracks and assumes
a shape closer t o the equilibrium spheroid. The
moment of inertia I decreases and conservation
of angular momentum results in a spin-up given
approximately in terms of the change in oblateness: A6 = A I / I = -Av/v.
While this provided a satisfactory explanation
for the rather small and infrequent glitches in
the Crab pulsar, it soon became clear that
the magnitude and frequency of the glitches in
the Vela pulsar were too great t o be sustained
by this mechanism (Pines, Shaham & Ruderman 1972) - it is too spherical. More likely,

Figure 5: Examples of timing residuals from 11
millisecond pulsars observed at Arecibo Observatory over period of a few years (Camilo & Taylor, private communication). The vertical scales
are the same for all plots, the separation between the vertical lines corresponding t o about
20 psec.
it seems that in this case the glitches result
from the catastrophic unpinning of superfluid
neutron vortices from the nuclei of the solid
crust (Baym, Pethick & Pines 1969; Anderson
& Itoh 1975). The study of these glitches allows
a sort of rotational seismology in order to investigate the internal structure of these neutron
stars.
Timing noise is characterised by a continuous,
unpredictable, phase wandering of the pulses relative t o a simple slow down model. It is seen
most prominently in the Crab and other pulsars with large period derivatives (Cordes &
Helfand 1980). Fig. 4 shows examples of timing
noise in a few young pulsars, typically amounting to a few 10s of milliseconds over a few years.
On the other hand, Fig. 5 shows the timing
residuals for a number of millisecond pulsars, in
which the scale is measured in microseconds. In
particular, the first millisecond pulsar to be discovered, PSR B1937f 21, has arrival time measurement errors of only about 100 ns, although

systematic trends due t o timing noise can be discerned in the diagram. This pulsar has a large
period derivative compared with most millisecond pulsars and timing noise is judged t o be
responsible for wandering of order 2 psec over
an interval of about 10 years. Some of the more
recently discovered objects promise to be even
more stable.
The amount of this timing noise can be quantified by measuring the magnitude of the second
derivative of the period ( P = l l v ) in the timing
residuals relative to a simple slow-down model as
described above. Fig. 6 shows this plotted as a
function of the period derivative for a number of
pulsars (Martin & Lyne 1996). The millisecond
pulsars with very small period derivatives are
found to be very stable, as indeed might be expected from the extrapolation of the main trend
in this diagram t o their position on the extreme
left of the figure (Arzoumanian et al. 1994).
The most natural explanation for timing noise
is that it is due t o an irregular flow of angular momentum from the fluid component in the
interior of the star, which was revealed by the
studies of glitches.

5

ACCURACY AS CLOCKS

While young pulsars display much glitch and
timing noise activity, we have seen that the
older, millisecond pulsars, which are slowing
down only very gradually, are remarkably stable rotators. While the objects with the most
lo-'", on
timing noise have stabilities A v l v
timescales of a few years, the millisecond pulsars
have A v l v 5 10-14.
N

6

BINARY SYSTEMS

Most pulsars are solitary objects, having lost
any companion stars in the violence of their formation supernova explosions. Nevertheless, several dozen of the 700 known pulsars are in binary systems whose Keplerian orbital parameters can be very precisely determined using the
timing techniques described above. The classical Keplerian parameters provide some information about the mass of the companions of these
systems through the mass function, a function of

P (10-l5

SS-~)

Figure 6: The magnitude of P, a measure of the
amount of timing noise, plotted against P, showing high level of timing noise in young, rapidly
braking pulsars. Pulsars which glitch are shown
by a star. The line has a slope of unity.
only two observables, the projected semi-major
axis of the pulsar orbit up sin i, and the orbital
period Porb:
47r2 (ap sin i)3 - (m, sin i)3
G
p:,
(m, mcI2 '

f (m,,mc) = -

+

(2)

where mp and m, refer to the masses of the pulsar and companion respectively and i is the unknown angle of inclination of the orbit to the
plane of the sky. This places very loose constraints upon the 3 unknowns %, m,, and i
which can not be determined uniquely without
other information.

6.1

General Relativity

However in 1975, Russ Hulse and Joe Taylor
discovered the first pulsar in a binary system,
PSR B1913t16, in an eccentric 7.8-hour orbit.
Moving at speeds up t o 300 km s-l, the whole
orbit was no larger than the size of the Sun and
the absence of any occultation by the companion
star showed that it too was compact and proba-

bly another neutron star. We thus had a superb
clock moving up and down the gravitational potential well of another point-like mass at mildly
relativistic velocity - an excellent laboratory for
testing general relativity.
The finite travel time of gravity waves across the
system causes the gravitational forces between
the two stars t o be non-radial and the major
axis of the orbit to precess, at a speed fi which
is easily measured and which is determined by
the total mass of the system, mp m,. Finally,
measurement of the gravitational red-shift and
time-dilation give a third observable, y, which is
also a function of m, and m,. The 3 equations
can be uniquely solved (Damour & Taylor 1991)
to provide values of m, = 1.4411(7) M a , mc =
1.3874(7) M a and i = 43(1) deg.

+

Such experiments have been carried out on 3
such systems, providing six neutron star mass
esimates which all lie in the range 1.4 4 0.1 Ma.
For most systems which have very small eccentricity, such measurements can not be carried
out. However, in the circumstance when the inclination is such that the radiation from the pulsar passes very close t o the companion star, the
Shapiro delay can be measured. This has been
carried out for PSR B1855+09 and its companion (Ryba & Taylor 1991) again permitting the
system t o be completely solved.

7

In 1987, the first pulsar, PSR B1821-24 was
discovered in a globular cluster, M28, a dense
gravitationally bound swarm of about a million
very old stars. Since then about 3 dozen pulsars
have been found in such clusters, most of them
millisecond pulsars, probably old neutron stars
spun-up in the many binary systems formed in
the frequent collisions that occur in the dense
stellar cauldrons of the cores of these clusters.
These millisecond pulsars are accelerated in the
gravitational potential field of their parent cluster, and the component of acceleration along the
line-of-sight is registered as a change in the period derivative of the pulsar. For those pulsars
near or in the cores of clusters, this dynamical
contribution t o the derivative dominates the intrinsic slow-down derivative and tells us about
the size of the gravitational field. With several pulsars in a single cluster, it is possible to
study the mass distribution and hence "weigh"
the cluster. Such measurements show that there
is a significant amount of "dark matter", material that can not be observed through its normal
emission of radiation.

8
6.2

Gravitational Radiation

In all these cases in which the configuration and
motion of the component stars is completely
specified, general relativity theory can be used
t o predict the energy that will be lost through
gravitational radiation, resulting in a spiralling
in of the orbit and a decreasing orbital period.
This has been observed in PSR B1913$16 and
agrees t o within 0.5% with the theoretical value,
once the accelerations of the Earth and pulsar
system in the Galactic gravitational potential
are taken into account (Damour & Taylor 1991).
This system provides a wonderful test of general
relativity and demonstrates, for the first time,
the existence of gravitational radiation. For the
discovery of this system Hulse and Taylor were
awarded the Nobel Prize for Physics in 1993.

MASS DISTRIBUTION IN
GLOBULAR CLUSTERS

THE DETECTION OF
PLANETARY SYSTEMS

The greatest use of these clocks in astronomy
lies in their use for detecting very small motions. For instance, a movement of the pulsar
by only 300 m will be detected as a 1 ps change
in the timing residuals. In this way, Alex Wolszczan and Dale Frail (1992) detected 3 bodies in a planetary system around the millisecond pulsar PSR B1257+12. The pulsar moves
about 600 km due t o the gravitational pull of
the orbiting planets and results in timing residuals of a few milliseconds relative to a simple
slow-down model. The planets are small, being
only a few times the mass of the Earth and lying
about half the Earth's orbital radius from the
pulsar. Small perturbations in the orbits due t o
their mutual gravitational interaction have been
detected, confirming their presence and making
them the first known extra-solar planets.
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CONCLUSION

While most pulsars are demonstrably imperfect clocks, the old, millisecond pulsars have extremely good rotational stability and provide
wonderful tools for astrophysical studies of binary systems and fundamental physics, a few
examples of which we have seen here. Furthermore, with stabilities of better t h a n 10-l4
a t present and with measurement precision expected t o increase in t h e future, they are approaching t h e stability of t h e best laboratory
clocks. For these reasons, intense efforts have
been made by t h e large radio telescopes a t Jodrell Bank, Arecibo and Parkes over t h e past 4
years t o find more of these millisecond pulsars
of which there are now more t h a n 60 known.
I t is not clear whether the limit t o their use as
clocks will be placed by their intrinsic rotational
rotational stability or by t h e sensitivity of our
instrumentation.
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HIGH FREQUENCY FUNDAMENTAL MODE RESONATORS
EQUIVALENT ELECTRICAL DATA DEPENDENCE ON
ELECTRODE PROPERTIES AND BLANK SURFACE
Eberhard Seydel , Lothar Weitzel
KVG Kristall-Verarbeitung Neckarbischofsheim GmbH
R&D quartz crystals
D-74922 Neckarbischofsheim , P.O.Box 61
Tel. 49/72631648-82 FAX 491726316196

INTRODUCTION
High frequency fundamental mode crystals in
the frequency range from 40 to 200 MHz show
different electrical properties compared to
conventional overtone quartz crystals in the
same frequency range. They show lower
electrical Q-values, different pullabilities and
inharmonic modes as result of variations of the
blank-electrode thickness ratio .
We present the behaviour of inharmonic modes
and Cg/Cl-ratios under various conditions using
FEM methods, but also compare our results
with experimental data of planoparallel crystals
and inverted MESA-structured crystals,
respectively.
METHODOFMEASUREMENT
The equivalent electrical data of these high
frequency crystals were measured according to
IEC 444-5 with PI-Network and calculated COcompensation. In the frequency range up to
1.1GHz the electrical properties of the mounting
system and enclosure have large influence on
the parameters of the whole crystal unit. The
capacitance and the inductance of the mounting
system shifts the electrical characteristic. For the
future and the frequency range over 400 MHz, a
ceramic flat pack is the best solution for
minimizing the influences of the mounting system
and enclosure. The equivalent circuit will be
shifted (fig.1). For high frequency blanks and
especially for the overtone vibration the quotient
of equivalent film thickness to wavelength
approaches approximately one percent (for
standard crystals this value is about 0.1%). This
great influence of the metallic film is equivalent
to an Q-value-shunt. The C0k for compensation
is not only imaginary, the real part has significant
values (see table 1).

THEORETICAL BACKGROUND AND
CALCULATION
The calculation of vibration-modes of quartz
crystal resonators with different dimensions and
surface contours is based on the same method
as in publications from Seydel et at [2,3,4].
In this way it is possible to calculate the
vibrations of crystal resonators of various shapes,
of different cut angles, with different electrode
dimensions and different temperatures.
With this program variations in the amplitude
distribution of each mode of vibration can be
simulated as a function of the blank and
electrode geometry, temperature, and cut angle.
In this way predictions of crystal behaviour can
be made.
The distribution of amplitude across the resonator
allows us to determine the effects of the edge
and the damping of vibration modes (e.g.
inharmonic modes).
The frequency shift of modes , the ratio of
amplitudes and the ratio of CO/C1 show
dependences on the geometrical parameters, film
thickness and surface roughness..
THEORETICAL RESULTS
We have calculated the dependences of the
frequency shift of modes, the ratio of amplitudes
and relative ratio CO/Cl versus the film thickness
and the surface roughness at different
fundamental frequencies. The dependence of
wavelength on the frequency is shown in figure 2.
If the surface roughness or the equivalent
thickness of the metallic film becomes a value in
the order of 0.5 % or more of the wavelength
then the behaviour of the quartz crystal will be
disturbed.
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The Co/Cl-ratio
as a function of the film
thickness and of the surface roughness for
different blank geometry is shown in fig. 3 and 4
for a frequency of approximately 60 MHz. The
CO/Cl-ratio increases with higher values of film
thickness or surface roughness and also with
higher frequency (fig.5). This is equivalent to
decreasing pullability.
Figures 6,7,8 show the dependencies of
amplitude, inharmonic mode frequencies versus
the film thickness and surface roughness. The
suppression of inharmonic modes decreases with
higher frequency at the same film thickness and
also the frequency offset from the main mode
decreases. The dependence of the inharmonic
mode amplitudes and frequency shift is shown in
figure 9,10,11,12. Standard blank and inverted
MESA blank exhibit a different behaviour. This is
caused by the different geometry, (diameter and
boundary conditions). Figure 19 and 20 show the
theoretical amplitude deviations. Thick films
cause a step function in the amplitude gradient at
the film edge. The roughness causes another
type of steps in the amplitude gradient curve at
scattering points which correspond to the surface
roughness.
Another critical point is the dependence of the
zero cut angle on the film thickness. Figure 14
demonstrates the approximated values of zero
angle variation at the same metal film thickness
versus frequency. The zero cut angle differs
about 10 minutes from gold to aluminium at 200
MHz fundamental frequency.

EXPERIMENTAL RESULTS
We have measured many crystals with different
frequencies in the range from 50 MHz to 1.IGHz
at fundamental mode and overtone modes
respectively. The measured values are
summarized in table 1. The measured values of
CoICl ratio are shown in figure 13. The
measured values approximately correllate to the
calculated values.
A new effect at high frequency fundamental
mode resonators is a new type of dips on the
frequency temperature curve. Dips are the
deviation of
the
measured frequencytemperature-values from the values calculated by
the method of least-square. The dip in the
frequency temperature curve is accompanied by
an increase in R1. The temperature range in
which the effect occurs is less then 20 degrees.
Active dips are caused by a mechanical coupling
of the thickness-shear-mode with other vibration
forms (e.g. face-shear or flexure). The magnitude
depends on drive level .

High frequency dips which are caused by the
reflexion or scattering of the thickness-shear
mode on the surface roughness . These are not
dependent on the drive level. (see fig 15, 16, 17,
18)

CONCLUSION
It is possible to measure all electrical data of high
frequency quartz crystals with a measuring
system according to IEC 444-5 and full complex
compensation of CO-effects. The stability of the
measured values is better than 0.5 ppm in
frequency, 0.5% in R1 and 1% in motional
capacitance.
The theoretical calculations make it possible to
determine the direction of variation of equivalent
parameters in the high frequency range.
The quality of high frequency blanks is defined by
the equivalent metal film thickness, the film
material and the surface roughness of the blank.
These values determine the equivalent electrical
data and the temperature frequency curve.
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CHARACTERISTICS OF HIGH FREQUENCY FUNDAMENTAL
RECTANGULAR QUARTZ CRYSTAL RESONATORS
B. Studer, W. Zingg, Micro Crystal, Div. of ETA SA, 2540 Grenchen

and S. Dalla Piazza, Asulab, Rue des Sors 3,2074 Marin, Switzerland

Abstract

The interest for high frequency hndamental (HFF)
quartz crystals is soaring up in the fields of telecommunications and instrumentation. High speed comrnunication systems require high frequency references and
fundamental mode resonators have preference when
either a large pulling range, a large bandwidth or a low
spurious level in the spectrum are required.
Micro Crystal has developed a manufacturing process
combining photolithographic batch technology and wet
chemical local thinning on wafer. Thus, it is possible to
produce HFF rectangular AT resonators with inverted
mesa structure in large quantities and at reduced labor
cost.
A crystal was designed at 50 MHz (membrane thickness 33 micrometers) and sufficient quantities are being produced for technological characterisation and assessment.
The AT-HFF resonator is very robust due to single
ended rigid mounting and encapsulation in a hermetically sealed SMD ceramic package (8 x 3.6 x 1.8mm3).
Electrical, thermal and environmental characteristics of
this type of quartz crystals are presented.
Keywords: Quartz, deep etching, batch process, wafer, tuning, surface mount package

INTRODUCTION
Since more than ten years, considerable progress in
processing HFF quartz resonators and filters with inverted mesa structure has been achieved by several
manufacturers (1, 2, 3). The main techniques reported
in this field are ion beam milling (4), plasma etching
(2,5) and wet chemical etching with either alkaline solutions (3) at relatively high temperatures or hydrofluoric acid based solutions (6). Regardless of the
technique, the goal always remains the same:

a limited inner area of an originally flat crystal blank
must be thinned down (from one or both sides simultaneously) to the required membrane thickness (33 micrometers for 50 MHz fundamental AT thickness shear
mode).
With regard to dry milling methods, wet chemical
techniques bear intrinsic advantages like natural compatibility with batch processing and potential cost reduction through high volume production. After a feasibility study in 1993, ASULAB (R&D centre of
SMH) started a project with the goal to develop an industrial batch process for producing locally thinned
rectangular AT-HFF resonators. In this wet chemical
process, two key aspects had to be addressed : first the
etching must allow deep etching without detrimental
surface modification and second some procedure for
chemically adjusting the membrane thickness (tuning
to thickness) on the wafer had to be worked out.
During 1995, Micro Crystal developed wet chemical
thinning processes, frequency measuring techniques of
membranes on wafer and automatic operating equipment. In the meantime manufacturing of 50 MHz HFF
quartz crystals has reached its cruising speed. Performances of resonators encapsulated in a SMD ceramic
package together with process features and capabilities
are presented.

GEOMETRY OF HFF RESONATOR
The high frequency fundamental resonator developed
by Micro Crystal has the geometry shown in figure 1.
The shape results from a hybridisation betweer. AT
strips (7,8) and inverted mesa structures (1). The recessed area is thinned down to a membrane from both
sides simultaneously. The length is along the Z'-axis
and the width along the electrical X-axis. The membrane is surrounded by a frame of approximately 100
pm width and thickness corresponding to the original
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wafer blank thickness (125 pm). This frame essentially
maintains a well defined geometry of the membrane.

Figure 1: Geometry of a 50 MHz AT-HFF crystal resonator
with dimensions 5.8 mm (length along Z'), 1.9 mm (width)
and 33 pm (membrane thickness)

The aluminium electrodes of 1000 A nominal thickness
are deposited under vacuum through mechanical
masks, the wafer being positioned between two quartz
wafers used as apertures. Both electrodes are connected electrically to the mounting pads with CriAu
tracks running along the frame. The resonator is
mounted in a ceramic package with conductive epoxy
as a cantilever with rigid clamping at one end. This
mounting is very shock resistant and reliable for SMT
applications. In addition it avoids mechanical and
thermal stresses in the active area.

TECHNOLOGY
Our goal was to implement a new wet chemical thinning process into an existing photolithographic wafer
batch process (8). The technology is similar to that described by Ishii et al (6) and a simplified block diagram
is given in figure 2.

Wet Chemical Wafer Batch Processing
The first step consists in preparing the AT-cut square
wafers (38.1 rnm by side). As the surface roughness is
very important, wafers are to be polished after sawing
and lapping. Their final thickness is 125 microns. They
are coated on both sides with a CriAu metallization
performed by vacuum evaporation.

Figure 2: Block diagram of the wafer batch manufacturing process

Next the outer shape of the strip resonator is defined by
photolithographic exposure in a double-side mask
aligner followed by selective Au etching. Then the wafers are dipped into the HF/NH4F etch bath at 85 OC for
shape milling. At that stage the CrIAu metallization is
removed on the area of each side where thinning has to
occur.
In order to preserve the surface quality, the choice of
an appropriate etching solution (9) for chemical thinning is not trivial. We performed initial tests with a
commercially available etchant (10). Since this nonaqueous solution is very expensive, we finally decided
to brew a customized etch bath based on concentrated
hydrofluoric acid and organic surfactants. The etch
rate of this solution only is 0.9 micron i h 1 side at a
temperature of 24 OC. In addition it should be mentioned that operation with adequate exhaust ventilation
is required due to stench and safety considerations.
After local chemical thinning, the membrane thickness
or frequency may vary considerably from one unit to
the other, on the same or different wafers. Therefore it
is necessary to perform an adjustment of thickness of
the individual resonators using a final etching to thickness equipment. The frequency of the thinned area is
measured using the reflected resonance signal from a
sweeping synthesizer. The etching to thickness of individual resonators occurs in an iterative process
(usually five steps) successively with reduced etch time

i.e, finer frequency adjustments. In each step, only predefined crystals in any given wafer have to be exposed
to the etchant, the others remaining protected.

Figure 4: Series reslstance Rs measured on wafer versus A1 electrode thickness T

The electrical connecting tracks between the electrodes
and the mounting pads are obtained by vacuum evaporation of CrIAu layers. At this stage, the wafers are
ready for tuning to frequency which occurs by evaporation of gold on an automatic wafer plating equipment
(1 1). Micro Crystal developed its own equipment for
this operation but complete systems are available
commercially (12).

b)

F[PP~I

Figure 3: Histograms of frequency iilustratlng the capability of the etching to thickness process : a) before and b)
after chemical tuning. Target frequency Is 50.4 MHz

This adjustment is necessary in order to reduce the initial thickness variations. We start with 125 microns
thick wafers with a tolerance of +I-.5 pm. Assuming
uniform thinning, a frequency spread of +I- 15'000 ppm
would result after etching to 50 MHz. In practice, we
get a distribution width approximately twice as broad.
As seen in figure 3, this width is reduced typically to
+I- 1500 ppm after the chemical tuning to thickness
procedure.
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Electrode Metallization and Frequency Tuning
Aluminium electrodes are deposited under vacuum
with an electron gun heater. The nominal thickness was
chosen as 1000 A based on experiments with variable
base plating (figure 4).

-1 10

b)

-75

-39

-4

31

Frequency [ ppm ]

Figure 5: Histograms of resonator frequencies:
a) before and b) after wafer tuning

Typical distributions before and after plating to frequency on wafer are shown in figure 5. Before tuning,
the frequencies typically are 2000 to 3000 pprn above
target. The width of the frequency distribution which
may be +I- 4000 pprn before tuning reduces to less
than +/- 100 pprn after wafer tuning. It should be emphasized that very little gold is needed for this adjustment. For a 2000 pprn frequency decrease at 50 MHz,
the average thi~knessof gold layer only amounts to
about 40 to 50 A.

The distribution of motional capacitances of a manufacturing batch is shown in figure 6 .
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Assembling
The wafers are electrically tested (frequency, resistance, motional capacitance) before mounting the
crystals into the ceramic package (13). The resonators
are attached to the metallized ceramic pad with a two
component conductive epoxy resin. A final tuning to
frequency may be required when tolerances tighter
than +I- 50 pprn are called for. This final adjustment
also has to take into account the frequency shift occurring during the sealing process ( in our case about +20
to + 30 pprn ). All SMD ceramic packages are hermetically sealed under vacuum by reflow of a AuISn solder
preform at eutectic composition (80120).

CHARACTERISTICS OF RECTANGULAR ATHFF RESONATORS

As described in the previous section, the high frequency fundamental quartz resonators are thinned locally from both sides on the wafer. The pretuned crystals are cantilever mounted in a ceramic package, tuned
to final frequency and sealed hermetically under vacuum in a reflow process.
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Distribution of C1 values of assembled crystals

The measurement of electrical parameters is performed
with the help of an instrument based on a transmission
method (e.g. TRANSAT CNA 300 or SAUNDERS
250 A). Although this kind of equipment is tailor-made
for crystal measurement it should be emphasized that
commonly available Pi-networks are not adequate for
SMD packages because the clamping jaws are designed for crystals with leads (e.g. HC49). For that reason we adapted a Pi-network onto a home-made fixture
for SMD packages where the crystal pads are contacted
with metallic tips.
An alternative measuring method is with network analyzers. Such instruments (e.g. HP 5100) allow to display equivalent circuit parameters.

The electrical, thermal and environmental characteristics of AT-HFF crystals in SMD package are presented and discussed below.

Electrical Characteristics
At 50 MHz, AT-HFF crystals with the geometry
shown in figure 1 and an active electrode area of
lmm2
have
following
typical
electrical
parameters :
Series resistance
Motional capacitance
Motional inductance
Shunt capacitance

Rs (Ohm)
C 1 (G)
L l (mH)
CO (pF)

15
5.6
1.75
2.2

From above values, one obtains the quality factor
Q = 36'000 and the capacitance ratio CO/Cl= 380. It
should be noted that CO includes the capacitance of the
SMD package which amounts to 1 pF. Thus the resonator itself has a shunt capacitance of 1.2 pF.

Figure 7: Spectral response with fundamental mode and
anharmonic overtones

Again one should be wary about motional parameters
when measuring SMD crystals in a Pi-network because
erratic values may arise if electrical contacts are capacitive rather than ohmic. In addition correct crystal
parameters are obtained only after calibration and optimal sweep configuration setting (frequency span,
analyzer bandwidth, averaging, etc.). The impedance
and phase response of a HFF crystal is shown in figure
7. The anharmonic overtone modes which appear 150
to 200 kHz above the fundamental resonance are of
minor concern because they are attenuated by more
than 10 dB.

during chemical thinning because a metallic spot remained on the stripped quartz surface and subsequently
acted as a mask. Geometrical flaws in the active area
obviously may produce unacceptable perturbations in
the vibrational mode. Most frequent defects are etch
pits and hillocks. Since their lateral dirnensions usually
extend to tens of micrometers they can be observed
easily in a binocular with magnification 20 to 80.

Thermal Characteristics
The dependence of frequency and resistance of a crystal on temperature is crucial in applications requiring
high stability. Due attention to the temperature behaviour is at place for assessment of optimal design. The
thermal response of a crystal is considered to be good
if the measured frequency versus temperature curve is
smooth and can be well fitted with a polynomial of
third or fourth order. The response of a good crystal
(figure 8) can be closely fitted with the function
Figure 9:

Crystal with irregular F vs. T response

where Y = [F(T) - F (Ti)] 1 F (Ti) is the relative frequency variation referenced to the frequency of the
individual crystal at the inflection point Ti. The linear
coefficient a ( p p d ° C ) is the slope at Ti and the third
order coefficient y is most conveniently expressed in
1 0 . ' ~per "c".

Figure 10: Hillock causing irregular F vs. T
Figure 8: Frequency versus temperature. The fitted curve
closely matches measured (*) values. Characteristic values:
"c-~
Ti = 28"C, a = -0.3ppm 1 "C, y = 100 .10"~

In practice a fraction of resonators (in dire plights up to
30%) show more or less dramatic deviations from a
regular cubic curve. A typical distorted thermal response is illustrated in figure 9. In the present case the
origin of this skew behaviour is a hillock located on the
edge of the electrode (figure 10). This defect appeared

In order to get a three dimensional view of typical defects a topographical analysis with an atomic force microscope was conducted. This instrument scans the
sample surface with a sharp tip fixed on a flexible
cantilever whose deflection is monitored with a laser
beam. Figure 11 shows the tail of an etch pit ending at
the orifice of an etch channel.

ENVIRONMENTAL CHARACTERISTICS
SMD quartz crystals must withstand a number of environmental tests for qualification and conformance to
the severe conditions which they inevitably face during
surface mounting (pick and place machines, belt furnace for reflow or infrared soldering, etc.). Several
groups of crystals (size of samples typically 10 to 30
units) were carried through following qualification
tests:
thermal shock, mechanical shock and vibration, solder
dipping and accelerated aging.

Thermal Shocks
Figure 11: Topographic picture of the tail of an etch pit in
the atomic force microscope

Profiles (figure 12) were taken along the straight lines.
The aperture of the channel is located at the upper lines
intersection. It may be seen from the corresponding
profiles that the probe tip drops into the channel by
more than one micrometer and that the lateral dimensions of the hole are 6 and 2 micrometers respectively.
The third profile indicates that the etch pit only is approximately 200 nm deep. Measurement of surfaces
without flaws yield roughness value Ra of about 4 nm.

Twelve crystals were thermally shocked between
-55°C and 85OC during 15 cycles (transition time between both levels approx. 5s, soak time approx. 30
min.). Frequency changes before and after test of all
samples were less than 2 ppm and series resistance
remained stable to within
1 ohm.

*

*

Mechanical Shocks and Vibrations
Two groups of ten crystals were subjected to mechanical shocks ( 8000 g, 0.2 ms ) and vibrations (3 runs of
20 min from 10 to 2000 Hz, 20g) respectively. The
frequencies of all crystals remained within
5 ppm
and the change of resistance was less than 1 ohm.

*

Solder Dipping
This test is useful because it is very quickly done and
instantaneously tells if the package has no gross leak
and the glass lid withstands the thermal shock. Seven
crystals were dipped into molten PbSn solder at
200 OC. No one did shift by more than +I- 5 ppm and
resistances were stable.

Accelerated Aging
Two groups of 16 crystals with different thickness of
Al-electrode (500 and 1000 A) were aged during two
months at 85OC. The crystals were not oscillating while
maintained in the oven. Measurements were made with
a crystal impedance meter at room temperature. The
symbols in the graph (figure 13) represent mean values of load resonant frequencies. Systematic offsets
arising at different dates are attributed to adjustment
errors of the CI-meter since all crystals move in chorus. In spite of this scattering an overall positive aging
of some 3 ppm can be extracted.
Figure 12: Atomic force microscope profiles showing the
location and size of an etch channel orifice and the depth
of an etch pit
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Figure 13: Aging test results (see text)

5. Wang J.S., Watson S.K. and Lau K.F., 1984, Reactive Ion Beam Etching for VHF Crystal Resonators,
Proceed. 38th Frea. Control S v m ~ .101-104
,

CONCLUSIONS

6. Ishii O.,Morita T., Saito T. and Nakazawa Y.,
1995, High Frequency Fundamental Resonators
and Filters Fabricated by Batch Process using
chemical Etching, Proceed. IEEE Int. Freq. Control
818-826

Production of high frequency fundamental quartz resonators using a technique of wet chemical local thinning has been successfully implemented into an industrial photolithographic batch manufacturing process.
The main technological features and capabilities have
been described together with the geometry and performances of a 50 MHz crystal with inverted mesa
structure (membrane etched from both sides). Careful
analysis of the dependence of frequency on temperature has demonstrated the detrimental effect of etching
flaws like hillocks, etch pits or groves and etch channels. This technology bears a considerable potential
and outlook is promising in the context of photolithographic versatility. In order to take full benefit of its resources it is necessary to address challenging issues in
crystal design, quality of raw material and control of
process parameters.
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ENERGY TRAPPING IN BULK ACOUSTIC WAVE COMPOSITE
RESONATOR

Institute of Radioengineering and Electronics of Russian Academy of Sciences
11, Mokhovaya str., 103907, Moscow, Russia

Abstract
The analytical approach to the problem of energy
trapping in bulk acoustic wave composite resonators is
developed. It is based on a standard system of wave
equations and boundary conditions for adjasent to
resonator three layer structure - relatively thick layer of
the substrate, thin metal electrode deposited onto its
surface and the layer of piezoelectric film. Dispersion
equation is solved to find small components of the
wave vector in the direction in the plane of the structure
outside the resonator. The obtained formula describes the
sttenuation of the wave in the region close to resonator.
This expression is purely analytic and does not require
matching procedure in calculations. The situation
corresponding to microwave bulk acoustic wave
resonators structures is discussed. In particular the
developed approach at least qualitively explains
surprisingly perfect energy trapping which exists in
almost all microwave composite resonators.
Fig. 1. Schematic of BAW composite resonator structure.
1. Introduction
The main purpose of this work is to obtain a simple
expression describing the energy trapping phenomena in
bulk acoustic wave resonators for microwaves. As a
matter of fact most of such structures display
surprisingly perfect energy trapping resulting in the fact
that in most cases total Iosses in the structure are
governed by only material losses - in perfect crystals by
Akhiezer losses. It means that the losses connected with
energy radiation from the resonator region in outer part of
the sample are negligibly small. Using this fact a new
composite resonator method of losses measurements in
thin films and layers was proposed and successfuly
experimentally used [l-31.
The analysis in this work is based on the solution of the
standard system of wave equations and boundary
conditions for BAW composite resonator configuration
which is schematically shown on Fig. 1.
In our analysis we followed the usual scheme. Our
structure formally consists of two regions - region I
with top electrode and region I1 without it. Waves exited
in region I can't penetrate in region I1 with higher
eigenfrequencies owing to the appearance of pure
imagine components of wave vector in perpendicular
direction. Similiarly to other works we consider that
these components are the same for film and substrate.
The difference in eigenfrequencies in regions I and I1
apears due to the existence of the top electrode in reglon I
(in resonator).

We restrict our analysis by simple case of pure
longitudinal mode propagating along the C-axis of
hexagonal piezoelectric crystalline film 1 (ZnO) placed
on the surface of cubic substrate 2 (YAG,Si, etc.).
Ground metal electrode 3 is located in interface between
film and substrate. Upper electrode 4 is placed on the
surface of piezoelectric film. Surfaces of the structure are
suggested to be ideally flat and parallel.
2. Basic equations
The set of wave equations and boundary conditions were
the same as in [4]:
Wave equations for film are:

wave equations for substrate are:

Mechanical stresses for film are:

-T~~=

c ~ ~ ~ +aa7
z ~ -~ aa,
- + C ~ acp
ax,
ax,~ - + ~ ~ ~ 3x1
ax2
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(6)
For = v = 0 , P = Po there is three pairs of roots
corresponding to pure longitudinal and transverse modes
in x3 direction. Further only the longitudinal modes

t

Po = + c o o f i . a r e
(P = Po + A) using (6)

with wave vectors

with electrical displacement:

considered. For

it is possible to
small 5 ,v ,A
find relation between these quantities and the
corresponding change of the frequency
AO , ( o = o ~ + A w ) :

. A - 1 .t 2 + v 2

Po

Pi

['

c#+c12)

'1

cll(cll-c#)

+-

coo

(7)

Mechanical stresses for substrate:
Similar relation can be obtained and for the transducer
media with qo = f w o d / :

EL

Here Z3P3,Ef2,
are the piezoelectrically stiffened
constants.
Other important result is that the ratios of amplitides
A1/A3 ,A2/A3 ,Xl/K3 , x 2 / x 3 , are very small
and have the orders of magnitude correspondingly
S/Po ,v/Po, t/qO,v/qo in accordance withL41.
Below we used folloving notations:
the thickness of the substrate is d, the wave vector P;
thickness of the film is 1, wavevector q; thicknesses of
top and ground electrodes are respectively bl ,b2, their
material densities are pl and p2

-

3. Waves in infinite media
Here some necessary relations connected with the
problem of wave propagation in the directions very close
to normal to the plate plane are found. The solution in
the substrate material is looked in the form:
ui = Ai . exp(-iPx3

- i5x1 - ivx2 + icot)

(5)

Substitution of (5) in (lb) results in set of linear
equations for Ai, with proper dispersion relation given
by putting to zero of determinant:

4. Dispersion equation of the composite
resonator structure
We traditionally start from the consideration of the
composite resonator structure without upper electrode.
Free oscillations in such structure are governed by next
twelve equations forming the system of boundary
conditions:

-

T3i (-d) = 0

T3i (0) -T3i (0) = b2p2w2ui (0)
-ui-(0) = ui (0)
T3i(1) = 0
i = l,2,3.

(8)

We use this system to find the correction to the classical
solution for unidimentional problem. So we shall look
for the solution in the form:

ui = Ai .exp(-iPx3 - i4x1 - ivx2 + iot)+
+Bi .exp(iPx3 - i4x1 - ivx2 + iot);
-ui = exp(-iqx3 - i4x1 - ivx2 + iwl) +
+Bi .exp(iqx3 - i4xl - ivx2 + iot)

xi.

(9)

To simplify the problem we take the amplitude ratios
as:
Here p2 = t2+ v2.
For pure longitudinal mode, when 4 = v = 0 it comes to
(compare with [4]) well known result:

-

here z = p S v , z = p . 7 are the material acoustic
impedances of substrate and the film respectively,
Here a('), b('),E(l) ,%(l),a(2),b(2),z(2),i(2)- the new
unknown coefficients.
After the substitution of (9) and (10) into (8) we obtain
12 algebraic equations. Four of them for i=3 are:

v=

m, %4
7=

-are pure longitudinal wave

velocitjes in the plate and in the film.
To find the constants in the amplitude ratios (10)
remaining equations of (8) with i=1,2 were used. The
result with taking into account of (16) is:

b(') = -a(]) , g(') = -a'('), a(2) =a(') ,
b(l) = b(2) , ~ ( 2 =
) z(l) , g(l) = 5(2)

(17)

In order to avoid the problem of using of variational
procedures in finding of correct values of 4 , v matched
to values of /3 , q the proper expression was simplified
by substracting (16) from (15). The approximate ultimate
expression is obtained from (15-17) with the use of (7) .
It is:

To obtain the convenien~form of the dispersion relation
the used procedure of solution was a subsequent
substitution of all constants in(13) to eliminate
~ ~ , B ~ , ~ ~ . T h e r e s uP l=t Pf o r+ A , q = q 0 + 6 is:

The relative change of the frequency due to addition of the
top electrode is found from the solution of the dispersion
relation for pure longitudinal rnode in resonator (region I
in fig. 1.):

(19)
where:
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P1
where xo = _qobl.
P
The equations (18)-(20) give the solution of the problem
of free oscillations in the high overtone bulk acoustic
wave composite resonator structure shown in Fig.1 in
the vicinity of pure longitudinal mode.
5 . Discussion

The obtained expression (18) is a relatively sirnple
analytic formula describing the behaviour of he
transverse components of wavevector in unelcctrodcd
region, It is seen that for ncgative values of Aw due to
the influence of the top electrode y may be eithcr pure
imagine or pure real depending of the sign of the
remaining multiple in (18).
From this expression it is seen that for high ratios of dl1
which is typical for high overtone bulk acoustic wave
resonators the wave vector component p is pure
imagine providing good energy trapping.
It is also seen from (18),(20) that with the increase of
the frequency the absolute value of p increases almost
linearly providing better energy trapping. It explains at
least qualitively the observed very high values o l Q
factors of composite resonators at microvave frequencies.
In comparision with internal material cnergy dissipation
in the region of resonator only thc small part of energy is
lost outside the resonator.
With the decrease of frequency the effect of trapping is
much poorer and some peculiarities of this phenomenon
at small ratios of d/l may take place.
More detailed analytical research will be presented later.
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PTB's Primary Clock CS3
Uncertainty Evaluation and Operational Experiences
A. Bauch, T. Heindorff

Physikalisch-Technische Bundesanstalt
Bundesallee 100, 0-38116 Braunschweig, Germany

Summary
The primary clock CS3 is now used for routine time-keeping and for the realization of
the SI second in PTB's time unit laboratory. The development of the device has
lasted quite a long time and the principle as well as some details of the construction
have already been published. In this contribution we present the final result of a
Type B evaluation and some details about the methods involved.
In case of the following systematic effects the initial design goals have been
achieved, i.e. the relevant contributions to the uncertainty budget are as small as
aimed at: Second-order Doppler effect, end-to-end cavity phase difference, cavity
pulling, Rabi-pulling, servo electronics, gravity, blackbody radiation. Their evaluation
practically does not rely on frequency measurements.
In other cases, systematic studies have been hampered by the short-term frequency
instability which is 9.10-l214 (ds), because the selection of slow atoms resulted in a
smaller fraction of atoms contributing to the beam signal than naively expected.
A combined standard uncertainty of 14.10
.' was obtained. The largest components

in the list of uncertainty contributions are connected with the quadratic Zeeman
effect and the end-to-end phased difference. In the long term, a mean frequency
difference between CS3 and CS2 of 15.10-'~was found during a one year period.
The most recent results will be included in the report at the Forum.
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STATE SELECTION IN A BIPOLAR GRADIENT MAGNET
FOR A HIGH C-FIELD CESIUM BEAM RESONATOR

G.Costanzo, A. De Marchi, M. Repetto
Politecnico di Torino , C.so D.d.Abruzzi, 24 - 10129 - TORINO - Italy
E-mail : cesio@polito.it

Abstract
In Cs beam frequency standards it is essential to
achieve a large population difference between the F=4
and F=3 hyperfine levels. For this purpose selection
systems with 2N-polar gradient magnets are often used.
An advantage of this method is its velocity selectivity,
which can be exploited to obtain a velocity distribution
centered on reasonably slow atoms (i.e. 100 mls). This
reduces velocity-dependent biases, like second order
Doppler and phase shift.
In this paper we describe a state selection system with
bipolar permanent magnets, to be used in the Cesium
beam tube at the Politecnico di Torino. An
experimental apparatus was realized to measure the
deflection of Cesium atoms. Results are compared with
data obtained by numerical analysis.
Introduction
The Politecnico di Torino planned in 1992 to built a Cs
beam frequency standard based on the high C-field
concept as described in [I].
The prototype operates with an intensity of the
longitudinal magnetic field of about 82 mT, such as to
minimize the frequency of the mp = -1 transition, which
is taken as the reference.
In this manner the closest neighboring transition falls
600 MHz away from the reference. A less careful and
cheaper beam design can then be used with a wide
beam for high atomic flux, without running risks
usually associated with neighboring transitions, e.g.
Rabi and Ramsey pulling and Majorana transitions.
On the other hand the uniformity and stability required
of the magnetic field are higher than in classical clocks.
In fact, to achieve an accuracy of the order of 10-14,
relative uniformity measurements must have an
uncertainty smaller than 1u6.
Moreover the stability of the magnetic field profile
must be of the same order of magnitude, and its
uniformity cannot be much worse. In the prototype, a
multilambda cylindrical Rabi cavity is used, which

resonates in the TE017 mode. This mode has a very flat
phase around the symmetry axis, and allows opening
up the beam passing holes. A diameter of 8mm has
been used, with a useful beam section 3 times larger
than in conventional solutions. In this manner the
atomic flux is maximized.
Furthermore, in order to increase line Q and decrease
second order Doppler, a scheme with bipolar
permanent magnets was planned, which have a wide
useful area and then pennit to obtain an intense atomic
flux.

The bipolar gradient magnets
Different magnetic state selection configurations can be
utilized in Cs beam tubes depending on the shape of the
atomic beam. For rotationally symmetric atomic flux,
multipole magnets (quadrupole, exapole) are used.
However, in this kind of magnets, the useful area is
small and the low signal-to-noise ratio limits the short
term stability notwithstanding their focusing effect.
In other beams, different solutions have been used, like
the two wire magnetic field configuration which was
proposed in [2] and used in many tubes.
On the other hand, the double confocal conical state
selection magnet [3] [4] has a wider useful area
between the polar expansions.
The gradient magnet profile used in our prototype is
ideally derived from this latter configuration, but is
asymmetric and intended for use with a single beam.
Because the deflection angle of the atomic trajectories
is proportional to the gradient of the magnetic flux
(F=kenVB,where pea is the effective magnetic moment)
it is necessary to evaluate the gradient value.
A rough evaluation of the deflection is easily obtained
by considering that above IT, yetr can be approximated
by the Bohr magneton.
A monovelocity beam of 100mJs is deflected lOmrad in
a magnet 50 mm long with a gradient of 50 Tlm
normal to the beam.
To achieve this gradient value in the gap, a magnetic
induction of the order of 1T was required. For this
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purpose we used a permanent magnet in the Alnico
family, which has a lower temperature sensitivity than
other materials in the range 0 to 100°C.
This material has a maximum operational temperature
of about 500°C. Because the vacuum chamber has a
cylindrical shape, a circular flux return yoke was
designed. The latter is made of soft iron with a
saturation flux &nsity of about 1.8T.
After this simple magnet s t r u c m analysis, we
computed with a 2-Dfinite element code the value of
the magnetic flux density in a plane nonnal to the

the Cs tube with the aim of defming the optic3 of the
beam in the path from the oven to the hot wire detector.

beam.
To & f i e its thickness attention was paid to local
auration in the retum yoke. The outer diameter is
limited by the vacuum chamber i.d. (60mm). A
thickness of the flux return yoke of 5 mm was
sufficient to achieve a flux density of about 1.2T.
Fig.3 Computed (0) and measured (A) magnetic flux
density gradient along a line nonnal symmetry plane of
the gradient magnet.

Fig.1 Pattern of the simulated flux density on the
normal plane to the symmetry axis
In the same manner, with a trial and error procedure,
we defined the pole piece profile. Two arcs of parabola
(Fig.1) were adjusted to maximize both the useful area
and the gradient value, always keeping the pole tips at
the limit of saturation.
The pole piece profile designed in this way was fed to a
numerical control machine with a mechanical tolerance
of 0.1 mm. Magnetic induction measurements were
performed on the manufactured magnets by a Hall
probe with a resolution of about 1 0 3 .
In Fig.2 and Fig.3 the computed and measured
magnetic flux density and gradient value along a line
on the symmetry plane and normal to the beam
direction are reported. No great deviations were
observed. As it can be seen, the average value of about
50 Tlm is obtained in a 6 mm wide area across the
magnet center, which is taken as geometrical reference
for the definition of the beam optics.
Beam optics

Using the information obtained in the measurements
described above we simulated the atomic trajectories in

Fig.2 Computed (0) and measured (A) magnetic flux
density along a line normal symmeuy plane of the
gradient magnet.
A FORTRAN code is realized for the computation of
trajectories, and a fourth order Runge-Kutta integration
method was necessary for the solution of the equation
of motion in the pattern of the measured magnetic flux
density on the symmetry plane of the magnet
In the software code the mechanical iris, represented by
the beam passing holes in the microwave cavity end
caps, is taken into account.
In the same manner as before, a trial and effor
procedure was used, with the aim to find the best
position of oven and detector in order to minimize the
number of atoms which reach the detector in the nondesired level.
As shown in Fig.4, a full off axis scheme was used with
an offset angle in the beam starting direction of about
30mrad. The divergence of the beam was futed to
l0rnrad. The reason to limit the analysis to this

aperture was the fact that we were planning to use a
microchannel array with 3mm long and l o p i.d.
channels. This has not been done as yet.
In the prototype, the oven to detector path length is
about 1.2 meter and the hot wire detector used is 4 mm
wide, with a useful area of the order of 24mm2.

extended cavity configuration and is frequency
stabilized on saturated absorption.

A-magnet

atomic beam

oven
en-m

hot wire
detector

chopper

Fig.5 Experimental setup for TOF measurements

Fig.4 Atomic trajectory simulations for a monokinetic
beam at 100mJs.
As shown in Fig.4, atoms in the selected level are
deflected by the A-magnet toward the cylindrical
cavity, where they interact with the microwaves.
The B-magnet then selects the atoms which did the
transition, by deflecting them toward the hot wire
detector. The latter is placed -6mm off axis.
In this manner it was possible to evaluate the
transmission efficiency. This is of the order of 10% for
atoms with a velocity between 75 d s and 120 d s .
Consequently, an atomic beam of about lo9 atomsls
was expected in the prototype.

It turned out that a selection effect is achieved by the
magnet over the full maxwellian velocity distribution.
As shown in Fig.6, the spatial filter is centered around
130 m/s and falls gradually to zero toward the high
velocity atoms.
In good accord with the resonance signal measured one
year ago, the atomic intensity has its peak value
centered around 200 mls. In fact, the detected velocity
distribution is the product of the spatial filter and the
full maxwellian distribution.
Following that, we prepared an experiment with the
purpose of measuring the deflection of the atomic
trajectories.
A-MAGNETVELOCITY FILTER

TOF measurements with selected velocity

As illustrated in [5] a first atomic resonance was
measured but the signal to noise ratio was awful. We
wrote the fault to the analyzing B-magnet, because of
an insufficient separation between the two beams,
which were detected by the hot wire.
Therefore, we turned the attention to the gradient
magnets, with the aim of evaluating the real deflection
effect on the atoms. We measured the velocity
distribution of the atoms with a time-of-flight (TOF)
method.
For that purpose, we took out of the vacuum chamber
the B-magnet and we pulsed on the atomic beam before
the A-magnet a laser tuned to the F=3 l?=4 pumping
transition.
In this manner the atomic population of the selected
level is increased for lms and we observe the TOF for
28ms, which is the chopping period. The experimental
setup is shown in Fig.5: the laser diode (LD) has an
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Fig.6 Spatial filter over the full maxwellian velocity
distribution.
A small vacuum apparatus with a turbomolecular pump
was adapted with a long flexible tube with the purpose
of moving the hot wire detector sideways. The hot wire
detector was mounted on a vacuum flange fixed on a
translation stage.
A low noise FET transconductance amplifier converts
the Cesium ion current into a voltage which is then
measured with a multimeter. In this manner it is

possible to measure the beam shape over a 50mm
range.
In Fig.7 the atomic beam without the gradient magnet
is shown to have a trapezoidal shape. It is not clear why
in the middle of the smaller base we find a lower
atomic intensity.
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Fig.7 Beam shape with and without the A and B
gradient magnets
An obvious deflection effect on the atomic trajectories
was found, as it can be observed in Fig.7, by comparing
the deflected beam with the undeflected one. However,
several questions arise from this measurement because,
in this simple Stern-Gerlach experiment, the beam of
atoms in the other level was not detected.
Conclusions and work in progress

We are presently considering the possibility of
replacing the existing permanent magnets with stronger
ones (i.e. rare earth as SmCo). In this manner a higher
deflecting effect and, at the same time, a narrow spatial
filter can be realized.
In the meantime, the existing machine will be operated
in the high C-field mode in an optically pumped
configuration. Solving the problem of efficient
deflection of a wide beam is still considered important
for the filtering effect in the velocity space that this
method provides.
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OPTIMIZATION OF PASSIVE HYDROGEN STANDARD
FREQUENCY INSTABILITY
S.A.Kozlov, V.A.Logachev

Institute of Electronic Measurements "Kvarz",
Prospect Gagarina, 176, N h y Novgorod, Russia
The frequency instability of the passive hydrogen standard due to quantum
hydrogen discriminator, receiver thermal noises and crystal oscillator phase fluctuations near
fiequency modulation harmonics of hydrogen maser interrogation signal is analyzed.
The passive hydrogen standard block-diagram with single phase modulation
interrogation signal of quantum hydrogen discriminator is considered at the condition that
phase modulation frequency SZ, much more than hydrogen spectral line halfuldth y
. This standard has two automatic frequency control loops: for crystal oscillator and for
microwave cavity.
In cornparision to results in [I] the new dependences of frequency instability via
interrogation signal parameters are defined.
Frequency instability minimum for passive hydrogen standard is at phase modulation
mdex m = 2.0 2.2, saturation parameter So =0.3 1.0 and is defined generally by noise in
automatic frequency control loop of crystall oscillator. Automatic fiequency control loop of
cavity is going to influence at m<2 and than more than less parameter So .
Dependence of hydrogen passive standard frequency instability via interrogation signal
is halfkidthband of
modulation fiequency is weak for 0,2,8 < SZ, < 0,5P ,where P
cavity.
It is shown that:
crystall oscillator phase fluctuations on even harmonics of modulation frequency (but
not frequency fluctuations as for another types of passive frequency standards [2] ) have
mfluence on passive hydrogen standard frequency instability;
tlm influence two orders as less than for another types of passive standards and for usual
phase noise level of crystal oscillators S, = -150 dBc/Hz two orders as less than

-

-

-

-

~nfluenceof hydrogen maser and the receiver thermal noises.
The results are agreed with the experimental facts.
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EVALUATION OF MINI-BVA RESONATORS FOR SPACE
APPLICATIONS : TESTS PROGRAM AND RESULTS
J.J. BOY, R.J. BESSON, N. FRANQUET, D. THIEBAUD
ENSMM / LCEP - 26, chernin de 1'Epitaphe - 25030 BESANGON Cedex - FRANCE
R. PETIT
DGA 1CELAR - 35998 RENNES ARMEES - FRANCE
Ph. BAVIERE, M. BRUNET
CNES - Av. Edouard Belin - 31400 TOULOUSE - FRANCE
ABSTRACT
During last twenty years, there has been a
growing need of ultrastable quartz oscillators operating
under special environmental conditions usually required
in space program applications [I]. This is the case for
radiocommunications, navigation, precise positionning
and scientific program especially in the case of satellite
applications.
Under those conditions an evaluation program
based on general rules ESNSCC has been launched in
1992 for precise space evaluation of mini-BVA
resonators. A special Process Identification Document
(P.I.D.) has been established which includes fabrication
processes and tests procedures under guidance of Centre
National d9Etudes Spatiales (CNES) division of
components quality. This first required to define wishable
performances for D616gation G6nCrale pour 1'Armement
(DGA) and CNES and to take into account space military
telecommunications programs goals and the Doris
program (precise orbitography and positioning system)
with an accuracy of some centimeters.
21 resonators have been fabricated according to
proposed P.I.D. Then a test program has been defined and
resonators have been space evaluated with interesting
results which will be discussed. Finally, it appeared that
performances goals have been obtained. In conclusion
special resonators can be fabricated by LCEP with
guarenteed performances. LCEP has been qualified by
CNES and is now capable to deliver resonators according
to P.I.D. approved by CNES, for future DGNCNES
space programs.

I. INTRODUCTION
In the general frame of the evolution of space
program applications, BVA resonators (which means "in
a box with improved ageing") represented an attempt to
obtain the better performances in short term and long
term stabilities and in external parameters sensitivities
(acceleration barometry, magnetic field or radiations
exposure) as well.
Meanwhile, though several BVA resonators have
been used in space programs (in RFA or USA), BVA
technology had never been evaluated in details.

So, an evaluation program based on general
rules ESNSCC has been launched in 1992 for precise
space evaluation of the mini-BVA resonators under
guidance of CNES and DGA for which future needs
required time and frequency systems more and more stable
under space programs conditions.
Indeed, the "in-demand" stabilities in the case of
radiocommunications, navigation or precise positionning
are of the order of l * 10-l3 in short and medium terms
and a few 10-I by day, including ageing and, eventually,
frequency shift due to radiation exposures.
A piezoelectric resonator, which is a cavity for
electroacoustic waves in a solid of given shape,
configuration and dimensions, can be used for frequency
and time applications. In this case, quartz resonators have
been built so that their frequencies are as independant as
possible from external parameters. Furthermore, though
important advances have been achieved in quartz quality
material, material characterisation and then selection of
the blanks is absolutely necessary to avoid, as far as
possible, the influence of main quartz crystal defects
(chemical impurities or dislocations, for instance).

11. BVA TECHNOLOGIES AND
TACTICAL BVA RESONATOR
In this context, BVA technology includes
improvements to obtain, through new technologies (for
instance ultrasonics machining or chemical etching)
monolithic, highly reproducible structures eventually
using electrodeless techniques as in the BVA2 type.
This resonator basically corresponds to the main
following items :
An electrodeless design : all problems that
relate to electrode deposition, such as damping,
stresses, contamination and ion migration
disappear.
A crystal mounting made of quartz : small
"bridges" connect the vibrating part of the
crystal to the dormant part to avoid
discontinuities or stresses in the mounting
points
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Tactical BVA resonators have been progressively
developped [2, 3, 4, 5, 61 using a special symmetrical
mounting according to Fig. 1 :

2Spring
Clip

'

I
Y
Resonator
Condensers
Fig. 1 : diagram of the mini-BVA
(called bva2)

:

The crystal is miniaturized (bva resonators), and the bva2
is a 10 MHz SC cut third overtone.
The two condensers and the vibrating part are
strongly clipped together and the clips are mounted in a
groove inside a steel cylinder exactly in its middle by use
of four springs. Mechanical parameters of clips and
springs are carrefully determined and checked.

Finally, the good definition and reproducibility
of these mechanical parameters have to insure a quasiperfect symmetry of the entire structure around three
perpendicular axes (X, Y and Z).

111.3. Electrical specifications :
In the general frames of this evaluation program,
it has been necessary to study the evolution of the main
electrical parameters after some mechanical tests as sinus
and random vibrations, shocks, acceleration, rapide
changes of temp. (final production tests) and burn-in.
Furthermore, in a second phase of the program,
we have tested units at limit of destruction for each
mechanical test (vibrations, shocks and acceleration). All
these results are surnmurized in the paragraph.
The first table presents the applicable
specifications extracted from the ESAISCC detail
specification No 35011003 which is named table 1. So, it
indicates the parameter deviations for the entire batch of
the 21 resonators to be manufactured according proposed
P.I.D.

111. THE EVALUATION PROGRAM
111.1. General conditions :
The general conditions (traceability, screening,
delivery, ...) for qualification and acceptance of a quartz
resonator flight model are defined in the specification
ESMSCC no 3501. Furthermore, a detailled specification
based on ESMSCC 35011003 has been defined by LCEP
and DGMCNES at the begenning of the program to be
completed at the end according to obtained results during
evaluation.
This evaluation includes two phases :
Ph.1 : writing of the P.I.D., fabrication of 21
resonators, final production tests and burn-in,
P h . 2 : Selection of 10 units and limit
evaluation tests.
111.2. Physical specifications :
All fabrication parameters have been defined in a
detailled fabrication sheet. Including also fabrication
processes and tests procedures, a special Process
Identification Document (P.I.D.) has been established by
LCEP with the help of CNES, so that each detail of
construction is documented.
For instance, this document includes :
* detailled proceeding to obtain a great precision
in the crystalline orientation of the three parts of the
"sandwich" which is better than 15" for the two cut
angles (cp and 8)
* details on ultrasonic machining used to make
quartz bridges in the vibrating part of the resonator : our
procedure can guarantee the orientation of these 4 bridges
better than +I- loin respect to the crystallographic axes.
* precise definition of the gap depth (accuracy
better than 1 pm) which is the distance between the
vibrating part and the "condenser electrode-holder".

NB : Other electrical parameters as motional
inductance (Ll), motional capacitance (C1) and static
capicitance (Co) have to be defined and are presented in
the next paragraph.
Table 2 presented below indicates the guaranteed
specifications (defined at the beginning of the evaluation
program) of some characteristics measured after each
environmental tests. If the above electrical parameters can
be measured in a conventional n-network, the other ones
have to be checked in a appropriate oscillator whose
performances largely depend on available components and
technologies, particularly for the measurement of short
term stability.
For each characteristic, the choosen methods are
rapidely described below.

Table 2 : Electrical parameters (21 to 26:
Unit
Symbol Specifications

Remarks

5

10-l3

Allan Variance

10-l1
10-lo
lo-9
10-lo 1 g

After 20 days
of continous operation

25

Characteristics
Short term stability
z=lOs
Ageing :
a. per day
b. per month
c. per year
Accelerometric sensitivity
Barometric sensitivity
Magnetic sensitivity

A. S.
B.S.
M.S.

3
10
5
10
5
5

26

Radiation sensitivity

R.S.

5

No
21
22

2324

S.T.
L.T.

IV. FINAL PRODUCTION TESTS AND
BURN-IN : PHASE 1
According to the P.I.D. formally approved by
CNES and DGA in january 1994, 51 resonators issued
from 5 series have been fabricated and accepted by CNES
after precap. Each serie corresponds to a particular quartz
material origin. Each quartz block has been qualified
according to our own procedure to quantify the impurities
and dislocations contents and to verify the quality of the
sweeping.
21 resonators have been finally choosen and
tested as indicated below :
* electrical parameters measurements (Table 1
and table 2, except "ageing")
* environmental tests (see below table 3)
* final electrical parameters (Tables 1 and 2)
* Burn-in (85 "C during 240 Hours)
* tables 1 and 2.
Table 3 : environmental conditions
Environmental tests
1 I
Shocks : 50 g, 6 ms, 3 axes
112 sinus, 1 shock per axis
2 1 Random vibrations : 1 min 1 axis, 3 axes

No

I

TGF
10-l2 / gauss

All axes IT1
range : 0 - 2 bar
range : 0, f 4 gauss
Accumulated dose : 10 krad
Maxrate:O.lrad/mn

the IEC 444 method) within which the quartz resonator is
inserted. We store the resonance frequency and the
motional resistance. first just after bake-out (MPEl)
and second a few weeks later after thermal cycles
(MPE2).
For each characteristic, the three coefficients of
the best fitted third degree polynomia as :
are calculated aid stored.
The frequency is only stored when a given
temperature of the oven is stabilized within O.l°C (and
checked by a quartz thermometer put close to the
resonator under tests).
During measurements, we can estimate the
stability of the oven is better than f 0.05OC and
consequently we evaluate the error on the T.O. point at f
0.2"C. The other performances of our measurement
system are, in the worst case :
Frequency : f 5.1o - ~
Motional resistance : 1%
Q-factor : 2%
The following figure presents an example of the
temperature-frequency curve plotted for each resonator of
the batch after mechanical tests or bum-in.

I

I

600 - 2000 H; , -6 dkloct
Sine vibrations : 4 oct/min, 3 axes
1 . 1
5 - 21 H z , 11 mrnO-c
21 - 2000 HZ , 10 g
High temp. storage : 85 OC, 240 H
4
1 5 1
Change
of temperature : 2 cycles
.+
Min : -55 "C
I
Max : 125 OC
Temo. variation : 2 to 5 OCImin
~ u r i t i o nof exposures : 30 min
Sanctions : at To
AFfF I f 2.10-~and ARIR I f 10 %
3 1

I

I II
I

I
I

I

I
I

IV.l. Electrical parameters and frequencytemperature characteristics :
The resonators are tested under temperature up to
95 "C during a "step-by-step" characteristic : with a desk
computer, we check the phase difference between the
input and the output levels on a n-bridge (according to

s

-

5.5E-11

Fig. 2 : Frequency versus temperature
+ : experimental points : best fit

-

So, as to better appreciate the evolution of
electrical parameters, we present here a table which
indicates theirs mean values and standard deviations
(which are in brackets) :
1. just after back-out (MPE1)
2. after thermal cycles (MPE2)

3. after mechanical tests
4. after bum-in (and about 1 year after back-out)
Table 4 : electrical parameters
1
2
10 MHz - AF.(in Hz)
16.8 15.9
(7.7) (8.7)
Turn-over point: To ("C) 79.4 78.6
(2.1) (2.7)
Motional resistance : R, 96.2 97.1

evolution
3
4
15.6 15.2
(8.8) (8.8)
79.2 79.2
(2.5) (2.5)
99.2 99.5

This table shows that frequency increases
(particularly after thermal cycles which appear as
indispensable to stabilize the resonator) whereas the turnover point is sligthy stable. At least, we prove that the
environmental tests have no particular incidence on the
resonance frequency and the motional resistance.

IV.2. Short term stability and ageing :
Though the short term stability of a quartz
oscillator is mainly determined by additional noise of
sustaining cicuit, we prefer, to save time, to measure the
power spectral density of the phase fluctuations (S$(f)) of

a 10 MHz oscillator. Then, a software, developped by
LCEP and called "Phi-noise" allows to plot the entire
representation of the real data recorded and gives the
corresponding oy(z)for 10 second.
At the end of this evaluation program phase 1,
the mean value of the 21 Allan variances has been :
3.1
2.1 *
for z = 10 seconds.

+

As the long term drift, measured in the same
oscillators than previous ones, it is almost positive
(except for 2 resonators) and consistent with the
guaranteed specificationpresented in table 2.
Furthermore, half the resonators of the batch
exhibits ageings better than
1*10-l1 per day,
calculated by linear regression over 30 days at the end of
the phase 1 (See example in figure 3).

IV.3. Barometric sensitivity :
The same oscillators have been used to estimate
the barometric sensitivity of each resonator. The figure 4
presents a typical plot of the recorded data during a 4hours test. All the units are consistent to the guaranteed
specification, i.e. better than 5* 10-lo / bar.

Fig. 3 : Long term drift on 30.03 resonator
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Fig. 5 : Typical measurement of the magnetic sensitivity
IV.4. Magnetic sensitivity :
As it has been presented in [7], the frequency
variations due to a magnetic field is measured with an
oscillator whichfor the resonator is deported of about 20
cm. So, only the resonator and its oven are in the center
of three pairs of Helmoltz coils allowing to insure a
magnetic field application in three perpendicular
directions. The electronics, protected by a thin shielding
of Mumetal, is quasi-insensitive to the magnetic field
which is created by a loop of current. The current power
is drived by a computer which can inverse its polarity in
the coils. A 2A current leads to a measured magnetic field
in the center of the Helmoltz coils of :
8.8 Gauss along X
8 Gauss along Y
10 Gauss along Z.

I

We store 10 difference frequencies by step, the
magnetic field being applied on each axis following the
cycle :
0 / 2A / 0 / -2A / ... performed as indicated in Fig. 5.
The mean magnetic sensitivity is also calculated as the
modulus of a vector in the reference frame X, Y, Z.
Our main results are presented in the table 5
whichfor we indicate a maximum of magnetic
sensitivity.
Table 5 : Magnetic sensitivity of a few units
I

I

I

I

IV.5. Accelerometric sensitivity :
Here too, we will recall the results presented last
year in [7] just completed by the mean values obtained
for the all resonators of the batch.
As for the other electric parameters, it has been
necessary to repeat the measurements according to the
following sequence :
1. after thermal cycles : under random vibrations
in the range [20 - 100 Hz]
2. after mechanical tests : 2G-tipover test
3. after burn-in : 2G-tipover too.
Table 6 : accelerometric sensitivities
(mean values and standard deviations)
AFIF in 1 0 ' ~ ~ l1 g 1
1 2
3

The previous table shows that the 2G-tipover
test is more "optimistic" than the other one. This
difference can be due to two reasons :
- the measurements under vibrations are realized with an
oscillator not really made for this test. Indeed, the step
level between 20 and 100 Hz increases at the high
frequencies. So, the mean value is slightly higher than in
a really correct test.
- the very low sensitivities are measurable with
difficulty on the phase noise spectrum (the flicker noise
is not sometimes enough low).
Although it is, all these sensitivities are largely
better than the guaranteed specifications
(less than 2. 10-lo / g).
V. LIMIT EVALUATION TESTS : PHASE 2

1

Mean : 3.1*10'12/~auss

I

After this first phase of the evaluation program,
half resonators have been submitted to severe conditions,
according to the next table (Table 7). After each item of

the level 1, one unit has been tested under vibrations and
shocks at limit of destruction. Our design is now capable
of standing, at least, the following mechanical tests :

Furthermore, one unit has been tested with
success at :
1.0 g2 1 Hz.
* Shocks : 1 unit has stood without darnmages shocks
of 500 g during 2 ms on all 3 axes, in each sense.
* Constant acceleration : 3 units are consistent to
the sanctions after an acceleration of 20 g (3 axes) during
3 min per axis. For one resonator the acceleration was of
100 g.

* sinusoidal vibrations of 50 g (20 HZ - 2,000 Hz)
during 15 minutes per axis on 3 axes after standing same
treatment at 20 g, 30 g and 40 g.
* random vibrations : 3 units have been measured
after the following conditions :
20 - 100 H z , +6 dB1oct
100 - 600 Hz ,0.2 g2 / Hz
600 - 2000 HZ , -6 dB/oct
Table 7 : Organigram of the phase 2
21 UNITS + 4 EMPTY CANS
LEVEL 1 : 15 UNITS

LEVEL 2 : 6 UNITS

+
4

LEVEL 3 : 4 CANS

t
Shock Vibrations Acceleration
3 units
6 units
3 units

Change of tpre
3 units

Life-test
2000 H at 85°C

Solderability

i
Electrical measurements
during testing @ 500 and 1000 H

Seal test

Final electrical measurements
ALL UNITS AVAILABLE

VI. CONCLUSION
We show that the performances goals have been
obtained for 21 resonators fabricated according to a P.I.D.
formally approved by CNES and DGA. Furthermore,
results are largely better than the guaranteed
specifications. We summarize in the last table the mean
values obtained :

The irradiation tests will performed by CNES
this year. We will test two units in oscillator whichfor
the resonator (and its oven) is deported of about 20 cm.
The goal is 1* 10-l llrad with a dose rate of 1 rad/H.
The previous table (and the results obtained
during the limit evaluation tests) indicates that all
conditions are fulfilled with a large success during this

Robustness
of terrninaisons

Selection of 10 units
Mounting in US0
Endurance during 4000 H
Long term measurements

2.5 years evaluation program. All the problems are
resolved in a very satisfactory way. The manufacturing
and measurements procedures are available so that the
technology of the bva2 SC-cut 10 MHz 3rd Overtone is
actually in position to answer to future needs for space
programs.
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COMPARISON OF PASSIVE AND ACTIVE AGING OF SC-CUT AND ATCUT CRYSTALS
Bernd W. Neubig
TELE QUARZ GROUP
D-74924 Neckarbischofsheim / Germany

1. ABSTRACT
T h ~ spaper reports on the results of pre-aging of
four different types of OCXO crystal units. It
compares the aging behaviour for a passive aging
at +80°C over 28 days and 12 days at different
drive levels and the active aging in the following 34
days with the crystals continuously operating in
oscillators. For the aging rates good correlation
was found. One crystal of each group was
addit~onallyaged for 240 days. The measured longterm aging results are compared to the aging
prediction derived from the first 30 days.

2. INTRODUCTION
Pre-aging of OCXO crystal units is commonly done
in order to remove the initial aging and to verify the
long-term stability of the device. This is either done
in test oscillators or in the final oscillator unit as a
so-called active pre-aging, where the crystal is
vibrat~ngcontinuously and the output frequency is
observed over time.
In the passive aging method the crystal unit is
measured periodically in a suitable measurement
system, and thus the crystal is not "active" most of
the time and is only vibrating for a short instance
during the measurement. The advantages of the
passive pre-aging method are:
only the crystal itself (without the influence of a
test oscillator) is measured.
the crystal behavior over time can not only be
characterized by the resonance frequency but
also by the resistance and - if necessary - the
other crystal parameters.
the crystal can be operated at arbitrary drive
levels.
other effects of the crystal, e.g. drive level
dependency (DLD), which can cause irregular
aging, can be easily detected
no soldering and de-soldering of the crystal
(source of reliability risks) IS necessary.
Common measurement systems do not have
sufficient accuracy required for passive aging tests
of high precision units. The micro-bridge technique
developed by Erich Hafner [8] in connection with a
precision temperature chamber with mK-stability
was meanwh~leimproved to such an extend, that
this system (XOTEX QXMS-A) allows an accuracy
and reproducibility of parts in 10'1° for the
frequency measurement an of 10" for the motional
crystal parameters.
The focus of our experiments was to find out, if and
how the results of passive pre-aging correlate with
those of active aging and if irregularities in the
act~veaging can be identified also in the passive
pre-aging. From previous publications such as [ l o ]

and [I31 only very few data are available about
such a correlation.

3. EVALUATION
METHODS FOR AGING DATA
The aging of quartz crystal units as seen by the
manufacturer can be subdivided into three
intervals:
stabilization period or initial aging,
aging test period and
extrapolated period.
The stabilization period starts after power-on, when
the OCXO I resonator has reached its operation
temperature equilibrium and lasts about one or a
few days. This is the period of initial aging, which is
determined by physical processes with shorter
,,time constants". The initial aging rate is usually
stronger than the aging rate observed later, and the
slope of the initial aging rate may be positive or
negative, and does not necessarily correlate with
the longer-term aging rate observed thereafter
In a production environment the aging test period
usually lasts several weeks. A logarithmic shape of
the frequency vs. time aging curve is expected in
well-behaved crystal units, and it is also observed
quite frequently, when one aging process clearly
dominates over the others.
Several different aging functions are reported in
literature, which stand for different aging
mechanisms. Some of them are purely
mathematical approaches without any assignment
to physical processes
Very often linear
combinations of functions are used in order to
consider more than one aging mechanism. The
most commonly used functions for the frequency
change over time are:
pure log function [5],[6],[11],[19]
(1) Aflfo = A. + Al log t
or
where t>=l
(2) Aflfo = A. + Al In t
mod~fiedlog function [3],[4],[5],[9],[11],[20],[22]
(3) Af/fo = A. + Al log ( I + A2 t)
This function - which is also used in MIL-C49468 [25] and MIL-0-55310 [26] - is the most
frequently used approach.
exponential function [5],[11]
(4) Aflfo = A. + Al (1 exp(-A2 t))
polynomial functions [5],[11],[22]
(5) Aflfo = A. + Al tA2
(6) Aflfo = A. + Al(t
(N=0,5 in [5],[1 I ] )
(7) Aflfo = A. + Al t + A2 to'=
Kalman filtering technique [12],[14],[16],
a recursive computation based on a weighted
sum of the modified log function
l + A t.1
(8) Aflfo )k+i = Aflfo (k +ElAI"~ log I+

-

-
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The coeff~c~ents
Al, A2 may include other variables,
whlch have an Impact on aglng, such as
temperature or temperature gradrents etc [23] AZ
In equat~ons (3), (4) has the d~mens~ons",
therefore AZ-I
= t2stands for a t ~ m econstant
At TELE QUARZ we are currently using the
mod~fled log-function (3) and the polynom~al
funct~on (7) and choose the srgn~f~cantlybetter
frtt~ngone ( ~ comparable,
f
we choose the mod~fled
log-flt)
It IS common pract~ceto der~vethe expected longterm aglng behav~orfrom the curve-f~ttedaging
data In the test perlod by extrapolatton The agrng
rates per day, per month, per year are computed
from the f~ttedcurve for 30 days of operat~on

4. AGINGTEST CONDITIONS
The aging tests were performed with 12 crystals of
4 different types of industrially manufactured ATcut and SC-cut OCXO crystals (see table 1)
TABLE 1. Survey of crystals under test
freq. I cut 1 over I enclo- I nom.

I

I PO I TOP I

The passive aging was done in an automatic test
systems using the m~cro-bridge technique
developed by Erlch Hafner [8] In connection w~tha
preclslon temperature chamber with mK-stabll~ty
Thrs system (XOTEX model QXMS-A) allows an
accuracy and reproducibility of parts in 10-lofor the
frequency measurement an of 1 0 ' ~for the motional
crystal parameters. The passive aging test was
performed at +80°C in two subsequent periods of
28 days and 12 days Wh~lein the first per~odall
crystals were measured with the same RF
generator output level, in the second per~odthe
generator was set such that each crystal operated
at ~ t snomlnal drrve level as Indicated in table 1 The
crystals were measured approxcmately every four
hours and therefore vibrated only during the
measurement time for a few minutes. In each
measurement a complete set of crystal data, i.e.
series resonance frequency fs, series resonance
res~stanceR1, mot~onalcapacitance C1 etc was
determ~nedand was stored together w~ththe values
of dr~velevel, chamber temperature and datelt~me
of measurement Only frequency and res~stance
data were used In our evaluat~on
The crystals were then removed from the XOTEX
system and were bu~ltInto OCXOs. The active
aglng test over 34 days was done afterwards in an
automatic aging system (PRA model 2350), which
operates at room temperature The oscillators were
continuously operating at the indiv~duallyset crystal
turn-over temperature wlth the crystals driven at
the~r nom~naldrlve level The system measured
every two hours the output frequency and the
current consumpt~onof the OCXO and stores the
data.

5. TESTRESULTS
5.1 AT-CUT16,384 MHZ/ 3RD OVERTONE
Figures l a to 3a show the frequency aging for the
two passive periods and the active period. While
the passive measurements are referred to nominal
frequency and thus can be compared between
each other, the active measurement is referred to
the first measurement after 1 day stabilization time.
The step between the two pasive periods is due to
the DLD sensitivity of the crystal. Figures 1b to 3b
show the resistance changes in the passive aging
periods referred to the initial measurement. The R,
of all 3 crystals is approx. 10,5Q, the Q is approx
460 000
Crystal #25942 (Fig 1) shows a constant aging rate
of -0,34ppb/day In the lSt
period, which repeats
exactly (0,36ppb/day) in the active aging. In the 2nd
passive period a flat aging rate is reached after 3
days stabilization after a DLD step of +26ppb. R1 is
constant through both periods. The other two
c stals also show a fairly constant aging rate in the
ispassive aging (1,12ppbld and 0 53ppbld),
wh~chis flatter in the 2" period. The active aging
displays a logarithmic shape, which ends in the
same aging rate as in the first aging period. It is
remarkable, that the resistances are much noisier,
particularly in the 2" period, and are increasing
with time, which may be related to the stronger
aging. The DLD effect of frequency is -24...+42ppb
in both directions, while the DLD effect of
resistance is +lo%.

'I'

5.2 SC-CUT16,384 MHZ/ 3RD OVERTONE
F~gs.4 to 6 show the aging curves of this crystal
type, which has the same Q ( ~ 4 6 0000) as the ATcut above. Initial passive aging is negative and
weaker than above. The aging rates of passive and
active aging are well comparable in all three cases
and are in the order of O.lppblday, i.e. by a factor
of 5. .10 better than the AT-cut. The initial log aglng
approaches a slope, which continues in the
subsequent periods. The Rl curves (R1=60R) are
smooth with a DLD-effect of -5,8% (#488) or <I%,
the DLD of f, is +53.. -74ppb with both slgns
occuring.
5.3 AT-CUT10 MHZ/ FUNDAMENTAL
Figs. 7 to 9 show the results for this crystal type
( Q ~ 2 7 0000). Again the aging rate of the active
aging reproduces that of the passive aging very
well and IS in the order of O,lppb/day. The DLD
effect off, for this crystal is strong (=400ppb), while
the DLD of R1 is very small. Res~stance(R7=8,5Q)
has a weak trend over time, the two R1 dips
coincide with f, dips and are measurement errors.
5.4 AT-CUT13 MHZ/ FUNDAMENTAL
These crystals (Qm200 000) show a strong initial
passive aging (see Figs. 10 to 12), which continues
in the 2" passive period without any DLD. After the
Intermission, the active aging starts with an in~tial
aging response, afterwards the aging curves seem
to approach those of the ~ i o periods
r
(if the
frequency offset between 2 and 3rd period is

removed). The R1 curves (R1=7,5.. 12,8R) are
smooth and show no DLD.
5.5 SUMMARY
In Table 2 the results of all four crystal types are
summarized.
TABLE 2: Comparison passive vs. Active aging
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I

aging

I

aging

1)

DLD

I DLD 1

manufacturer has its own methods to assure this. It
has to be noted, that the uncertainity of the
correlation between passive and active aging (as
the uncertainity of any comparision of aging results
under different conditions) cannot be less than the
uncertainity of long-term extrapolations as such.
To get an indication of the validity of our results,
the aging period for the crystal oscillators of this
experiment was extended to 240 days, and the
long-term aging was compared with the logarithmic
extrapolation derived form the data of the first 30
days of active aging. The results for one crystal of
each group are given in Figs. 13 to 16. In all four
cases, the aging prediction based on 30 days data
and fitted by the modified logarithm (eq.[3]) delivers
too optimistic results. The actlve aglng measured
after 240 days IS In average twice the value
pred~ctedfrom 30 days data as shown in table 3.
TABLE 3: Predicted and measured active aging
over 240 days

I

freq

I cut I xtal # )I predicted I measured]

italic: log shape

e

The aging rates observed with passive aging
are in general very close to those observed
during active aging.
In case of strong logarithmic aging - as for the
13 MHz AT 1 - the aging curve of the active
aging follows the curve of the preceding passive
aging after a stabilization interval. 1.e. strong
initial aging at passive aging repeats also with
active aging.
The reproducibility is also excellent in cases of
strong DLD of frequency and/or resistance. No
systematic dependancy of the aging rate on the
drive level could be found.
Coincidence of f,- and R1-discontiuities can be
used to identify wrong measurements.
These results demonstrate, that passive aging
measurements are capable to deliver reliable
results for the selection of well aging crystals
prior to their usage in the OCXO.

6. PREDICTIBILITY
OF LONG-TERM-AGING
Aging predictions for quartz crystals have a long
history. At the 1959 Frequency Control Symposium
Mulvihill [I] showed a simple way to compare longterm aging with short-term aging by setting up a
,,binary correlation chart" of ,,passedu and ,,failedu
crystals in long-term vs. short-term aging. Ray
Filler mentioned already in 1980 [ I 91:
,,Extrapolating of aging data is usually not a
reliable method for determining the long-term
aging because the observed aging is usually the
sum of the aging produced by various
mechanisms."
Nevertheless aging data extrapolation has to be
done every day in the industrial OCXO production
because the customers (i.e. the applications)
require a guaranteed maximum aging (rate) over
the specified operation time of the device. Every

In table 4 the measured and the predicted aging
rates per day for passive and active aging are
compared. While the measured 30 day aging data
for passive aging are comparable (columns 4 and
5), the extrapolated (predicted) aging rate after 240
days (column 7) is only one third of that determined
from the data of 240 days (col. 8).

This means that the uncertainity of long-term
prediction is much larger than the observed
difference between passive and active aging

7. CONCLUSIONS
Within the limits of these tests it was proofed,
that the passive aging of OCXO crystals
correlates well with act~veaglng. The correlation
is at least better than the uncertainity of aging
predictions based on logarithmic curve fitting.
Passive pre-aging is a powerful tool for
selecting well-aging OCXO crystals before
assembling them into the oscillator.
No correlation between aging rate and drive
level was found over the test periods.

Crystals with strong DLD did not show higher
aging rates than others.
Aging predictions computed by log-fitting of
aging data over 30 days have shown an
uncertainity of -50%1+100%.
Further verification tests on different kinds of
OCXO crystals are necessary to proof these
statements.
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ABSTRACT
In this paper we report results of measurements on
the resonant frequency of crystal resonators as a
function of drive current (amplitude). Previous
studies indicate that the resonant frequency increases
as the square of the driving current. If we assume
that the limiting factor in the flicker frequency noise
of crystal resonators is the noise in the drive current,
then the quadratic dependence suggests that crystal
resonators should be driven at low current for better
frequency stability. Frequency versus amplitude
measurements were made on S c a t , 5th overtone,
100 MHz crystal resonators using a network
analyzer. As expected, the measurements show a
general quadratic dependence of frequency versus
drive current. Nevertheless, some crystals exhibit
phase (frequency)jumps at certain drive currents and
certain temperatures. Phase modulation (PM) noise
measurements were made in test oscillators at several
currents to see if there is a correlation between the
amplitude-frequency effect and flicker of frequency
noise. Our results indicate that the flicker of
frequency noise varies with current, but the current at
which the flicker of frequency noise is the lowest is
not necessarily the lowest current (as the quadratic
relation of v, versus drive current suggests).

quadratically on crystal current. Several questions
arise. Is the curve smooth, or are there jumps in
crystal frequency? Is the frequency monotonic with
increasing crystal current, or is there an extremum at
some low current? If there is an extremum, how does
this affect the flicker of frequency noise? If there are
jumps how do they afFect the flicker of frequency
noise?
We made this study at 100 MHz because the
resonators are less expensive than 5 or 10 MHz
resonators. They are also smaller which allows for
more resonators to be made from a given quartz bar.
Furthermore, the flicker of frequency noise of such
resonators should be less dependent on temperature
fluctuations than 5 or 10 MHz resonators because the
fractional flicker of frequency noise in the 100 MHz
resonators is approximately 20 dB higher than in
comparable 10 MHz resonators. The general
characteristics of the resonators reported in this study
are given in Table 1. All resonators were cut from
the same bar of synthetic, unswept quartz, and
fabricated with the manufacturer's standard
polishing, electrode size, and electrode deposition
techniques. Later studies will examine the effect of
changing electrode size, polishing technique,
dislocation density, and sweeping on the amplitudefrequency effect and flicker of frequency noise [FerrePika1 et al., (6)].

INTRODUCTION
TABLE 1. General characteristics of crvstal
resonators.
The goal of this research was to investigate in fine
detail the frequency of 100 MHz quartz resonators as
a function of crystal drive. It has long been known
that the resonant frequency of quartz resonators
depends slightly on the level of excitation
[Gagnepain and Besson (I), Gagnepain (2), Kusters
(3), Tiersten (4), Filler (31. This effect is commonly
called the amplitude-frequency effect. The data and
analysis of Kusters (3), Filler (5), and others indicate
that the frequency depends (approximately)

Crystal Resonators used in this Study
I 100 MHz
I Overtone
1 5th
Blank diameter
1 6.3 mm
1 90 pm
Blank thickness
1 Electrode Diameter
1 3.05~Geometry
1 plano-plan0
Turnover temperature
1 60 - 72 "C

,Frequency

--

-

--

' U. S. Government work not protected by U.S.
copyright.
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MEASUREMENT OF THE AMPLITUDEFREQUENCY EFFECT AT 100 MHZ
Figure 1 shows the measurement technique used to
determine the amplitude and phase of the signal
transmitted through the resonators at series
resonance. The variable capacitor is used to cancel
the holder capacitance of the resonator.
Transformer Crystal Resonator

Vdable Capatitof

Figure 1: Technique used to measure the amplitude
and phase of the transmitted signal through the
resonators.

The upper part of Fig. 2 shows the amplitude of the
transmitted signal for resonator 2 at the frequencytemperature turnover point. The vertical scale is
0.005 dB per division. The horizontal scale is linear
in drive current squared. The left corner (origin)
corresponds to approximately 0.7 mA,while the right
comer approximately corresponds to 5.0 mA. Two
step changes in the transmitted amplitude are clearly
visible. The lower trace shows the phase shift across
the resonator as a function of drive current. Changes
in the phase shift across the resonator lead to
frequency changes in the oscillator [Leeson, (7)],
therefore the approximate quadratic dependence of
phase on drive current translates into quadratic
frequency dependence on drive current. [The initial
increase in phase is due to startup effects in the
resonator.] The markers are at the same position as
in the upper trace. The phase steps are not as easily
seen as in the upper trace (magnitude changes), but
nonetheless are visible.
In Fig. 3 we compare the magnitude of the
transmitted signal in resonator 2 at 20°C and 65°C.
Clearly there is significant change in the current at
which the jumps occur between 20°C and 65°C in
this resonator.
,
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Figure 2: Amplitude and phase for the transmitted
signal in resonator 2. The fractional frequency axis
in the phase plot was calculated assuming a loaded Q
(QL) of 0.4 x 10' and using the relation Avlv, =
AN2QL)[71.

Figure 3: Magnitude of the transmitted signal in
resonator 2 at 20°C (upper plot) and 6S°C (turnover
temperature) (lower plot).
In Fig. 4 we show the amplitude and phase for
resonator 15 at 20°C. The upper trace clearly Shows
an abrupt jump in amplitude between markers 1

S S Ilog MAG
-5.83 dB.
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and 2. The lower trace, however, does not show a
correspondingjump in the phase.

I

In Fig. 5 we compare the amplitude of the
transmitted signal in resonator 15 at 20°C and the
frequency-temperature turnover point. At turnover
no jumps are apparent. [The initial drop in phase is
due to startup effects in the resonator.]
A survey of 12 resonators made from the same quartz
material at the same time by the same manufacturer
yielded 6 resonators with jumps in the transmitted
signal at either room temperature or at turnover
point.
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MEASUREMENT OF PHASE MODULATION
(PM) NOISE VERSUS DRTVE CURRENT
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Figure 4: Magnitude and phase of the transmitted
signal for resonator 15 at 20°C. The fractional
frequency axis in the phase plot was calculated
assuming QL = 0.4 x 10'.
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Figure 6 shows the block diagram of the crosscorrelation technique used to measure the PM noise
of the test resonators incorporated into test oscillators
F.L. Walls (S), W.F. Walls (9)]. This approach
provides a noise floor for measuring the PM noise of
the test oscillator which is at least f(10 Hz) = 118
dBc/Hz [lo]. So far this is below that of any of the
resonators tested. The PM noise in the 100 MHz
crystal oscillators was measured at Fourier
frequencies of 5 to 200 Hz, where the PM noise
exhibits flicker of frequency noise (f power law).
Here we use 410 Hz) as an indication of the
magnitude of the flicker of frequency noise in
different resonators.
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Figure 6: Block diagram of the crosscorrelation PM
noise measurement system
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Figure 5: Amplitude of the transmitted signal in
resonator 15 at 20°C (upper plot) and 72°C (lower
plot).

In Fig. 7 we show t(10 Hz) for resonator 2 measwed
in a test oscillator as a function of crystal drive
current. The arrows show the direction of the
changes in crystal drive. There is a definite change
in t(10 Hz) with crystal drive and a very clear

2.5

3

3.5

4

4.5

5

5.5

6

Current (mA)
Figure 7: 410 Hz) of resonator 2 as a function of drive current
hysteresis of 410 Hz) versus direction of change in
in crystal current. Refening to Fig. 2, the hysteresis
occurs close to the point of the upper jump in the
transmitted amplitude. In general, the flicker of
frequency noise changed considerably with drive
current. Measurements of 1(10 Hz) versus crystal
current for all 12 resonators are shown in Fig. 8,
trace labeled "Initial".
We also considered the effect of baking the resonators
on the flicker of frequency component of the PM
noise. After initially measuring the flicker of
frequency noise (1(10 Hz)) at several drive currents,
the resonators were baked at 90°C for approximately
2 days and then baked at 100°C for at least 3 more
days. Measurements after baking show substantial
improvement in some resonators and no effect in
others. See Fig. 8, where the trace labeled "Initial"
refers to the initial P(10 Hz) measurements, and the
trace labeled "Trnin" refers to 410 Hz) after baking
the resonator at the current with best noise
performance. For example, 1(10 Hz) of R1, R3,R11,
and R13 improved considerably when baked. Most of
the changes in the flicker of frequency noise occur in
the first 2-3 days of the baking cycle. After baking,
the number of resonators with 1(10 Hz) less than -100
dBc~Hzwas 9 (out of 12). The effect of baking the
resonators at high currents (6 mA) was also
investigated (trace "T@HI", Fig. 9), but there was

not a strong indication that this had an effect on
flicker of frequency noise.
Table 2 shows L(10 Hz) of the resonators at 100°C
and at the frequency turnover. It is qhite surprising
that the f(10 Hz) at 100°C is equal or better that the
410 Hz) at the turnover temperature (for 9 out of 12
resonators) since at 100°C the frequency changes
very rapidly with temperature.
TABLE 2. Com~arison of L(10 Hz) at turnover
t
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Figure 8. L(10 Hz) for crystal resonators as a function of drive current
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DISCUSSION AND CONCLUSION

This study shows that the amplitude-frequency effect
is very complicated in some resonators. These units
show features that are not explained by a simple
quadratic dependence on crystal drive current. The
step changes in frequency with changes in current
strongly suggest that there is nonlinear coupling
between the primary mode and other modes. This
conclusion is supported by the hysteresis in the
1(10 Hz) data from resonator 2 and the data of Table
2, which show that some resonators of this design
have lower flicker of frequency noise at 100 "C than
at temperature turnover. Figure 8 indicates that the
flicker of frequency component of the PM noise can
be significantly improved in some resonators by a
post-processing bake with the crystal current set to
the final operating value (lowest PM noise).
These data raise many questions. What mediates the
coupling between the mode of interest and other
modes? Is it strain caused by electrode plating,
mounting, andlor dislocations and impurities? Can
the geometry be altered to optimize the energy
trapping and reduce coupling to other modes? What
is changing during the high temperature processing?
Is it strain or perhaps is it the movement of impurity
ions to more stable positions which depend on the
drive current? If it is related to impurity ions, would
the results be different if swept quartz were used?
What is the role of amplitude modulation (AM) noise
in the oscillating loop? Does it affect the resulting
flicker of frequency noise of the oscillator?
We hope to address some of these questions in the
future by comparing the effect of changing electrode
size, polishing technique, dislocation density and
sweeping on amplitude-frequency effect and flicker of
frequency noise.
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DURABILITY OF SPECTRAL LAMPS WITH VAPORS " ~ b
FOR OPTICALLY PUMPED FREQUENCY STANDARDS
A Gevorkyan, G Smirnova, V Khutorshchikov
Russian Institute of Radionavigation and Time, St.-Petersburg, Russia

THE SUMMARY
The electrodeless spectral lamps with vapors of 8 7 ~ b
in many respects determine the accuracy and service
life of optically pumped frequency standards. The
service life of frequency standards should be of 7-15
years at instability of intensity of light source in
required limits during the specified period. Change
8 7 ~and
b buffer gas quantity, determining stability
of radiation intensity and reproducibility of characteristics of spectral lamps is investigated. Object of
research are lam s by a diameter up to 13 mm, filled
with vapors of 8PRb and buffer gas. Dependence of
change of buffer gas pressure in time from discharge
power, as well as speed of absorption 8 7 ~by
b glass
wall is investigated.
A technique of accelerated check of lamps durability
and appropriate equipment, enabling to predict
service life of lamps at their manufacturing with high
accuracy are developed.

INTRODUCTION
The beginning of development of quantum gas cell
frequency standards was more than 35 years ago in
Russian Institute of Radionavigation and Time
(RIRT, till 1990 LNIRTI). It has appeared possible
due to occurrence of new high-intensity compact and
reliable light sources based on high-frequency electrodeless spectral lamps with vapors of metals [ l 1.
But in spite of their qualitative superiority over other
light sources the high-frequency electrodeless lamps
limited achievable sensitivity and durability of
quantum optically pumped frequency standards.
Therefore systematic researches were carried out at
RIRT amed at perfection of light sources and first of
all increasing of their durability and stability [2 1.
During the work the model of the electrodeless
discharge in the mixture of alkali metal vapor and
buffer gas was offered confined in the explanation the
features of lamps spectral characteristics by
concentration rubidium atoms in ground and excited
states near the walls of a lamp [3 I. This model,
justified originally theoretically, was confirmed
further by direct measurement of distribution of
atoms in lamp's volume [4,5 1 and was used at the

solution of a problem of lamps reliability. Creation
later [6,7 1 the mathematical model have allowed to
determine operation modes ensuring high reliability
of a lamp, to develop techniques of accelerated tests
and to evaluate limiting opportunities of similar light
sources. It should be noted that actuality problem of
increasing the reliability in spite of obvious successes
(the guaranteed durability of lamps has grown from
a beginnings of 70 ties more than 50 times from 1000
till 55000 houres, is still exit now in view of
continuous growth of the requirements to reliability
and durability of quantum frequency standards.

STABILITY OF RADIATION INTENSITY OF
LAMPS
The main parameter of a light source is the radiation
intensity and therefore its durability is characterized
by time of maintenance of constant intensity in
required limits.
T h e radiation intensity of a lamp (without the
calculation of cascade transitions and step excitation)
is determined by expression [2 1:

where ne is local concentration of electrons; no(T) is
local concentration of atoms of rubidium in ground
state; T is temperature of condensed rubidium; Aio is
factor of Einstein; f(v) is function of the electrons
) crosssection of
distribution on velocities v; ~ o i ( vis
excitation process of atoms from a main state to a state
i. For the calculation of intensity one should solve the
system of kinetic equations and balance of power, to
determine space and power distribution of electrons
and space distribution of atoms [6,7]. Thus it is
essential that the concentration of rubidium atoms is
calculated under the formula
P
no(T) = kT

3

where k is Boltzmann constant, P is pressure of
saturated vapor over condensed metal, which is
determined by formula of Klapeyron-Klausiz
dP dT -

4

T'(v~-vI)
'
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where q is output energy of atom from a condensed
condition to vapor; V2- Vi is the change of volume at
the change of a aggregation.
Actually the vapor is in balance in a stationary
condition with atoms in a drop and distributed on
whole surface of a lamp. Because of distinction of
temperature on a surface of a lamp, unhomogenety
availability, the distribution of atoms on a surface are
not similar and will vary during the service because
of interaction of atoms and ions with a material of a
lamp's envelope, change of the output energy and
reduction of a surface, occupied with a condensate of
rubidium. Thus the transparency of a material of an
envelope will vary for light and exciting field. The
condensation of rubidium film on a wall will cause the
change of boundary conditions for an equation of the
electrons balance because of the photoeffect
phenomenon, ionic atomizashion etc. Thus radiation
intensity which will gradually vary, can grow or
decrease depending on prevailling processes. However, the strongest change occurs after burn-out of
whole rubidium.
Excessively amount of metal dose into the lamp is
inadmissible because of arising instability owing to
migration of rubidium drops on a lamp's surface. If
speed of change of metal amount is designated
G ( T , t ) ,as at qualitative manufacturing, rather high
initial pressure of gas in a lamp, the service life is
limited by burn-out of rubidium:

CONTROL AND DOSING OF RUBIDIUM
To determine the allowable metal amount in a lamp,
the velocity of change of metal amount a thermalsorption technique of measurement of rubidium
amount [8,9] was developed and introduced in
manufacture process, the error of which has appeared
from 5 up to 50% depending on metal amount in a
lamp and material of an envelope. This technique has
allowed to carry out comprehensive research of
influence of metal amount on service life of a lamp.
First of all it was established, that the radiation
intensity remains approximately constant at
reduction of metal amount up to the value of the order
0.003 mg (fig. 1) , and then rather quickly decreases.
Further it was established [9 1, that the heaviest
change of metal amount occurs in the first 100-200
hours of training, and then the velocity of change of
metal amount in a lamp sharply drops (saturation of
walls of a lamp with the metal). Thus in the first hours
of absorption up to 0.01 ... 0.015 mg of rubidium
occurs. In this connection, taking into account
measured velosity of rubidium absorption, for
maintenance of guaranteed function of 10000 hours
in conditions of the intensive H-discharge with the
power 2-3 w/cm3 was established minimum amount
of metal 0.03 mg and maximum 0.2 mg [9I. These
parameters are controled in manufacturing process of
lamps for quantum frequency standards and indicated in the literature [9,5,10,2 1.

where ma is the initial quantity of the metal contain,
mi is the final permissible amount of the metal
contain in the lamp.

lot

Fig. 1. Dependence of radiation intensity on
amount of 8 7 ~inb a lamp.

Fig. 2. Change of amount 8 7 ~inb a lamp.
1,2 are for lamps, made without enrichment of B;
3,4 are for lamps, made with enrichment.

Some years later a dosing technique of metal in lamps
[5,11] was introduced being by development of a
technique of the rubidium amount control and
enabling to receive in a lamp given amount of metal
and, thus, to decrease losses by their manufacture.
During research of the burn-out speed of metal
amount, spread of this value at different copies of
lamps and yet greater spread at different series of
lamps was found out, though all lamps were produced
from the same consignment of alume-bor-silicate
glass, designated in Russia as S51-1. This problem
has become a subject of special research. With the
help of the X-ray spectroscopic research of the
internal surface of the bulbs [ l o I it was found out,
that the rubidium and krypton absorption by glass
depends on the contents of B in it, which can vary at
fire work-out process of lamp's envelopes.
Absorption of the glass S51-1 was investigated at
various manufacturing of preparations (fig. 2). The
glass enriched by B (3,4 on fig. 2) absorbs rubidium
much poorly and consequently for maintenance of
required durability one should supervise the contents
of B in glass, that was entered in the technology
process of lamps manufacturing.
One should note, that the similar researches of
optimum metal amount carried out in USA [13,14 1
have shown identical results - recommended metal
amount has appeared from 0.03 up to several tenth's
mg of rubidium. It was noted [13], that 0.4 mg and
more amount leads to the light source noise increase.
The rubidium amount in two lamps was measured
[15]. By comparison of results [9,12,13,14,15,18]
one should mean, that they concern to concrete
investigated light sources and lamps, materials of an
envelope and modes of the discharge. Nevertheless,
by obtained results [9,12, 13,14,17 1 general

conclusion about minimum and maximum allowable
rubidium amount can be made.

CONTROL OF GAS PRESSURE IN LAMPS
The intensity of radiation, the ignition voltage, the
impendance of lamps depends on the gas pressure.
For the control of pressure it was also developed using
special technique [16 1, confined in determination of
pressure on the frequency shift of the radioopticai
resonance, which is measured by means of a quantum
frequency standard. First measurements have shown
strong difference of filling from expected and huge
spread of real pressure in the manufactured lamps.
Therefore the technique was introduced into
manufacture of lamps at once, that has allowed to
increase essentially their reproducibility [5,10,12,
16,17 1. The error of the technique has appeared not
more than 1%.
The calculation of dependence of ions flow on the wall
of a lamp due to gas pressure (1 on fig. 3) and radius
of lamp (2 on fig. 3), as well as experimental detection
of reduction of gas pressure while in service was
shown necessity of increasing of gas pressure in
lamps up to 3.2 2 0.2 Torr, as well as opportunity of
essential decrease of lamps aging speed at increase
the pressure up to 5 ... 10 Torr. The efficiency of light
sources at such increasing of pressure is not reduced,
since selecting the mode of operation it is possible to
save lamp's radiation intensity (fig. 4.) (in detail
about such light sources in [2 1).

I,4

prov. un.

r,

prov. un.
3

--

1
Fig. 3. Dependence of an ions flow on a wall of a
lamp on pressure of gas ( 1) and from radius
of a lamp (2).

P , ~z
orr
1

2

3

4

5

6

Fig. 4. Dependence of radiation intensity on gas
pressure at various temperature of a lamp:
1 - 150"C, 2 - 143"C, 3 - 141°C, 4 - 137"C,
5 - 130"C, 6 - 125"C, 7 - 121°C, 8 - 116"C,
9 - 110°C.

The table

* guaranteed durability
ation of expected lamp's durability at decrease of the
discharge power and change of the lamp's size. In
contrast of empirical results presented in [18 ] we
received theoretically and experimentally weaker dependence on discharge power, which seems more
reasonable.

ACCELERATED DETERMINATION OF
LAMPS RELIABILITY AND DURABILITY
Researches of gas pressure change in lamps
depending on mode of operation allowed to develop
technique of accelerated test of lamps at increase of
power. T h e results of measurements for this
technique (other techniques of acceleration and their
substantiation are indicated in [2,10 1) are submitted
on fig. 5.

The calculated data of expected durability of spectral
lamps depending on discharge power under condition
of certain guaranteed durability at maintainance of
the discharge mode, at the decrease of the discharge
Dower are indicated in the table,

By studying of experiment results dependence of gas
absorption speed on the discharge power (fig. 6) was
constructed, which within the limits of an error has
coincided with settlement, received in [6,10 ] from
the decision of a set of equations, describing kinetic
of processes in a lamp at excitation of the discharge
of gas and rubidium vapor in it. Thus, as a result of
theoretical and experimental researches one can
approximate dependence of lamp's service life by
following expression [12 I
(3)

where is radius of a lamp'
discharge.

is

in the

Thus, at decrease of the discharge power it is possible
to reach practically any given durability. One must
note, that the decrease of consumed power up to
certain limits does not reduce parameters of a light
source (restriction on decrease of power are discussed
in [2 I) and does not worsen characteristics of a
quantum frequency standard, as the factor quality of
the discriminator near to an optimum rather poorly
depends on the radiation intensity. Besides at the
decrease of discharge power t h e r e a r e new
opportunities at designing the quantum discriminator
(see, for example, [19]), enabling to increase
efficiency of use of light.

Using (3), it appeared to have opportunity to develop
and include in lamps manufacture process a
technique of operative control of lamps quality. From
(3) follows the opportunity of quantitatives evalu-

I

I
I
I 7 ,hours

Fig. 5. Change of gas pressure in lamps at different
discharge power.

1-W=1,7W,2-W=3W,3-W=3,5W,
4-W=5,8W,5-W=9W,6-W=lOW.

Fig. 6. Dependence of krypton absorption
speed in a lamp on the discharge power.
1 is settlement, 2 is experimental.

CONCLUSION
Thus, a s a result of carried out researches,
technological process is developed, which is
successfully used by spectral lamps manufacture
process. In result the guaranteed durability of lamps
makes at serial production coresponds to 5 years in
modes of the intensive discharge and 15 years in
low-power conditions.
Developed technological process with introduced
techniques of the control and dosing permits to create
light sources practically with any required durability.
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IMPROVEMENT OF A DIGITAL AUTOMATIC CAVITY TUNING
SYSTEM IN THE ACTIVE HYDROGEN MASER CHI-75
N.A.Demidov, V.A.Logachev, G.M. Chernov

Institute of Electronic Measurements "Kvarz"
Prospect Gagarina, 176, Nizhny Novgorod, Russia

Possibilities of the active hydrogen maser CHI-75 frequency stability improvement for
time intervals 1 h - 1 d due a digital automatic cavity tuning system are discussed. This
system uses a hydrogen atom spectral line quality modulation method and a reversible
counter measuring two masers beat period for the time interval T at two spectral line
quality significances. Two hydrogen maser CHI-75 frequency instability at T = 100 and
1000 s and at different modulation methods (by beam density, by unhomogeneous magnetic
field bringing into a storage bulb and by mixed method) was investigated. Frequency
atT=lOOOs for
instability o,(2,r)=(5-7)*10-~~ at T = 1 0 0 s and (2-3)*10-I'
1 h (for all modulation types) was got. Results for 1 d frequency stability are showed in
the table.

---

-

Modulation
type
o ,(2,r)* lo-"

beam

beam

magnetic
field

4,l

2,O

2,5

magnetic field +
+ beam

.................................................................................................................

1,5

So frequency stability improvement for .s = 1 h and 1 d by more than two times is got.
This results allowed to change CHI -75 specification and to fix frequency stability
3 * 10-15 for 1 h ( instead 1* 10-14 ) and 3 * lo-" for 1 d ( instead 5 * 10-" 1.
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Collisiomd effect with optically pumped atomic clock

Masatoshi Kajita
Communications Research Laboratory
Nukui-kitamachi, Koganei, Tokyo 184, JAPAN

I. Introduction

Two types of atomic clocks based on the cesium

hyperfine transition have been developed,

the fust type is based on the primary standard employing an atomic beam [I], and the more recent
type is based on the atomic fountain [2-41. The atomic fountain is expected to improve the accuracy
and stability of the frequency standard up to 6v/v < 10-l6 , as the atoms are cooled to several
microkelvin.
Recently it has been shown that the collisional frequency shift is a rather serious problem with the
atomic fountain. Tiesinga et al. have given a theoretical prediction [5] and Gibble et al. have observed
the frequency shift experimentally [4]. For ultracold collisions, the following novel effects are observed:
(a) the broadening of wave packet in three direction becomes large compared to the scale size of the
interatomic potential, and Q) the thermal energy is small compared with level shifts caused by
collisional interactions. In particular, the broadening of wave packet makes the absolute value of the
collisional cross section large, and makes the collisional frequency shift significant.
To our knowledge, there has been no discussion of the case in which the kinetic temperatures for
the three spatial degrees of freedom are different.

The uncertainty principle of position and

momentum is independent in three directions. If the variance of velocity component in one or two
directions are small, the atomic wave packet is broadened in those directions even if the variance of
total velocity is large. The collisional cross-section is a size on the plane transverse to the relative
motion, so it should be large if the broadening of the atomic wave packet is large only in two directions
transverse to the relative motion. In this paper, we show that the collisional frequency shift may be a
serious problem for the atomic clock based on the atomic beam also; particularly with optically pumped
atomic clock. In an atomic beam that passes through two widely separated small holes, the variance of
velocity component perpendicular to the beam direction is small. The atomic wave packet is broadened
in two directions perpendicular to the atomic beam. Then the collisional cross-section is large, as the
relative motion is almost parallel to the atomic beam(effect (a)). On the other hand, the thermal
energy is larger than the level shift. The collision dynamics are quite different from those of an
ultracold collision and the sign of the frequency shift can be M e r e n t from that observed with the
atomic fountain. It is useful to study the collisions in an atomic beam and compare them with those of
the atomic fountain, as only effect (a) is observed with an atomic beam.
11. Previous collisional cross-section formulas
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The Cs frequency standard is based on the transition frequency between a = 13,0) and
hyperfine states

IF,

p= 14,0)

M ~. The
) collisional frequency shift ( A V a p ) has been obtained by 15)
Avap = ~ ( 1 + + ~~ ~ay )~n y V o a p , y
Y

(1)

where n, denotes the density of atoms in the quantum energy state y, and v is mean relative velocity. o
is a parameter defined as "collisional cross-section". Collisional cross-section have been given as [6]

where q@) is the phase shift. L denotes the quantum number of angular momentum and k is the
wavenumber of the atomic relative motion. When (mk)is much larger than the scale size of atomic
potential (4,Eq. (2) corresponds to a semiclassical formula [7]
0 ap,y

=

olrn 2~ 6 s i n [ ~ ya (b)]
~ , db

employing an impact parameter b (=Wk).
Previously, the phase shift has been obtained +assuming that the angular momentum is
deterministic value. Employing Eq. (3) with the same assumption, the phase shift is obtained taking b
as a deterministic value. Actually the angular momentum is not always a deterministic value, and it
can be a deterministic value only when the interatomic potentially is spherical symmetrical and the
angular momentum can not be changed by the collision. The effect of interatomic potential depends on
the form of the atomic wave packet, if the broadening of wave packet is larger than d. As shown below,
the interatomic potential cannot be spherically symmetric in the atomic beam whose transverse
velocity component is small enough.
The effective potential (PB~xo,yo,zo))
, where (xo,yo,zo) is the position of center of wave packet at a
certain time (t=0), is obtained as follows.
2

P,(X~,YO,Z~)

= j ~ * j : ~ : v ( ~ , ~ , ~ ~ ~ c ( ~ o ~ ~ o=~o)(
~ oddyh
, ~ , ~ , ~(4)
~f

Here qxo,yo,zo,x,y,z,t)is the form of wave packet. qxo,yo,zo,x,y,z,t)is obtained as follows, assuming
that it propagates parallel to z-axis of x,y,z-coordinate.

(atomic energy) / h
m ( kxl kyl kz ) can be expressed as
0 ( kx, kyl kZ):

m (kx, kp kz) = mo + v x k x + v y k y +vZ(kz- k )
0 0 = m(0,0,k )

Actually,

VX,.Y=

0 and vz= v are obtained. Here we assume

Equation (5) is calculated as

C ( ~ o , ~ o , ~ o . ~ , ~ ~ ~ ~ ~ )
j(rnot+b)sinKX(x-xo) sinKy(Y-yo) sin~,(z-zo-vt)
(x- xo)
Q-Yo)
(z - zo - vt)

(8)

Equation (8) shows that the wave packet propagates only in the z-direction with velocity v, so the
assumption that the relative motion is only in the z-direction is not violated even if we consider
velocity distribution in x,y-directions. The broadening of wave packet in x,y,z-directions are given by
(d&,Xz),
respectively.

Here we consider the atomic collision in an atomic beam flowing in .Z direction of X, YJ5coordinate.
Considering the variance of atomic velocity component in X, XZ-direction (Vxxz,), the angle between zaxis and Z-axis is in the order of tan.'( Vx u r n . With ( Vx uNi) +0, z-axis is parallel to the Zaxis.
Taking z-axis parallel to Z-axis, we assume the following condition.
K; =Ky(=K)
< c d d <<K

k

(9)

The probability distribution is obtained by
2

l~(xo,~o,zo,x,~,z,t=~)/

= ~ ( ~ 0 7 r o Y ~ Y ~ ) ~ ( ~ . ~ o )

sin 2 K(x - xo) sin2 K(y - yo)
D ( ~ O , Y O ~ ~=, Y
)
~
~
( ?X - X
r ~ )~ ~ (Y-Yo12
4

(10)
(11)

Considering a certain value r, which is much larger than d, but much smaller than (n/@,Padr,O,O) is in
the same order of AV(O,O,O). On the other hand, PaV(O,O,r) is a negligible value. So the effect of
interatomic potential is not spherically symmetric and the previous assumption is violated. We need a
novel formula of collisional cross-section, calculating the phase shift taking the uncertainty of angular
momentum into account. The broadening of wave packet in x,y-directions are much larger than d, so
the collisional cross-section is much larger than n@.
111. Derivation of a formula of the collisional cross-section, that accounts for the form of the incident
wave packet
With the condition shown in Eq. (9), the collisional cross section should be obtained with a novel
formula, which corresponds to to Eq. (3) withK + @ . The form of Eq. (3) can be obtained even

without the concept of angular momentum, so it is reasonable to consider that the collisional cross-

=r

section is obtained by

a

d

~ ( x o , y o ) ddy,
r o =jo17rbsin7/(b)db,

j-:sin

-M

(12)

is the phase shift taking the broadening of the wave packet into account, which is obtained by.

~ r ( ~ o , y=oI) ~ ~ I : ~ ~ ( ~ , Y ) D ( ~ ~ ~ Y O ~ ~(13)
,Y)~~~
*

Since b2 = xO2 +

, Eq. ( 1 1 ) can be rewritten with the polar coordinate [ (%y) =

(r,B)

, (x0/yo)

=

@/ eo) I,

~ ( beo,',
, 0)=

4sin2 Kr'
2 ,2
7r

r

r

d(b) is obtained by

I_",

~ ' ( b=)l;
As K

+

4sin2 Kr'
2 '2
7r

r

q(r) r dB dr

, d(b) and Eq. (12) reduce to the corresponding classical limits given by q(b) and Eq. (3),

respectively.
To estimate the collisional cross-section, consider the following simple model.

~ ( b=)770 b 5 d
=O b>d

(16)

It is considered that 70is much larger than r Considering that d <<(11/4,
Eq. (15)is calculated as

77' (b) = 770

4 d 2 sin2 Kb

1

Then Eq. (12)is calculated as

o = /;27rb sin(vo

=-j;X

(17)

7r b2

4 d 2 sin2 Kb db
nb2

sin

Eq. (18)can be approximated with

2a2
o = -it2
7r

x sin[vo

2

2

di

If 70 is large enough that (4vOd / A ) is greater than the order of the unit, the collisional crosssection is on the order of 7ra21 8 .

IV. Estimation of collisional frequency shift with an actual primary atomic clock and optically pumped
atomic clock

As an example, let us estimate the collisional cross section in an atomic beam, which starts from a
beam nozzle (diameter 0.8 mm) and passes through holes given on two microwave cavities (diameters
are 3 mm). The frequency is measured with Ramsey spectrum. So, we should discuss the collision in
the beam between the two microwave cavities, which has passed the beam nozzle and the hole on the
fxst microwave cavity. The distance between beam nozzle and the first microwave cavity is assumed
to be 50 cm.

The mean atomic velocity is in the order of 200 mls, so the velocity component

perpendicular to the atomic beam is less than 65 cmls. Assuming that the wavenumber distribution is
shown with Eq. (7), K is estimated to be 6.5 x 107cm-Iand 1 is 4.8x lom7cm. Considering that d is in
is in the order of 10-9cm,Eq. (9) is filled and o is estimated to be on the order
the order of 10.8cm and (d)
of 1 0 . ~ 3cm2. The frequency shift is obtained by Eq. (1). The mean relative velocity (v) is estimated by

the velocity variance. With the primary atomic clock, v is estimated to be in the order of 30 mls, as the
beam is velocity selected by quadrupole or hexapole magnet. For an atomic density of the order of 107
cm.3, the observed frequency shift is expected to be in the order of 1 mHz. Employing both of
quadrupole and hexapole magnet, the velocity variance can be reduced upto several mls. Then, the
collisional frequency shift can be negligible.
With the optically pumped atomic clock, the variance of atomic velocity is in the order of 150 mls, as
there is no velocity selection. So, the frequency shift is estimated to be in the order of 5 mHz with the
same atomic density.
Employing two lasers, it is possible to transfer all atomis into either 13,0) or /4,0) level. In this
case, (1 + 6,1

+ 64,)

is 2 ( otherwise it is almost 1.1). Then the frequency shift is in the order of 10

mHz. So, the collisional effect is much more serious with optically pumped atomic clock than with
primary atomic clock.
V. Conclusion

An atomic clock based on an atomic beam passing through two widely separated small holes can be
significantly affected by a collisional frequency shift caused by the broadening of the wave packet in
the two directions perpendicular to the atomic beam. This effect cannot be derived from previous
formulas of collisional cross-sections, so a new collisional cross-section formula that takes the actual
form of incident wave packet into account was developed.
With optically pumped atomic clock, this effect is much more serious than with primary atomic
clock.
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ABSTRACT

d=b2+d.
a is the ratio of the drift region length L to the
excitation region length 1.

In this paper we describe a new method to directly
determine from the shape of a Ramsey pattern the real
microwave level present in the cavity of a beam
frequency standard. Then a new method to evaluate the
atomic time of flight distribution using a regularization
approach. The validity of this method is confirmed by
experimental results.

I - INTRODUCTION
In thermal beam frequency standards a precise
knowledge of the atomic Time Of Flight (TOF)
distribution and of the real microwave (MW) level in the
cavity is essential to properly evaluate most of the
effects which shift the clock transition [I]. The methods
presented in this paper allow a straightforward
determination of the actual MW level and of the TOF
distribution from experimental records.
The observed signals in a caesium beam standard
are of the form :

The curve s(w , b) versus w at fixed MW level is
called theRamsey pattern.

I1 - ESTIMATION OF b
Equation (2) shows that the Rabi pulsation b is
proportional to the MW amplitude B 'inside the cavity
which can not be measured directly. Instead, B is
proportional to the square root of injected MW power
which can be measured. Then we can write :
b = a J ~ h eMW power injected into the cavity (4)
where a is an unknown coefficient which can be
calculated if we know at least one value of b and the
corresponding measured MW power.
At high MW level (b >> o), equation (1) may be
approximated by :
1"
s(o, b) =
sin2(br)cos(aor)f (z)dr + C, (b) (5)

j
0

"

where Cl(b) is a constant versus frequency and it
depends on the value of b.
where :
w is the detuning from the atomic resonance
pulsation.
b is the Rabi pulsation (radts), related to the MW
magnetic induction amplitude B by
b=p,Blh
(2)
z is a random variable representing the TOF of one
atom across one arm of the Ramsey cavity.
f(r) is the TOF distribution or the Probability
Density Function of z.
P(z, m, b) is the Ramsey transition probability given
in [I] by:

where :

Let

cT[g(x)]

denote the Cosine Transform

operator of a function g(x) , x E I R + defined by :

-

I

G(w) = ~ T [ ~ ( x ) ] ( w
= ) g(x) cos(un)dx

(6)

0

Then equation (5) can be written using the properties of
the Cosine transform (which are similar to those of the
Fourier transform) as :

where :
F(o) is the Cosine Transform of the TOF distribution
f(r).
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S(o) is the Dirac function.
* is the convolution operator.

~ ( b=) K(b,.i)f ( W z

(10)

0

Equation (7) shows that the Ramsey pattern is the
convolution of F(aw) with three Dirac pulses at a,,= 0 ,
w-, = -2b l a and w, = 2b l a . Estimating the positions
of these Dirac pulses allows us to determine the Rabi
pulsation in the MW cavity by :

where the left-hand side I and the kernel K are known,
and where f is the unknown solution. Equation (10) is
ill-posed in the sense that the solution f is potentially
very sensitive to perturbations in the measured signal I.
The discretization of (10) over a finite support for z
( 0 5 z I,z, ) in the Riemann sense leads to :

,
~ ( bi ~, zf () ~ A T ) A T

I(b) =
This relation was mentioned by Ramsey [2] without
mathematical demonstration.
Figure 1 shows an example of an experimental
Ramsey pattern from the LPTF Cs beam clock. The
three arrows show the position of the Dirac pulses. The
horizontal line represents the value of the constant
C,(b).In this case, we calculate b = 205500 radls which
is about six times b,,,, the value of b maximizing the
signal at resonance.

( 11 )

,=I

Putting measured data 1(b) in a vector y we obtain
a linear system of equations
y = AX,
A E IRniXn, m > n
(12)
where :
x is a vector of n unknowns representing the values
off in a finite set of times of flight :
x,=f(iAz),
i ~ { 0 , 1...,
, n-1)
y is a vector of m measured data at m different Rabi
, )e, , where ei is the noise
pulsations ( y, = ~ ( b +
contribution to the measure yi ).
A is a real matrix so that :

7

-

h=aaAf

.

Solving (8) in the sense of least-squares leads to
solutions that minimise the residual norm :

$r 6 :,

i

I

3I

.

,

.

Fig. 1 : Experimental Ramsey Pattern

In the case of a not very large value of b compared
to m, the value of b can be estimated using the Cepstrum
method [3].

-

I11 INVERSE PROBLEM
Boulanger [4] showed that the TOF distribution
can be evaluated from the dependence of the amplitude
of the central maximum of the Ramsey resonance on the
Rabi pulsation b, called the I(b) function (I(b)=s(O,b)).
He used a FFT algorithm and a fit to an experimental
Ramsey pattern. Here we use the approach of inverse
problem to evaluate the TOF distribution from an I(b)
function.
Let w= 0 in ( I ) , then the equation of I(b) is :

This could be seen as a Fredholm integral equation of
the first kind [5]:

(13)
x , = arg min{ll~x- Y//)
which could lead to non meaningful solutions because of
noisy y and of the ill-posedness nature of the problem.
Hence, it is necessary to incorporate further information
about the desired solution in order to stabilise the
problem and to single out a useful and stable solution.
This is the purpose of regularization.

-

IV REGULARIZATION APPROACH
In order to reduce the effect of noise which will
yield oscillating components on the solution we require
from the solution to be smooth. Hence, the additional
information of smoothness is incorporated by adding a
side constraint C(x) to (13) which involves the
minimisation of the first or higher order derivative of the
solution to prevent its rapid and oscillatory variations.
For example, in the case of a side constraint
representing the first order derivative of the solution x
C(x)is written as :

This is the most common form of regularization and is
known as the Tikhonov regularization [6]. Here, the
regularised solution xk is the minimizer of the following
weighted combination of the residual norm and the side
constraint:
x , = arg min{l/~x- + ~ ( x ) }
( 15)

y/l

where the regularization parameter h controls the weight
given to the minimisation of the side constraint relative
to the minimisation of the residual norm. Clearly, h
should be chosen with care and a variety of choices
strategies have been proposed in the literature [7]. The
most obvious strategy (in the case of knowledge of the
variance of the noise signal or the norm of the noise
vector e) consists of choosing ilsuch that the residual
norm of the desired solution xh satisfies
(16)
ll*xn - yll=
.

l el

Another type of side constraints C(x) could be
incorporated. When a solution with positive elements is
sought, the following non linear function is used as side
constraint :

where w,, ... ,w,are n weights. This is called the
Maximum Entropy regularization (because -C(x)
measures the entropy of x) and it has less immunity to
noise than the Tikhonov regularization.

Fig. 2 : Experimental I(b) function.

The TOF distribution obtained by Boulanger
method is also shown in Fig. 3 (dotted line) where all
the curves are normalized so that :

j f (7)dr = I .

(18)

0

Numerically, computing a solution of (15) may be
done either by iterative methods like the conjugate
gradient (CG) algorithm or by nearly direct methods
like the generalized singular value decomposition
(GSVD) 181.

V - EXPERIMENTAL RESULTS
We have applied the previous approach to evaluate
the TOF distribution in the LPTF caesium beam
standard. At first we have deduced the value of the
coefficient a in (4) from the Ramsey pattern of Fig. 1 as
explained in section 11.
The experimental Ramsey signal of the 0-0
transition at resonance versus the Rabi pulsation b (the
I(b) function) is shown on Fig. 2. The values of b are
calculated from the measured MW power using equation
(4). In order to eliminate contributions of neighbouring
transitions (m # 0) to I(b) at high MW power a static
magnetic field larger than that for normal operation is
required. Here the different MW Am = 0 transitions are
spaced by 250 kHz.
The TOF distribution extracted from the previous
curve using the regularization approach in the case of a
first order derivative side constraint (14) and a
regularization parameter il = 1 0 ' ~is shown in Fig. 3
(dashed line). In our standard [9] the length of the
interaction region is 1 =10.2 mm and the ratio a is
W1= 100. The oven temperature is 93.5"C. The Cs
beam is optically pumped and a cycling transition
( F = 4 e F = 5, D2line) is used for the detection. The
expected TOF distribution (solid line in Fig. 3) is then a
Maxwellian weighted by zdistribution [lo].

Zooming in theses curves shows that the TOF obtained
by the regularization approach is null for z greater than
220 ps, while the Boulanger method gives a flat function
for high values of z. This flatness is related to the FFT
of the noise (white noise).
Time o f F l l g h t D ~ s t n b u t i o n

,

50

100

150

200

T ~ m eof Flight T ( ps)

Fig. 3 : The TOF distribution calculated by regularization
approach compared to the theoretical Maxwellian weighted by
.t.distribution and that calculated by Boulanger method

VI - CONCLUSION
A new and precise method for estimation of the
Rabi pulsation in cesium beam frequency standards has
been presented. Its accuracy is related to the precision of
the instrument used to measure the MW power.
The regularization approach for evaluation of the
TOF distribution is introduced. It has more immunity to
noise than existing methods and does not require
uniformly sampled (versus b) data, and hence it avoids
the interpolation of noisy data.

-

VII REFERENCES
1. J. Vanier and C. Audoin, 1989, "The Quantum
Physics of Atomic Frequency Standards", Adam
Hilger, Bristol, UK
2. N. F. Ramsey, 1956, "Molecular Beams", Oxford
University Press, Oxford, UK
3. V. Oppenheim & R. W. Schafer, 1989, "DiscreteTime Signal Processing", Prentice-Hall
J.-S. Boulanger, 1986, "A New Method for the
Determination of Velocity Distributions in Cesium
Beam Clocks", Metrologia, 2,37-44
5. C. W. Groetsh, 1984, "The Theory of Tikhonov
Regularization for Fredholm Equations of the First
Kind", Pitman, Boston

6. A. N. Tikhonov & V. Y. Arsenin, 1977, "Solutions
of Ill-Posed Problems", Winston & Sons, Washington,
D.C

7. H. W. Engl & J. Gfrerer, 1988, "A posteriori
parameter choice for general regularization methods for
solving linear ill-posed problems", ADD. Numerical
4,395-417

m.,

8. P. C. Hansen, 1989, "Regularization, GSVD and
truncated GSVD", BIT 29,491-504
9. E. de Clercq et al., 1993, "The LPTF Optically
Pumped Primary Frequency Standard", IEEE Trans.
Instrum. Meas.,vol. 42, NO. 2, 457-461
10. A. Hamel et al., 1990, "Velocity distribution
measurement in an optically pumped cesium beam
.
And Time Forum,
resonator", in Proc. 41h E u r o ~ Frea.
169-174

THEORETICAL DESCRIPTION AND EXPERIMENTAL EVALUATION OF THE EFFECT OF THE
INTERROGATION OSCILLATOR FREQUENCY NOISE ON THE STABILITY OF A PULSED ATOMIC
FREQUENCY STANDARD.
G. Santarelli, Ph. Laurent and A. Clairon.
BNMLaboratoire Primaire du Temps et des Frkquences,
Observatoire de Paris, 61, Av. de l'observatoire, 75014 Paris, France.
Giorgio.Santarelli@obspm.fr
G. J. Dick, C. A. Greenhall.
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91 1109,
U.S.A.
C. Audoin.
Laboratoire de 1'Horloge Atomique, Unit6 Propre du CNRS associBe i 1'UniversitB de Paris Sud, Bat. 221,
UniversitB de Paris Sud, 91405 Orsay CBdex, France.
ABSTRACT.
In this paper we evaluate the effect of the interrogation
oscillator frequency noise on the stability of a pulsed
atomic frequency standard such as an atomic fountain or
ion trap frequency standard. The atomic response to a
phase perturbation in Ramsey and multi-Rabi
interrogation schemes has been calculated using the
density matrix formalism. The results of these
calculations are used to obtain a simple model for the
limitation of the frequency standard stability. An
experimental evaluation of this effect has been
performed by using the Cs atomic fountain frequency
standard. Possible means to reduce this effect are
considered.

The equation giving the frequency stability limitation
arising from the oscillator frequency noise downconversion is derived from simple reasoning. The
validity of this formula is verified experimentally.
Finally, possible means of reducing this spurious effect
are considered.
2 SENSITIVITY FUNCTION TO OSCILLATOR
FREQUENCY FLUCTUATIONS: A RECALL.
Let 6P be the change of the probability that a transition
occurred, at the outcome of the atom interaction with the
R.F. field. If this change is the result of a fluctuation,
6 4 t ) , of the frequency of the field during the
interaction, we have [I]:

1 INTRODUCTION.
The development of new passive frequency standards
using trapped ions or cold atoms has produced devices
with a potential fractional frequency stability of the
order of ~ o - ' ~ c or
- ' 'better.
~ In this new type of standards,
the internal interrogation process and the control of the
interrogation oscillator are periodic, with period T,. The
frequency of this oscillator is compared to that of the
atomic resonance during a part of the operating cycle
only and its frequency is controlled at the end of each
cycle.
In the late eighties, one of us [I] at the Jet Propulsion
Laboratory derived the atomic response to the oscillator
frequency fluctuations using a geometrical approach.
Furthermore, he has shown that the oscillator frequency
noise at Fourier frequencies which are close to multiples
of l/Tc is down-converted, leading to a degradation of
the long-term frequency stability.
This work has been the motive for new thoughts on this
subject and the present paper reports briefly a part of the
results achieved.
The atomic response to a frequency variation in the
interrogation oscillator is deduced from a quantum
mechanical treatment for different interrogation schemes
using the Ramsey and the multi-Rabi [2] methods.

int.

This equation defines g(t), the sensitivity function to
frequency fluctuations. The integration holds during the
time Tiof the interaction.
It is worth noting that the R.F. field is frequency
modulated. Its (angular) frequency is N t ) + o , or 4 t ) - o ,
according to the half period of modulation considered.
4 t ) is very close to the atom resonance frequency CQ,
and w, is the modulation depth. In Eq. (I), 6 4 t ) is the
fluctuation of Nt) and g(t) is the sensitivity function at
the frequency q,ro,.
It has been shown that g(t) can be calculated by
introducing an infinitesimally small phase step E at time
t in the oscillator frequency. It produces the change
6P(t,&) of the probability that a transition occurred and
g(t) is given by:
g ( t )= 2

lim 6 P ( ~ , El )E
E--10

In frequency standards considered here the function g(t)
it not a constant during each cycle (T,). As explained in
the following this causes the degradation of the
frequency stability of the locked oscillator.
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3 FUNDAMENTAL LIMITATION OF THE
FREQUENCY STABILITY DUE TO SAMPLING.
3.1 Origin of the effect.

The control loop being closed, frequency corrections are
applied to the interrogation oscillator at discrete times &,
at the end of each cycle. Immediately after this
adjustment, the frequency offset is Acy(tk).Between the
instants tk and tkcl,the frequency of the oscillator varies
freely and the offset Aq't)=q't)-y, of the R.F. field is
given by :

The subscripts s and f stand for slaved and free,
respectively. The frequency offsets considered are those
of the R.F. field when the deviation due to the
modulation is not taken into consideration.
The variation A N t ) of the frequency of the interrogation
field induces a change in the probability that the
transition occurred and this adds a term to the error
signal. This term can be interpreted as being produced
by a false frequency offset 60$tk) of the applied field,
which is given by :

assume that the bandwidth of the down-converted noise,
Af, is of the order of magnitude of 115 and thus smaller
than lIT,.
The low frequency noise in the bandwidth Af originates
from spectral components of the oscillator noise around
Fourier frequencies mlTc. Then, it suffices to consider
that part of the oscillator frequency noise which is
filtered in a set of spectral windows centred around
frequencies m/T,and having a noise bandwidth 2Af. The
Rice representation [3] of this narrow band limited noise
is the following :

where p,"(t) and q J t ) are slowly variable random
amplitudes. The constant phase, -2nmtJT, is introduced
for convenience and does not affect the final result. The
one-sided power spectral density of p,(t) and q,(t) is
related to that of Awlt) around m/T, by:

The frequency offset S q t ) is calculated by substituting

A$(?)
where gois the mean value of g(t) during the same cycle.
The frequency control loop includes a numerical
integration. It can be shown that its equation is the
following :

for A*?)

in Eq. ( 4 ) According to the

assumptions made, p,(t) and q,(t) vary very little during
the time interval T,. Therefore, they can be taken out of
the integral sign and we obtain :

(9)
with
(5)
where the optical detection noise is not considered. and
j.3 is the open loop gain. For slow frequency fluctuations,
Eq. (5) shows that we have :

Ams(tk ) = -bf
(tk )

(6)

In Eq.(4), g(t)lgo is a periodic function of time with
frequency 1/T,. Therefore the spectral components of
Ao$t) around frequencies mlT, will be translated to the
very low frequencies. This is the equivalent of an
aliasing phenomenon in a sampling process.

where g(8) is defined during the time interval [O,T,].
Referring to Eq. ( 6 ) , the second term of the right-hand
side of Eq. ( 9 ) represents the low frequency noise of the
slaved oscillator resulting from the aliasing. The power
spectral density of these fluctuations is easily derived
from Eqs. ( 8 ) and ( 9 ) , and the related Allan variance is
given by:

3.2 Derivation of the formula for the long term
frequency stability limitation.
We will consider the limitation of the frequency
stability, for observation times z sufficiently larger than
the servo-loop time constant. For this analysis we

f (m 1 T,) 1 wo2 is the one-sided
where S{ (m1 T,) = Saq
power spectral density of the relative frequency

fluctuations of the free running interrogation oscillator
at Fourier frequencies mlT,.
4 EXAMPLE OF THE FREQUENCY SENSITIVITY
AND OF THE LEVEL OF
STABILITY LIMITATION.
4.1 Principle of the calculation of g(t).

+

where d=-sinL&T sinbz and Ro= y,according to the
half period of modulation considered. Fig. 1 shows the
variation of g(8) (assumed centred during the cycle,
solid line) and of the related coefficients g,,,/go, for
b ~ d 2which provides the optimal condition of
interrogation. It is assumed ~=0.015s,T=0.5s and T?=ls.
The function g(8) for b ~ 3 d is
2 shown also (dashed
line).

As shown in [4], the change of the quantum state of the
atoms interacting with a R.F. field of given amplitude
and phase can be represented in a matrix form. We have,
in general :

where al and a2 denote the atomic coherence and a3 the
population difference of the two levels involved in the
transition. The column matrices at the right and at the
left represent the atom properties at the beginning and at
the end of an interaction of duration 8, respectively. R is
a 3x3 matrix whose elements depend on 8, the R.F.
amplitude and the phase.
Therefore, the population difference of atoms submitted
to various amplitude and phase conditions during their
interaction with the magnetic R.F. field can be
calculated from matrix products. The effect of the small
phase step & occurring at a given instant during the
interaction can be expressed easily. The subsequent
change 6P(t,&)of the probability that a transition took
place during the interaction follows and g(t) is obtained
using Eq. (2). In the event that the R.F. amplitude is not
a constant during the interaction, two different methods
can be implemented. One may divide the interaction
time into elementary intervals during which the
amplitude is assumed a constant. Or, the differential
equations describing the evolution of a,, a, and a, (see
Eq. 5.2.20 of [4]) may be integrated numerically.
4.2 Ramsey method of interrogation
This method is applied in the cesium fountain at LPTF
[ 5 ] . The atoms experience successively two R.F. fields,
each for the time interval 2, and there is no R.F. field
applied between these two partial interactions, for the
time T. Assuming ir)>z and that the magnetic R.F. field
is a constant, represented by the Rabi frequency b, we
have :
r
0
0<8It,
d sin b e
t, 9 8 5 t p + z
d sinbz
tp+z181tp+T+r
g(e)=
dsinb(~+2~-8) t, +T+z18<tp + T + ~ T
tp+T+2z181Tc
0
(13)

log(m)

Fig. 1 The function g(8) and the related spectrum in the
case of a Ramsey interrogation scheme for
b ~ d and
2 b~3d2.
In order to assess the level of the frequency stability
limitation due to the aliasing, we assume that the
oscillator is a VCXO and that the power spectral density
of its relative frequency fluctuations is given by:

good immunity against the white phase noise of the
oscillator. For TI = 0 5 3 s and T,=ls, we have:
This hypothetical oscillator shows a flicker floor at the
level 2.1 10'".
For the Ramsey method of interrogation, we have:

for the given values of the parameters.
4.3 Interrogation in a TE,,, cavity
In the PHARAO project [6], it is planned to launch balls
of cold cesium atoms along the axis of a cylindrical
cavity tuned to a TEol, resonant mode. During their
interrogation, the atoms experience a magnetic R.F. field
whose amplitude is proportional to sin(nn8l T,), where TI
is the total interaction time. In that case, g(t) is
calculated numerically.

O ~ ~ ( T ).35
= I10-l3T - ' ~

(15)

which is similar to the value given in Eq. (13).
5. EXPERIMENTAL EVALUATION OF
FREQUENCY STABILITY DEGRADATION.

THE

In order to verify the model and provide evidence of the
aliasing effect, we have made various measurements
with an oscillator voluntarily degraded with different
types of frequency noise. For this ,we use the LPTF Cs
atomic fountain standard [5].

REFERENCE

FREQ. MULT.

NUMER.

1

7.3..MHz

1

W 3325B
FREQ.SYNT.

NOISE

Fig. 3

Schematic of the atomic fountain frequency

We have used three different sources of noise. Firstly a
white noise voltage in the range 0.1 Hz-1600 Hz ( f O )
with the possibility of using different low-pass filters.
Secondly a flicker noise generator f-'in the range 0.5100 Hz and thirdly a generator with spectral density
proportional to f-3, for Fourier frequencies from 0.5 to
100 H z .

r\

S flicker phase

Fig. 2 The function g(8) and the related spectrum in the
case of a multi-Rabi interrogation scheme.
Fig. 2 shows, for n=3, the variation of g(8) (assumed
centred during the cycle) and of the related coefficients
g,,,/go. Here, the operating parameters are chosen so as to
provide the steepest slope of the resonance curve. This
is achieved for b,T,ln = 3.66 and &T, = 2.31, where b,
is the Rabi frequency at an anti-node of the magnetic
field.
It is worth noting that, for m larger than about 10,
(g,/go)2 decreases as m-6.This property provides a very

I

SAflic,kerfreq.

S white phase

c
frequency [Hz]

Fig. 4 Measured phase noise spectral densities of the
degraded interrogation oscillator.
We use the noise generators to drive the phase
modulation input of a HP3325B synthesiser. The

HP 3325B is used as an external generator for the
fountain frequency multiplication chain (Fig. 3). The
phase noise added to the HP 3325B is transferred to the
interrogation oscillator spectrum. The added noise is
high-pass filtered (O.1Hz) to avoid the degradation of
the medium and long-term stability of the oscillator
(Fig. 4).
The Allan standard deviation of the locked oscillator is
calculated taking the frequency output of the synthesiser
at the end of each cycle. As shown in Fig. 5 the
fractional frequency stability of the free running
oscillator, behaves as z-' whereas the stability of the
locked oscillator is proportional to T-'". This clearly
shows that the frequency stability of the locked
oscillator is dominated by the aliasing noise for
integration times longer than 10-20s.

change the frequency noise spectrum by low-pass
filtering the noise source with different cut-off
frequencies improves the sensitivity of the
measurements. Fig. 6 reports the calculated and
measured results, which agree to the limit of the
measurements errors (20%). Measurements performed
with the filtered white phase noise confirms the validity
of the model even for different interrogation oscillator
levels (br=d2 and 3 d 2 )
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Fig. 5 Fractional frequency stability of the free running
and locked oscillator
We measured the stability for two conditions: b % d 2
and b-3d2. Tables 1 and 2 report the calculated
(Eq. (1 1)) and measured values for the flicker phase and
flicker frequency noises.
Table 1, b % d 2

Table 2, b%3d2

For these types of noise the frequency stability limitation
mainly depends on the ratio between interrogation time
and cycle time. In order to verify precisely the model we
need a measurement which is more sensitive to the
shape of g(8). In the case of white phase noise the
frequency noise spectrum behaves as f 2 and
consequently the down-conversion is strongly dependent
on the harmonic content of g(f3). The possibility to

Fig. 6 Measured and calculated frequency stability
versus the cut-off frequency of the white phase
noise.
5. POSSIBLE MEANS FOR THE MINIMIZATION
OF THE FREQUENCY STABILITY LIMIT
In a cesium fountain, in the PHARAO set-up [6] or in a
trapped ions frequency standard, it will not be possible
to use notch filters to reject the oscillator noise at
Fourier frequencies m/T, since T, is equal to 1s or less.
The level of the annoying effect would obviously be
reduced with an oscillator, such as a cryogenic sapphire
oscillator [7] showing a much improved spectral purity.
However, we will limit ourselves here to exemplify the
beneficial effect of the increase of the interrogation duty
cycle [I] or in the case of cold atoms frequency
standards of the release of several balls during each
cycle, assuming that the VCXO characterised by Eq.
(14) is slaved to the atomic resonator. In the case of the
Ramsey method of interrogation, the total interrogation
time is T,=T+2z. Fig. 7 shows the variation of oYl,,
versus T,/T, for three sets of parameter values.

Fig. 7 Frequency stability versus the interrogation duty
cycle for the Ramsey interrogation.

Several balls of cold cesium atoms can be launched
during a cycle. Fig. 8 shows, as an example, the
variation of oyli, versus the number of balls. It is
assumed that the interrogation occurs in a TEOl3cavity
and that the time interval between two successive ball
releases is equal to Tj6. Again, three sets of parameter
values are considered.

affect the results. It seems that there are no obvious
signal processing techniques which would be able to
reduce the consequences of the detrimental aliasing.
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B. Fermigier, M. Houssin, F. Plumelle and M. Desaintfuscien
Laboratoire de I'Horloge Atomique, Unite propre de Recherche du CNRS,
associee a I'Universite Paris-Sud
BBt. 221 L'niversite Paris-Sud 91405 ORSAY France

INTRODUCTION
Experiments involving laser cooled ions
confined in electromagnetic traps are very
attractive in the domain of optical frequency
standards. Expected performances specially the
stability are extremely promising and these
experiments remain a reliable alternative to the
cold atom ones. Ca' is a particularly interesting
candidate because it has an optical transition with
a very narrow natural linewidth which can be
actually observed with very small perturbations in
a Paul trap [1,2,3].
Moreover all the useful
transitions involved in the experiment can be
reached wlth laser d\odes yielding a reliable and
compact set up.
To take advantage of the line Q of the clock
transition, three points must be satisfied
simultaneously: stabilization of the center
frequency, drastic linewidth reduction of the field
spectrum and stable frequency sweeping. A
stabilization on an ultra-stable cavity using the
optical Pound-Drever method is suitable.
In the project in progress at LHA, the clock
transition at 729 nm will be probed by a cooled
commercial laser diode [4]. This laser diode is
placed in a self-aligned external cavity yielding a
preliminary linewidth reduction We first present
this mounting.
This external cavity must then be stabilized
on a Fabry-Perot high finesse cavity used in
reflection. We describe this set up. The error
signal is sent to the diode current. So it is
important to have a continuous wavelength tuning.
However we faced some difficulties because some
diodes were not efficiently AR coated. In order to
understand this problem we study how the diode
output facet reflectivity perturbs the external cavity
accordability.

SELF ALIGNED EXTERNAL CAVITY
External cavity is attractive to obtain better
spectral pur~tyand frequency stability than solitary
laser diode. The dispersive element (grating) in
the system permits the selection and tunab~lityof
the emission wavelength. Unfortunately classical
extended cavity lasers (ECL) show a great
sensitivity to misalignments. In this part, we

present the scheme and performances of a self
aligned external cavity.
In self-aligned cavity lasers, sensitivity to
vertical misalignments is reduced with a 1D cat's
eye 151.The laser diode is properly fed back along
the vertical direction while the cat's eye has no
effect along the horizontal one which corresponds
to the dispersion plane of the grating.
Two different configurations have been
tested (fig 1).

fip. l a

mirror
0 order

.
.
I

/

AR
coating

cylindrical

Littrow
configuration

F&J:

Two configurations of self aligned
extended cavity laser (a: folded ; b: unfolded)

In both systems, the output facet of the
diode is AR coated. The diode is mounted with the
junction plane parallel to the grat~nglines for two
reasons:
- less sensitivity to vertical misalignment
- better grating selectivity.
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The unfolded cavity has been described and
tested in ref 5. In the folded extended cavity, the
grating is in Littrow configuration as in a classical
external cavity. The cylindrical lens is inserted
between the LO and the grating. The cat's eye is
composed of a cylindrical lens and the grating
separated by a focal distance. The cylindrical lens
can be put :
- perpendicular to the optical axis
- parallel to the grating.
The cylindrical lens placed perpendicularly
to the optical axis reduces the coupling efficiency
in the junction because the grating (which is tilted
against the optical axis) is not in the cylindrical
lens focal plane.
When placed parallel to the grating, the
cylindrical lens leads to very satisfaying results in
terms of mechanical stability. In particular the
vertical misalignment tolerance varies from 1 pm
for a classical external cavity to several tens of pm
(cf fig 2).

INFLUENCE
OF
THE
DIODE
FACET
REFLECTlVlN
ON
THE
CONTINUOUS
WAVELENGTH TUNABILIN
We want to stabilize this external cavity on a
high finesse cavity using the optical Pound-Drever
method (cf fig. 3) [6].
Our frequency modulation is around
40 MHz.
LASER DIODE
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: Pound-Drever servo-loop technique.
classical extended

I
I

verticnl displacement(p)

I

: threshold current versus collimating lens
vertical misalignment.

Unfortunatly the output beam quality is very
poor : the important cylindrical lens inclination
(about 30 degrees) introduces aberrations.
Because of these problems we have turned
to the unfolded external cavity. In this
configuration the output beam direction (0 order
grating) is wavelength independant. Moreover the
cat's eye translation instead of the grating rotation
permits a continuous wavelength tuning over a
3 GHz range corresponding to one free spectral
range of our extended cavity (cavity length:5 cm).
In conclusion, the unfolded extended cavity is a
better
configuration
and
satisfies
our
requirements.

The corrections can be separated in two
ways: slow one's are sent to the piezotranslator
that translates the cat's eye; fast one's are sent to
the laser current.Naturally these corrections must
lead to continuous wavelength tuning. That is why
we study the ECL wavelength tunability.
The reflection coefficient rd of the diode
facet has a significant influence on the continuous
wavelength tunability. Understanding of this
dependence of laser continuous tunability is
important. Using the theoretical description from
ref. 7, the oscillation condition for the ECL model
can be written:

where :
- ot is the qthlongitudinal mode of the chip
cavity,
rt, is the chip cavity round trip transit time
(without feedback),
- a is the linewidth enhancement factor,
- retfis the effective reflectivity of the composite
mirror formed by the diode output facet and
the grating.

-

This equation gives a set of resonant
frequencies. The lasing frequency is the one for
which the threshold gain is minimum. Fig. 4 shows
mode hopping when the diode current is tuned.
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m:example of frequency tuning for rea=0.3
and rd=O.1

Equrvalent cavit~eshave been made with
drfferent laser diodes
- SDL 5412 (800 nm),
- Sharp LT030 and LT031 (around 750 nm),
- Sharp LT030 wrth AR coatrng (rd-10-*)
All these LD's are srngle transverse mode
and single longrtudlnal mode
By cat's eye translatron we obtarn the same
contrnuous wavelength tunability (3 GHz) with the
drfferent settings
On the contrary, by varying the diode
current, only the AR coated drode glves good
results: 1 GHz for AI=20 mA. That grves a
varratron of
( A ~ l A I ) ~ c ~ = 0GHzImA
.05
In the non AR coated solitary drode, we
have.
In a ECL with an insufficient AR coating
quality, thls ratio is not constant and fluctuates
between these two values.
CONCLUSION
The self aligned cavity presents significant
improvements, in particular much less sensitivrty to
mechanical perturbations Among the two studied
configurations, the unfolded cavrty IS without doubt
the more su~table regardrng beam quality and
relrability.
Continuous tunability depends greatly on
the quality of the AR coating of the diode output
facet
So we plan to send the fast corrections of
the error signal to an external electro-optic
modulator
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ABSTRACT
Frequency modulated laser light, when synchronously detected after reflection fiom
a Fabry-Paot cavity, give rise to well known discrimination cnrves, if the thc some
is tuned across the resonance. In lineshape calculations, the laser field is normally
assumed to be monochromatic. Several different models describe the laser
phase/fiequency noise, namely phase diffiion model (PDM),FM or phase
modulation from a band-limited gaussian noise (GNM),and a generalized phase
jump model (PJM).Our work deals with the analysis of the dependence of the static
fkequency response on the parameters pertinent to each model. Moreover, in the
PSD case, approximate expressions for the intensity spectrum an given.
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ON THE ESTIMATING OF POWER SPECTRAL DENSITY OF FRACTIONAL FREQUENCY
FLUCTUATIONS FROM THE SAMPLED PHASE DEVIATIONS
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INTRODUCTION

phase noise, when it is ban limited, the random
process which models x(t) is stationary.

The correct characterization of the noise effect is
extremely important to both manufacturers and
users of high quality oscillators because their
precision is ultimately limited by the noise.

For the power-law model, the PSD of the phasetime deviations result to be proportional to f P
where p is an integer ranging from 0 to -4. The
estimation of the sample spectrum [Kasdin and
Walter (S)], by FFT estimators (periodograms) was
addressed by Waals et al (6), emphasizing the
prime importance of the time window used in
analysis.

Five different types are considered to perturb
oscillators and are described in the Fourier
frequency domain by the power spectral density
(PSD) of the fractional instantaneous frequency
fluctuations, S,, (f).The standard power-law model
assumes that, for these noise processes, S,(f) is
proportional to f a with a an integer ranging from
-2 to 2, [Barnes (A)]
However, in the frequency stability measurements
made in the time domain, generally used for
characterizing the oscillator behavior over a long
time interval, the quantity y(t) is not directly
observable. Upon the status of the experimental
set-up [Allan and Daams (2)], samples of y,(t) or
x(t) are obtained. Here, the average is performed
over the time interval z, x(t) is the phase-time
deviation and the samples are taken separated by
the interval 7 . The identification of the noise type is
done by using the Allan variance o;(z) whose
slope on a log-log plot is connected with the value
of a [Atlan(3)]. In order to increase the
determination accuracy, the multi-variance method
was developed [Vernotte(4)] for the case when
many noise types are present simultaneously.
The variance definition can be regarded as a
digital filtering applied on the sequence x, which
represents the sampled phase-time deviations.
the dependence D:(')
be the
dependence of the power at the filter output upon
the parameter z characterizing the implemented
filter. Therefore, it appears more natural to identify
the noise type by the Classical Spectral analysis
techniques.
Unfortunately, for all noise processes considered,
the PSD of the phase-time deviations, S, ( f ) , does
not exist in the strict sense. Only for the white

On the other hand, difficulties in spectral analysis
of the sequence & , due to the lack of the last
element, were reported [Vernotte (4), Vernotte et
al (7)] an a method to overcome them, by
considering the sequence x, as periodic, was
proposed.
In this paper we investigate the possibility to
identify the noise type by FFT spectral estimators
with different time windows, performed on the
sequences x, and ji,, . The noise sequences x,,
with J3= 0,-1,-2,-3 and - 4, was generated by
using a computer program [Dinca (8)] fulfilling the
simulation criteria stated by Kasdin (5). The results
obtained by Waals et al (6) are verified and
extended for J3 = -3. No significant spectral
distortion similar with that reported by Vernotte
(4,7) was observed.
Thus, The noise type can be successfully
identified by spectral analysis on x, or y, if proper
time windows are used.
AND RELATloNSHIPS

An ideal oscillator delivers an output signal
V(t) = 4 cos(2nv0t)

,,,

(1)

were A, and
are the nominal amplitude and
frequency, respectively. The "real" oscillator is
perturbed by the phase noise cp(t) and provides
the signal
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exhibiting an instantaneous frequency fluctuation

The most used quantities are the instantaneous
fractional frequency fluctuations

for digital signal processing. The sampling rate,
f, = l/z, is very important because if the PSD of
x(t) has significant power distributed over
frequencies greater than f, 12 aliasing occurs and
can change the spectrum shape. For
p = -1,-2, -3 and - 4 the aliasing can be
neglected, but for the white phase noise this effect
is certainly important, providing that the upper cut
frequency fh is greater than fs/2. In the case when
fh >> fs/2 aliasing produces a level of the PSD of
x, much greater than S,(f) but the shape are
practically unchanged.

and the phase-time deviations

The averaged value of y(t), over the interval 7,
can be expressed as

Secondly, the available sequence x, has finite
length. The expected value of the PSD of x, is
then the convolution of the true x, PSD with the
Fourier image of the Bartlett window (Fig. l),
providing that a rectangular time window was used
[Oppenheim and Schaffer (9)].

-

One can write the standard power law model
2

S,, (f) =

Ch,fa

a=-2
or, in terms of PSD of x(t)

I

I
0

-1

T

t

Fig. 1. Bartlett window

ESTIMATION OF
ALGORITHM

PSD

USING

THE

FFT
NOISE GENERATOR

Although the PSD does not exist for non stationary
processes, the sample spectrum expressed as

can be convergent and in the following will be
used for PSD estimation.
Even for stationary process, the PSD estimated by
this method from the sequence which samples the
continuos function is affected by errors. Firstly,
only sampled values of the function x(t), namely
the sequence x,, are available. Thus, the spectral
estimation has to use the techniques developed

The sequence
convolution

x,

is produced by the linear

where w, is an independent identical distributed
sequence. The sequence h, is expressed as

providing that the digital filter has the Z transform

H(z) = (1 - z - ' ) ~ ' ~

(12)

a zero value. For each x, sequence, the Allan
variance was computed. Also, the PSD of the
sequence was estimated by a FFT algorithm with
rectangular and Hanning time window
rect

which is a generalization of the Z transform
associate with the Brownian process (P=-2). The
PSD of the generated sequence x, is obtained
) ~
for f << fs/2
proportional to sin(x f ~ which
becomes proportional to f P .

un=l

for

OlngN-1
for O s n l N - 1

N

The linear convolution (9) is computed by a
circular one completing the sequence h, and wn
with zero elements [Oppenheirn and Schaffer (9)].
Thus, the linear convolution can be simply
performed by direct FFT, multiplication and
inverse FFT. In order to allow longer sequences
handling, the feature that the- sequences are real
was exploited (Fig. 2).

L
extension with
M zero elements

first M elements

formation of FFT
for a complex

H

, , kO 2M-1
I

Fig. 2. Algorithm for noise generation.
The sequences generated by the program were
tested by computing the Allan variance and the
results agreed with the well known behavior of the
variance.
RESULTS
c)
Five sequences x,, each of them consisting of
4096 elements, with p=0,-1,-2,-3 and -4, were
generated. The corresponding sequences
were
calculated using (6), Only 4095 elements were
obtained and the sequences were completed with

Fig. 3 Simulated white phase noise: a) Allan
variance, b),c) S,(f) with rectangular and
Hanning window,

Fig. 3. Simulated white phase noise: d), e)
S, (f) with rectangular and Hanning window.
In the same way the PSD for the
were calculated.

y,

sequences

b)
Fig 4 Simulated flicker phase noise: a) Sx(f) with
Hanning window, b) S, (f) Hanning window.

For the white phase noise the results are
presented in Fig. 3 a, b, c, de and e. One can
observes than for Sx(f) both windows provide the
correct slope of the PD, while for S, (f) little
alterations are observed at low frequencies in the
case of rectangular window.
For flicker phase noise both windows allow correct
identification of noise type for both Sx(f) and
Sx(f) . In Fig 4 are represented the results
obtained for Hanning window. Similar results
regarding identification possibility were obtained
for the white frequency noise.
However, for flicker frequency noise the window
type
is essential for
identification by
S,(f) computation as can be seen in Fig 5. The
same conclusion can be outlined for the random
walk frequency noise (Fig. 6). On the other side,
for these last noise types both windows provides
the correct slope for S, (f) .

Fig. 5. S, (f) for simulated flicker frequency noise.

3. Allan D. W., 1966, "Statistics of atomic
frequency standards", Proc. IEEE, 54, 2, 221-230.
4. Vernotte F, 1991, "Stabilite temporelle des
oscillateurs: nouvelles variances, leurs propriete,
leurs applications", Thesis, Universite de FrancheComte.
5. Kasdin N. J. and Walter T, "Discrete simulation
of power law noise", 1992, Proc. 1992 IEEE
Frequency Control Symposium, 274-283.

Fig. 6. S,(f) for simulated random walk frequency
noise.
CONCLUSION
Rectangular and Hanning windows were used in
spectral analysis, using the FFT estimator, applied
on the sampled phase-time deviations and
sampled
averaged
fractional
frequency
fluctuations. All five noise types were investigated,
the sequences being produced by a computer
noise generator.
Despite a little difference in the spectrum level,
both windows gave the correct slope for S,,(f) .
Slight distortion was observed at low frequencies
for the white phase noise when a rectangular
window is used.
For S,(f) the window type does not affect the
spectrum slope for white phase, flicker phase and
white frequency noises. In the case of flicker
frequency and random walk frequency noises, the
rectangular window produced an incorrect
spectrum slope, while the Hanning window allows
the correct identification of the noise type. It must
be emphasized that the slight distortion observed
near f,/2 is caused by the noise generator which
provides a PSD proportional to sin(x lrtlP.
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CLOCK PREDICTION AND CROSS-SIGMA
A Lepek

Tech Projects, PO Box 9769, Jerusalem 9 1091, Israel
ABSTRACT

Where < > denote average over m.
The purpose of this paper is to describe relations
between the prediction of clock time series Xm, the
prediction error standard deviation o and, #o which is
used to estimate o in the presence of noise.

In optimum prediction, <Dm>=O, Dm is random and its
o is unbiased and minimum.

We confine the discussion to linear predictors. These
predictors are sufficient to optimally predict clocks
whose stability is described by an extension of the
common oscillator model, including drifts.

Normally, Dm results from comparison of two clocks.
If such comparison is made using simultaneously two
measurement systems, 1 and 2, we obtain two time
series Dlm and D2m. See figure 1 for possible
measurement system configurations.
We define cross-sigma as

We compare the 3corner-hat estimate of o of a single
clock with #o and show that in the presence of noise #o
is a better estimate.

#o = s i g n d l ( D l m * ~ ~ m ) /

If all measurements are not made simultaneously, #a
becomes an estimate of an auto-correlation function
rather than of o. As a result the power spectrum of the
prediction errors of a single clock may be estimated.

where "sign" is the sign of the average.
This definition follows the approach described in Lepek
and Walls (1).

DEFINITIONS

We start with a time series of time differences between
two clocks, Xm, known at sampling intervals z.
A linear predictor P is fully defined by its coefficients

The predicted value of Xm is

After measuring Xm the predicted mth error is

Similarly to [l] we can symbolize the error function as

Assuming that the average Dm is zero (non trivial), the
standard deviation of Dm is

Parallel
Angle
Triangle
Figure 1: measurement configurations, i, j and k are
clocks, 1 , 2 and 3 are measurement systems from
which the time series Xijm etc, are obtained. Dlm is
obtained from Xjm, D2m from Xikm in the angle
configuration or from X j m in the parallel configuration.
OPTIMUM PREDICTION

The straightforward approach to define the "a"
coefficients, is to use the least squares method to
minimize o and then to test with a time series for
which o is known. With finite number of coefficients it
is possible to have optimum predictors for some types
of clock instability and only near optimum for other.
Once we have coefficients for a predictor we can
manipulate them using simple rules to obtain new
predictors. In the following we impose constrains on
the coefficients which impart desired properties to the
predictors.
We want the errors to average to zero, then
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ci =

bi-1

- bi

C N = ~ N =1

For N=l we obtain P=[l] and D={-1, 1). This predlctor
is optimal for white frequency modulation instability.
Generalizing equation [7] to allow for prediction about
a straight line or frequency drifts, we have,

For N=2,Z=0 (equation 171) and Z=1 (straight line),
we have D={ 1,-2,l) and P=[-1,2]. It is clear that
olz = d 2 . ~ d e vwhere
,
Adev is the Allan deviation .
This predictor is optimum for random walk frequency
modulation instability. In this context, for a given 7,
the modified Allan deviation, Mdev, can be interpreted
as originating from a predictor which uses and predicts
the average X n rather then the next point, z being the
n ~ apioach,
time interval for the averaging. ~ d o p t i this
the modified o of the modified D={l,-2,1), is
Mod o = z d 2 . ~ d e v= d6.~dev.For the definitions of
Tdev, Mdev and Adev see Allan et a1 (6).
For white phase modulation we expect that
N-l

C a; = min imum

i=O

will result in minimum o.
Equations [7] and [9] result in D=(-1/N,. .. ,-IN,1) and
P=[l/N,. . . IN], that is, the predictor is the average of N
previous points. It converges to optimum with N-oo
for white phase instability. With N=8, o is 6% above
optimum, whlch is satisfactory for many practical
A.
applications. The dependence is o cc ( ~ ( N + N ~ ) ) / N
trivial case is when it is known a priori that < Xm >=O.
Then the optimum predlctor is P=[O], D={l), o=XMS.

Predictor Manipulation
Starting with a time series which simulates white phase
instability (by a series of random numbers) it is possible
by half integrations or Merenciations to simulate any
power law instability within the common oscillator
model. If a predictor has a specific o value for one
time series, given a second time series obtained from
the first (e.g. by integration), we can transform the
predictor to have the same value of o by an opposite
operation on its "a" coefficients Below we describe the
algorithms.

Coefficient differentiation. Denoting the coefficients
of the present error function B by bi and of the new one,
C by ci we have
co = -bo

C has one coefficient more than B
If the orignal B obeys equation [7] then the
transformed C obeys both equations [7] and [8].
Coefficient Integration.
cx-I = b~ = 1
ci = bi + bi-1
co = bl + CI
C has one coefficient less than B.
Lf the original B obeys equation [8] then the
transformed C obeys equation [7].

[Ill

Coefficient weighted averaging of two predictors.
Usually the two predictors have a different number of
coefficients. The shorter is padded with zeros at the
lower index side before the averaging In many cases
this operation is equivalent to partial differentiation or
integration.
Table 1 summarizes some useful predictors for an
extension of the common oscillator model (that is, more
than 5 instability types). "I+n" indicates the number of
integrations ("-" for Merenciations). The o values are
normalized with respect to optimum (that is, the o
value of D={ 1) for white phase modulation). The
predictors derived from +[IN,. ..,l/NI are given with
8 coefficients. It is easy to see which predictors comply
with equations [7] or [8].
o depends on z, therefore we give in table 1 the slopes
of Log(o) vs. Log(z) rounded to the nearest 0.5. The
slopes of Tdev and Mod { 1) (that is, for which the Dm
are averaged over z) are also given for comparison.
The change in slopes in Tdev and Mod { 1) at the low
"I" region, is due to the fact that the errors are averaged
over the time interval z so that the number of samples
used in the averaging is proportional to z and is not
constant. For each z, Mod { 1) and generally Mod D, is
interpreted as before, that is, as originating from a
predictor that predicts the average next point.

The slopes can be used to choose the best z for
prediction. If the slope c0.5 then it is advantageous to
use the largest 7 as compared to a smaller 7 but with
more prediction steps to predict the same point in time.
If the slope >0.5 the opposite is true.
It is easy to compute many of the o values of the
various error functions. To do so we note that the
values can be obtained from each other by shifting
table 1. Also, the o value for 1+0 (white phase
instability) is proportional to the root sum squares of
the coefficients of the error function. Other values
where obtained from simulations. Values above 10 are
uncertain.

TABLE 1 - Some Predictors, their normallzed-to-optimum a values for Merent number of integrations (1st lines)
and Log(o) vs Log(z) slopes (2nd lines)
1+3
1-0.5
I0
1+1
I+1.5
1+2
I+2.5
Integrations 1-1
I+0.5
I+3.5
1+4
White Flicker Whte Flicker Random
FM walkFM
PM
FM
PM
Error finctlon D
187
3
3
9
1
5
9
121
1.05
{1,2,3,4,5,6,7,8,
0
0
0
0
9119
slope
0
7
1
1
1
7
138
180
1.03
{-1,0,1,2,3,4,5,6,
0
0
0
0
16)/16
slope
0
216
1
51
1
1
9
1
80
3 19
1.06
{-1-1-1,-1-11
1 19
0
1
0
0
05
05
0
-1,-1,8118slope
1 20
4 73
14
{-1,-1,-1-1-1-1 2 0
1 54
1.08
0
0
0
0
0
-1,-9,14}114
0
1 52
1 19
1 70 2 96
192
125
2 62 2 00
1.07
{1,0,0,0,0,0,0,8,
0
0
1
15
15
2
0
0
05
7117
slope
193
1 16
122
192
120
146
2 64
1.06
{1,0,0,0,0,0,7,3 48
0
0
1
15
15
05
2
0
0
-22,14)/14
2
67
1
54
127
1
1
9
2 72
168
160
4
8
5
3
68
1.08
2
00
{-1,1,0,0,0,0,7
0
0
05
2
25
0
25
1
1.5
3
-13,6116 slope
0
32
141
1 12
1 16
1.00
(11 RMs
0
0
0
0
slope
0
-1
0
0
-0.5
-0.5
slope of Mod{ 1)
1 87
1 41
1.12 1.00
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If one wishes to characterize clocks by the performance
of a set of predictors, it is suggested to use the average
of a forward (normal predictor) and a backward
predictor (having coefficients in reverse order). The
error function of such a characterizer has an odd
number of coefficients and the middle one is 1. For
example, {I,-2,l)
becomes (0.5,-1,1,-1,0.5).

For each type of oscillator instability we would like to
have an optimum predictor. Having such a set of
predictors, then for a given time series and chosen z,
we devise an algorithm to choose the best predictor for
the next predicted point. The decision is based on the
minimum o for this set of predictors, computed from
Dm points immediately preceding the predicted point.
The type of instability is not a concern because the
algorithm chooses the best predictor for the given z and

may choose another one when in due time the statistics
changes. This algorithm was used in Allan et a1 (2,3)
by the author to generate time scales from sub-sets of
clocks contributing to TAI (z=10 days), as a means to
analyze TAT and the clocks' performance.
Currently, such an algorithm is used by the author to
generate UTC(1NPL) with z= 1 day.
Table 2 lists o values from one iteration of this
algorithm for two commercial Cs clocks. The
deviations from the expected values for white FM
indicate that there is contamination of flicker FM.
Predictors 1 and 12fail to predict reasonably because
they do not comply with equation [8](Z=l)
and cannot
predict points about a straight line. The o with
predictor 10 (average of predictors 4 and 11) for clock
for 24 hours.
"A" is equivalent to y=2.8.

TABLE 2 - Prediction o obtained as a part of an
algorithm choosing in real time the best
predictors for Cs clocks with z=1 d.
error function D
clock A clock B
olns
olns
where oq is the standard deviation of the clock
prediction error. This means that o l is limited by the
added noise while #o is not.
To obtain oclwith equation [12] we note that the non
correlated terms in #o converge to zero with the sample
size N, as N - ~ . Therefore
~ ~ .
large samples may be
needed to reveal clocks buried deeply in measurement
noise. However, such large samples are readily
available for small z.
For small samples to reach the low level of o g we
require that the uncertainty in #o, U #o) be smaller
than the uncertainty in < n2>, U(< n >) plus the noise
level <n2>. This condition may be fulfilled in many
cases giving #o an advantage. For example, if nl and
n2 are random numbers in the range (-0.5, 0.5) then
with N=l we have U(#a)=0.25, < n2>=0.29,
U(< n2>)=0.14 and 2U(#o) < 2U(< n2>) + <n2>. This
small advantage improves with N. For N=8 1 it is
better by 70%.

I

Prediction as part of time scale generation or analysis is
used for many years. An approach aimed at the
prediction of UTC based on predictors constructed of
nth order differences And especially the 3rd order, is
described in Barnes and Allan (4). A prediction based
on filtered 2nd difference is used currently to generate
AT2 MST time scale. This scale is described in Weiss
and Weissert (5). The z for which Allan deviation is
minimum, is used to define the filter parameters.
o, #o AND NOISY MEASUREMENTS

We have defined o as the standard deviation of
prediction error Dm. In real systems the added noise
may be high and o no longer characterizes the time
prediction of the clocks. If it is possible to compare the
output of two measuring systems, then it may be
possible to filter out the uncorrelated excess noise by
cross correlating the two series Dlm and D2m and so
restore o. #o was defined in equation [6] by such cross
correlation. Three possible measurement
configurations are given in figure 1.
Cross correlations where investigated also by
Grosslambert et a1 (7).
In the following we class@ the results concerning #o
according to the measurement configurations.
Parallel Configuration
we can dissemble the Dm time series into qm+llm, where
q is the error due to the clocks and n is the error due
to the added noise. If n l and n2 are uncorrelated and
have zero mean, then for sample size N -+ oo,

If the measurements in systems 1 and 2 are not
simultaneous, such as when using one time interval
counter which is switched between the systems, then
equation [12] becomes

lim
N+oo

#02= (q(t). q(t + T)) = R(T)

[I41

where R(T) is the auto correlation function of the error
q and T is the delay between the measurement systems.
If P is an optimum predictor for the clocks then q has a
white noise statistics and R(T>O)=O. Controlling the
delay T between the measurements, the complete
function R(T) is obtained from which the power
spectrum of the error q can be computed.
Figure 2 shows R(T) obtained with D={ 1,-2,1} and z=1
for several instabilities of table 1 indicated by I+n as
before. We note that for random walk FM (I+2), as
much as the resolution allows, R(T>O)<<R(T=O)as
expected. This is not the case with other instabilities.
For I+3, which is beyond a reasonable prediction for
this predictor, R is a straight line.
Angle Configuration
In this case all clocks are compared to one clock i.
Dj1m=Di1m-Dijm=D2m-Dlmby definition since Xjh it is
not measured. Using this relation we have

In general, the 3-corner-hat expression does not equal
to oi, the single clock o, because Ojk is not independent
by definition. However if the added noise is egligible
then #o12=oibecause without noise qik=qik-qij always.

indicated an optimum or close to optimum predictor P
whose performance can be characterized by the
standard deviation o of its error function D. The
predicted time series X n can be generalized to any time
series such as ym (fractional frequency) or <Xn>
(averaged over z) as with modified predictors.
We have described an algorithm for the generation of
time scales where the best predictor is chosen by
comparing the various o in real time. This method is
simpler and faster than solving for the "a" coefficients
in real time using the least square method.
We show that it is possible to improve the estimate of
oi of a single clock i, even if masked by added noise, by
computing #o in an appropriate measurement
configuration.
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Preliminary Result of Time Scale Comparison Uncertainty
by Means of the Computer Controlled A-724M-02 GLONASS Receiver.

'Al'shina A. , "Bogdanov P. , "Gevorkyan A ., *KoshelvaevskvN.,
***KoucherovV., **OvchinnikovV ., ****Medvedev
Yu., 'Pushkin S.
Institute of Metrology for Time and Space , GP VNIIFTRI, 141570, Mendeleevo,
**
Russia, Russian Institute of Radionavigation and Time, 193124, St.-Petersburg,
***
Russia,
State Time and Standard Frequency Commission, 1 17049, Moscow, Russia,
****
ATZUS, 143040, Golitzino, Russia.

The A-724M-01 type of GLONASS receivers are widely used for time-scale
comparison of remote clocks inside and abroad RUSSIA since the end of
1989. Till now it operates under manual control. That's why it is too dificult to realise actual "common view" mode of operation and to get completely the same data acquisition, short-term processing and output data
format at each site of clock location. The above mentioned problems limit
precision of time synchronization.
Starting fall 1995 in Institute of Metrology for Time and Space (IMVP) in
collaboration with Russian Institute of Radionavigation and Time (RIRT)
the investigations of A-724-02 type of GLONASS receiver are conducted.
This type of receiver differs slightly from previous one by ROM unit and
some hardware changes which permit one to get directly satellite - local time
scale difference without additional time interval meter. The most striking
difference is availability of computer control of this type receivers.
The ensemble of A-724-02 type of GLONASS receivers were investigated
and results are presented in common-view mode first of all in the same location in IMVP, then at the distance of about 60 km between Mendeleevo
and Golitzino, and then between these two llaboratories and St.-Petersburg.
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RlRT activity in clock synclironization area by means of meteor bursts radio link
Prof. Yuri G.Gouzhva, Prof. A~vidG.Oevorkyan,
Dr.Igor M.Bolotov, Sergey N.Pluzhnikov

Presented are short history of dcvelopmenr the technique of clock synchronization
using meteor bursts channel in Russia. Features of the meteoric chantlel are considered
and evaluation of clock synchronization limited accuracy is given, First results are
presented and equipment developed in RIRT at early 80-ties, ensul-ing accuracy of clock
synchronization at a level 200 ns on distance up-to 1800 km is described. In early 90ties an equipment of second generution with nn error of
15 ns 1s developed.
Characteristics of a modern equipment of syrchronization arc indicated.

-

-

Prospects of use of meteoric complexes in a LW PPKNS "ChaykaW(ldorun-C)
system for
synchronization of secondary stations and transfer of the service i~~formation,
and as
redundant means for metroiogtcal support aud ~utirrolof funotioning synchroni7ntinn
system of "GLONASS", are considered.
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TRANSFER OF THE PHASE PROCESS THROUGH THE BORDER BETWEEN TWO TIME SCALES

Andrzej Dobrogowski
Institute of Electronics and Telecommunication
Poznan University of Technology, Poland
INTRODUCTION
CLOCK PHASE PROCESS
A digital signal (a &gital stream) is a bearer of digital

(or converted to digital) information when information
is transported through digrtal communication network.
A digital signal may be regarded as digital data und
discrete instants (discrete points in time). Instants are
discrete as the neighbouring ones are separated by
some time interval. These discrete instants are provided
by a clock generating timing pulses. To achieve
undistorted (without slips) transport of data across
communication network each digital element (bit) has
to find its timing pulse (i.e. timing pulse not carrying
another bit) withm the whole network.
There are two types of clocks involved in data
transport, the regular clock and the gapped clock. A
regular clock has all its timing pulses evenly
distributed in time. The regular clock supplies time
scale for digital processes. It is rather common situation
that regular clocks being in plesiochronous relationship
provide time scales for different regions of
communication network. This is the case when a
number of Primary Reference Sources is used for
timing the network. Generally, there is no one-to-one
correspondence between tinling pulses of regular clocks
at both sides of the time scales' border. Therefore it is
not possible to use all timing pulses of each regular
clock for carrying the transported data.
Generally, transported data (payloads) are timed using
gapped clocks (especially in Synchronous Digital
Hierarchy). A gapped clock is derived from a regular
clock by removing a number of clock pulses (or leaving
"gaps" in the clock where the regular clock would have
a pulse; Sexton and Reid (1)). Adapting the size of gaps
it is possible to establish one-to-one correspondence
between the pulses of gapped clocks at both sides of the
time border, what we can interpret as transfer of some
phase process across the border between two time scales
or we can consider this mechanism in terms of
synchronization of the phase processes characterizing
gapped clocks at both sides of the border.
In the paper the phase processes of regular and gapped
clocks are defined. The synchronization of gapped
clocks is considered. Mechanism of transfering the
phase process of Virtual Container level 4 (VC-4)
across the time border is studied.

An example of timing pulses of a regular clock and its
phase process is given in Fig.1. Successive count of
clock pulses (and usually multiplying the count by 271)
gives us the phase the of clock (observable phase time)
at Qscrete (characteristic) instants. A specific course of
the clock phase between characteristic instants depends
on accepted manner of interpolation. Stepwise and
linear interpolation are shown in Fig.1.
Reaular clock ~ u l s e s
~Gracteristic instants

11111111111
to t,

t2 t3 t~ t5 t6 t7

tg tg tr) Time

Fig. I. A regular clock
In Fig.2 a gapped clock derived from regular clock of
Fig. 1 is presented. Linear approximation for the phase
clock process is assumed. A slope of dashed line in
Fig.2 represents the average frequency of the gapped
clock in the corresponding time interval. Controlling
the size and number of gaps the desired average
frequency of the clock can be set.
It should be well understood that any digital signal of
significant bit rate has to be transmitted accros any
distance using a regular clock (1). The timing pulses of
a regular clock carry payload as well as overheads and
dummy bits (bytes). These dummy bits can be replaced
by data when it is necessary. The size and number of
gaps (within a given time interval, e.g., frame period)
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of gapped clock depend mainly on necessary overheads.
On the other hand, variation of the size of gaps depends
on changing payload rate.
Gapped clock pulses

to t,

t2 t3 t4 t5 t 6

t7 t8

tg ta Time

Fig.2. A gapped clock

When the outgoing clock is subject to excessive delay
in relation to the incoming gapped clock, a designed
number (24 in SDH VC-4 gapped clock) of timing
pulses in inputted into the intended gap (making this
gap shorter) which results in advancing the phase of
the outgoing gapped clock. When the delay of the
outgoing gapped clock in relation to the incoming
gapped clock becomes too small, the intended gap is
lengthened removing a designed number (24 in SDH
VC-4 gapped clock) of timing pulses immediately
following the intended gap which results in retardation
of the outgoing gapped clock. The described procedures
are called negative justification and positive
justification correspondingly.
The possible relationship between phase processes of
the incoming and outgoing gapped clocks clocking the
elastic store is presented in Fig.4; Dobrogowski (2).
The incoming regular clock is slower than the outgoing
regular clock thus the positive justification occurs to
keep both gapped clocks in synchronism (to keep
gapped clocks' phase processes close enough). The
lines representing phase processes of gapped clocks
must not cross in order to avoid emptying the elastic
store (bits would be read twice). On the other hand
vertical distance between the lines must not exceed the
capacity of the elastic store (some bits would be omitted
during read out).

SYNCHRONIZATION OF GAPPED CLOCKS

Synchronization is a mapping of phase process of a
synchronizing gapped clock into phase process of a
synchronized gapped clock. Domains of different time
scales are interfaced by an elastic store (FIFO) shown
in Fig.3. Transfemng data (payload) are written into
the elastic store using the gapped clock of incoming

1 Phase

/

Time scales'border
Incoming data

1

Elastic

I

store

Incoming gapped clock

L

Outgoing data

I
Outgoing (local) gapped data

Fig.3. An elastic store at time scales' border
payload (domain of one time scale). Then the data are
read from the elastic store using the outgoing gapped
clock (domain of another time scale). The elastic store
can absorb minor variation of phase difference between
gapped clocks. The elastic store's capacity and resulting
delay is the price for that ability. Phase variation is
minor if the elastic store fill ranges between lower
threshold and upper threshold. Major phase variation
(variation which results in crossing the elastic store
threshold) forces a control logic (not shown in Fig.3) to
change the reading pattern from the elastic store. In
Synchronous Digital Hierarchy (SDH)environment an
elastic store and its control logic is called pointer
processor.

Fig.4. The relationship between phase processes at
input and output of an elastic store:
1 - incoming regular clock; 2 - outgoing (local) regular
clock; 3 - incoming gapped clock; 4 - outgoing (local)
gapped clock; 5 - elastic store fill; 6 - clock's gap:
writing disabled, 7 - clock's gap: reading disabled; 8 the decision to make positive justification; 9 - positive
j-cation
Generally, the transported digital stream is structured
in frames. Sequential transmission of bits results in

corresponding shift of frame phase when justification
occurs. Negative justification results in positive frame
phase increment and positive justification results in
negative one, which is clear in Fig.5.

present the fill as a double - valued function comes
from the fact, that the value of nominal ratio of the time
interval with gaps to the time interval without gaps is
7212088.

L>*

(Phase of the frame

I
1

justification

outgoing VC-4

7

I

~ELast~c
store f ~ l l

]

I

I

1

1

I ltl
I I

Time
t2

Phase of the
frame of data

Fig.5. Phase of outgoing data:
a) increments of data stream instantaneous phase
resullting from justification; b) phase of the frame of
data stream
It is also clear that the movement of frame phase
coincides with jmtdkation timing pulses (let us notice,
that positive justification means no timing pulses in a
gapped clock). Usually the change of the frame phase
resulting from justification is shown as a step change.
This is because the duration of the time interval
involved in jusMication is much shorter that the
duration of the time interval between justification
events.
Synchronization of gapped clocks, timing the
Virtual Container level 4 (VC-4 is some signal
structure of SDH) transferning across time border, is
demonstrated in Fig.6; (2). It was assumed that the
frequency of outgoing (local) regular clock is a
reference. Within the time interval O+tl the frequency
of incoming regular clock displays a positive offset
with respect to the reference. From t l to t2 the ofset is
negative. Frame phases of incoming and outgoing VC4 are referenced to the value they have at t=O.
In lower part of Fig.6 variation of elastic store fill is
presented. The presentation corresponds to the most
frequent situation when the gaps of incoming gapped
clock do not overlap the gaps of outgoing gapped
clock. In Fig.6 sudden changes of the elastic store fill
are suggested (arrows). Obviously, the elastic store fill
is a single valued function of time. The decision to

-

Fig.6. Relationship between frame's phase of incoming
and outgoing VC-4 and elastic store fill
Fig.6 clarifies a good short- term stability condition
imposed on SDH equipment clocks (ITU-T G.81~).
After necessary justification (Pointer Justification Event
- PJE)the clock's phase noise might cause an undesired
PJFi of the opposite sigp because the elastic store fill is
periodically close to the opposite elastic store threshold.
A course of the frame phase of outgoing VC-4 is a
quantized version of a course of the frame phase of
incoming VC-4, where the quantum is a phase
increment which is equal to the number of justification
timing pulses.

Using Fig.6 helps us to predict the results of
justification in incoming VC-4. Justification in
incoming gapped clock influences a lower fill of elastic
store. E.g., negative justification adds 24 bits to the
lower fill of the store. Thus there is a great chance that
the next gap in outgoing gapped clock, lasting 72
timing pulses, will result in crossing the upper
threshold of the elastic store and negative justification
at the nearest justification opportunity in outgoing
gapped clock (and outgoing VC-4).
From Fig.6 it is straightforward to draw input-output
characteristic of the elastic store (pointer processor in
SDH), Fig.7. It is easy to notice that for adopted pattern
of gaps in VC-4 and the elastic Store capacity suggested
by ITU-T G.783 the transfer of phase process features

in small hysteresis, but it may results in large number
of PJE.

t

Phase of the frame
a t the output

Phase of the
at the input

Fig.7. Input - output relationship of an elastic store
CONCLUSIONS

The transfer of a digital signal across the border
between different time scales can be effictively analysed
in terms of synchronization of corresponding gapped
clocks clocking the data stream at both sides of the
border. Analysis is strongly supported by graphs
presented in the paper. Parameters of synchronization
process (e.g., PJE rate, hysteresis) depend on the elastic
store capacity and pattern of gaps (including
justification) of gapped clocks.
REFERENCES

1. Sexton M., and Reid A, 1992,
"Transmission networking. SONET and the
Synchronous Digital Hierarchy", Artech House,
Boston - London.
2. Dobrogowski A., 1995,
"Timing and synchronization in
SDH
Pnedad
multiplexers"
(in
Polish),
Telekomunikacvinv, 10,562-572.

A COMPUTER CONTROLLED MULTI-REFERENCE CLOCK SYSTEM

Eskelinen P., Engelberg J., Salpala A. and Matola M.
Kotka Institute of Technology
Department of Electrical Engineering/Research laboratory
Finland

ABSTRACT

This paper first describes an end-user attempt
for a computerized, multi-reference clock
system and its main components, then deals
with the efforts of providing automatically one
physical time and frequency output with the
least possible historical delay and finally
discusses the achieved accuracy. External
references are provided through separate GPS
clocks and a TV-line receiver. The primary
internal clock is a rubidium oscillator assisted by
an ovenized crystal unit and another rubidium,
which are both controllable through a computer
interface. Some of the microprocessor-based
GPS receivers show unexpected behaviour and
have frequently lost sync. TV-line frequency
reception is scrambled by live transmissions
extended to the mid day-time causing
unpredictable phase jumps. The high quality
rubidium, after several weeks of operation
below the 1012 level, may show abrupt
frequency deviations. Main
problems are
associated with the low-drift, high resolution
D/A-conversion and 10 MHz EM1 from the
rubidium unit. The needed automatic frequency
correction is less than 2x101° I day.

series workstation. This also has a DC-link to
the OCXO, Rb2 and to a temperature probe. A
multichannel matrix is used to combine test
instruments and signal outputs.
The system lay-out seen in the block diagram of
Fig.1 has three main functional parts. Most of
the sensors are mounted in the rack, which also
has the back-up batteries for about 24 hours
and an additional frequency counter for sporadic
measurements. Most test instruments are
stacked on each other and connected together
with the IEEE-bus. The controlling computer and
associated coaxial switching and DIA devices
are mounted separately due to operator
convinience.

5 MHz
COAXIAL CABLES

RLBIDIUI

SYSTEM CONFIGURATION

The configuration described here was originally
developed for the project outlined in Eskelinen
et al 11.I, but has turned out to be well worth
continuing as such and is currently under rapid
development. The clock system produces separate, controlled 1 pps and 5 MHz outputs, the
long term stability of which is based on 1 Hz
signals from autonomous GPS receivers and a
modified TV-linesync device, the latter being
locked to the national standard frequency with
a known error. Two rubidium units are utilized,
with Rbl as a flywheel and Rb2 as a controlled
source. An OCXO operates parallel to Rb2, but
with a control algorithm of its own. The necessary measurements are performed with three
HP time interval counters and an 8%- digit
DVM, which are all controlled by a 9000/300-

1 HZ
5 Wlz

:

MBCEIMR

RLBIDIUI

02x0

Fig.1 .The clock system with sensors, test
instruments and controlling equipment

The computer gathers data and performs a live
statistical analysis, which yields on-line
information on the differences between various
sources and is also used to define the estimate
for current time and frequency and to adjust the
the Rb2-unit and the OCXO so, that a real
physical 1 Hz pulse plus the reference
frequency are provided with the least error.
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1

The correction cycle is currently 4 hours and
modified linear regression is utilized for both
TV- and GPS-based results. In the background,
the program stores test data on disk, which is
analyzed later on with another computer for
further improvements.

SENSORS

GP~
Three different GPS receivers have been tested
in the system, which provide a sub-microsecond
error when operating properly. The unavoidable
S/A impairing procedure as observed in Kotka is
shown in the histogram of Fig.2. In this case an
HP58503A sensor was used. The nice
behaviour of this particular HP unit can also be
seen in the time domain recordings with no
sync losses during a three weeks continuous
measurement despite only the western half of
the sky was visible from the antenna mounting
position.

6

r

GPW-TV-soc

Hartmut and Klische 14.1 has not been available.
Identical total test periods, when compared with
the HP unit, show several losses of all satellites,
sometimes once an hour, sometimes once per
day, see Fig.3. The statistics over half a year
show a cut every 2.5 hours (mean value) or a
unit being out of service for 28 hours (present
worst-case value), but the duration of most cuts
is, however, only a couple of minutes. The
problem would not be such annoying if the
recovery process were not extremely hard to
automate. Some preliminary results exist, which
suggest the total sync-loss to be also
dependent on RF-interference. The Navstar
antenna is mounted on top of the institute's
main building and has thus a complete view of
the sky.
+.a2

r
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RECORDING 1 4 . 1 2 . 1 3 9 5

I

Fig.3. The Navstar XR-series receiver is not
capable of providing a continuous 1 pps clock
output but suffers from frequent cuts, which
normallv last for some minutes.
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Fig.2. The observed effects of S/A as measured
in Kotka show a timing uncertainty of 87 ns for
a test period of 150 hours.
Less satisfactory results have been obtained
with the Navstar XR-receiver. A performance similar to that reported e.g. by Kalliomaki and
Mansten [2.1, Azoubib and Thomas 13.1 or

Fig.4. The Collins GPS-receiver seems to be out
of lock all the time despite the operator
interface shows a healthy state.
The Collins GPS receiver does not provide any
useful timing information as can be seen in the

respective plot of Fig.4. The unit achieves lock
for only a couple of seconds and generally is
out of lock for several tens of hours per a one
week test period. Sometimes an attempt to lock
is visible, but obviously the acquisition
algorithm of the unit does not match the
present satellite constellation. The self-test
routine and the terminal display do not,
however, inform the user of any possible
problems. No improvement was noticed when
different antenna positions were tried.

frequency difference of 6E-12 between the GPS
clocks and the TV-sync system and daily
variations within 2E-12. The strange
phenomenon of MJD 50064 has not yet been
solved, but it might be due to a switching
action of the microwave system. A discrepancy
between the GPS-units was not visible.
From the two results of Figs. 5 and 6 we can
conclude that an integration time of roughly 24
hours is suitable, if the desired, controlled
frequency accuracy is of the order of 10E-11.
The question is, if commercial oscillators can be
left running alone for such a long time.

The TV-transmission chain is locked by the
video switching center in Helsinki to an R&S
rubidium oscillator, which is monitored by the
Technical Research Center of Finland.
The commercial TV-sync separator device,
mounted on top of a TV set, provides originally
a standard frequency output, the behaviour of
which is plotted in Fig.5 over a 60 hours test
period with a 10 seconds averaging time per
sample. Severe short term instabilities of the
order of 4E-8 are visible due to sudden changes
in the video path and as such the output is not
suitable for direct control purposes. Obviously,
the more stable portions of the recording with
sigma values below 5E-9, are observed at night,
when a stable video connection is established at
the switching center. For the actual
computations a modified 1 pps output is used.
FREQUENCY VS TIME TV-1

ine

PASILA DRIFT
MEAN JULIAN DAY 50050-50068

Fig.6. A recording over three weeks shows,
that the TV-chain up to Kotka is running at an
offset of 6E-12 with reference to GPS and that
typical daily variations are around 2E-12.

I
Rubidium

Fig.5. The TV-sync signal suffers from several
abrubt phase jumps due to changes in program
or microwave chain. The variation between day
and night is clearly visible.
Some information of the general observed
performance of the total TV chain was obtained
during the HP GPS-tests. A measurement over
three weeks, plotted in Fig.6 shows a mean

The clock system uses two different rubidium
oscillators (Rbl and Rb2). A fairly long test of
360 hours, visible in Fig.7, with an Efratom unit
shows some ugly behaviour as the generally
stable frequency profile of the flywheel unit,
which stays within 1E-10, suddenly drops to
2E-10 and below for a couple of days with no
simultaneous indications of either temperature,
pressure or supply changes and even more
amazingly re-establishes with no external
intervention or control applied. Similar bounches
have been observed randomly along the year.

FREQUENCY VS

i-1E-9

TIME R u b i d i u m

I

The Rb2 unit is controllable to at least 1E-1 1 if
a 24 hour integration time is allowed for the 1
pps process. The OCXO unit suffers from the
tuning sensitivity of the crystal and is presently
maintained within 2E-9. It also produces the 1
pps output of the clock system with the same
relative uncertainty. The controlled OCXO is
improving its performance all the time as the
software parameters are being optimized.

Fig.7. The rubidium oscillator shows
occasionally frequency jumps of unknown
origin.
A minor bug is the factory made buffer
circuitry, which is not capable of isolating the
rubidium oscillator from its load. With a 1 meter
coaxial cable at the 10 MHz output, the
frequency offset is 3E-1 1 and without it only

SYNTHESIZED OUTPUT

The present algorithm uses the 1 pps outputs of
the GPS receiver and the TV-sync system for a
comparison with the 1 pps signal from the Rbl
flywheel as pairs GPS-Rbl and TV-Rbl. To
minimize the effects of SIA, an average over 50
seconds is first calculated. In case both the GPS
and TV agree, the GPS is selected to
numerically correct for the long term offset of
the Rbl frequency (no actual adjustment is
performed) and simultaneouslyfor the offsets of
the counters. If the GPS-Rbl shows, due to
loss of sync, a difference greater than 10 us per
4 hours, the TV-chain is selected. If both
comparisons show an error greater than 10 us,
the numerical correction values are not updated.
Unless the Rbl unit had its current
unpredictability, the correction cycle would be
extendable up to 100 hours or more.
The screen shows a live display of current
observed timing offsets with also the 1 pps
output of the OCXO as Xtal-Rbl. In the
frequency table, a photo of which is shown in
Fig.8, the Rbl offset is the numerical correction
determined by 1 pps comparisons. Rb2 and
OCXO frequencies are controlled through an HP
44727A Data Acquisition Unit against the Rbl
frequency. An averaging time of 10 seconds is
normally used for these through an internal loop
in the program.

Fig.8. The controller display shows the live
situation of the two primary sensors (GPS and
TV-line) and the calculated relative frequency
errors of Rb2 and OCXO.
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ABSTRACT

In the paper a GPS controlled frequency reference
source has been aescribed. The source combines the
advantages of very good short term stability of high
quality quartz oscillator with advantages of GPS signal
over the long term. Details of the internal workings of
the source have been presented. The deviation of the
local oscillator from the ideal reference is deterniined
by counting the pulses of the multiplied local oscillator
frequency between successive GPS pulses. Special
arrangement of counting circuitry eliminates discrete
error. The correction voltage pt the oscillator's control
input consists of two terms. One term is computed from
averaging the counted pulses over Is interval and is
thus responsible for minimizing the short term
frequency deviation. The other term is computed from
the accumulated phase time drift. The control algorithm
ensures that the frequency accuracy averaged over one
day is significantly better than 10-11 and the peak
accumulation of phase time drift does not exceed 200
ns.

Thus the number of counted pulses after subtracting
ideal reference marks the accumulated phase time drift.
The deviation of the oscillatois frequency from
nominal is determined by averaging the number of
pulses counted over 1s interval. Based on this deviation
the voltage at the control input of the local oscillator is
modified so as to minimize the long time drift. The
control algorithm is written into the EPROM memory
and executed by the 805 1 microcontroler. Alternatively
the source can be fully remote controlled via the RS232 interface by the IBM PC computer. The source is
equipped with an output for the recorder. The voltage at
this output is proportional to the residue of dividing the
accumulated phase time drift by 1 ps.
To the recorder

-

To they

PC

KEYBOARD

INTRODUCTION

The wide availability of GPS signal enables
construction of synchronized frequency sources/clocks
of 10'12 frequency accuracy for one day average and
timing accuracy < 100 ns with respect to UTC (SA on).
These frequency sources/clocks find application in
telecommunication networks as alternatives or
complements to cesium sources and in measurement
laboratories. The aim was to built an inexpensive
frequency reference disciplined to GPS around in house
manufactured VCXO and test its suitability for
synchronizing SDH networks. The aim was to achieve
frequency accuracy better than 10-l1 when averaged
over one day period and peak phase time drift relative
to ideal reference less than 40 ns.

ClRCUl
OUNTER 2

EPROM

GPS

Fig. 1. Block diagram of the GPS controlled source.
The control algorithm

The equation from which the deviation of the local
oscillator frequency from nominal is computed has the
form (fig. 2 demonstrates the summation scheme):

FUNCTIONAL DESCRIPTION
Principle of operation

Block diagram of the GPS controlled source is
presented in fig. 1. The local oscillator VCXO is a high
stability ovenized quartz oscillator. The VCXO
frequency is multiplied to 100 MHz and the 100 MHz
pulses are counted by two counters in time intervals
between successive GPS pulses. The counters count the
pulses alternately with zero dead time, which means
that none of the pulses are omitted or counted twice.

where:
- p is the measurement interval in seconds,
- fN is nominal frequency multiplied by 20,
- Sk+j+i-1 is the remainder from subtracting p*fN from
the number of pulses counted over p seconds interval
starting at k+j+i- 1 seconds,
- N and A are constants.
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Fig. 2. Illustration of the summation scheme of
equ. (1).
From the deviation determined by the formula (1) a
correction voltage

Fig. 3. Response of the control algorithm for
the initial frequency inaccuracy.

AU, = qkks
is applied to the control input of the VCXO oscillator
where k is the slope of the frequency control
characteristic and E is a coefficient dependent on N and
A from equation (1).
In the summation formula (1) the highest weights have
measurements lying in the middle of the summation
interval, the weights vector being of the form
r

I

Phase time drift
400

1

1

1 2,..,A , A + l , A + l , ...,A + l , A ,...2,l
N-A

(3)

Rearranging this vector to
r

1&22,..,A,A,A

+ 1,...,A +

7

N-A

gives highest weights to the most recent results and
improves the dynamic properties of the algorithm.
The behavior of the control algorithm for various values
of N, A and E was simulated on a computer. The local
oscillator was modeled as a source with an initial
frequency inaccuracy and linear drift in time. The tool
well suited for such simulations is a Mathematica
software package. The Mathematica program used in
simulation trials is given in the appendix.
Fig. 3 shows the simulated response of the algorithm
for the initial frequency inaccuracy where the ordinate
shows frequency deviation as computed by equation (1)
while Fig. 4 shows the plot of phase time drift over the
same time period. The values of N=14, A=14 and p=60
were chosen from the examination of the spectrum of
GPS signal ( p(N+A) seconds is the time constant of
control loop) and the value of &=N/2 was chosen for
critical damping.

time in minutes
Fig. 4. Phase time behavior of the control algorithm
without phase time correction term.
It was found that the phase time drift couldn't be
eliminated without including into the control voltage
the correction term depending directly on phase time
drift. The form of this correction term worked out
experimentally was

where a is the slope of the regression line fitting the
phase time drift curve over several most recent
measurement results and 6is the coefficient equal to
115N.
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time in minutes
Fig. 5. Response of the control algorithm for
the initial frequency inaccutacy.
Fig. 7. Measurement setup.

Phase time drift

time in minutes
Fig. 6 . Phase time response of the control algorithm
with phase time correction term.
Figures 5 and 6 show the response of the control
algorithm when the voltage applied at the control input
of the local VCXO oscillator was the sum of AUl and
AU2. The phase time drift settled over time to zero
which means that the long term accuracy approached
the long term accuracy of GPS. Comparing figures 3
and 5 it could be seen that correcting for zero phase
time drift disturbed slightly the frequency control. In
the response of the control algorithm for the initial
frequency inaccuracy there appeared an undershoot and
the response took longer time to settle to zero.

The control algorithm described above was
implemented on IBM PC computer controlling the
source via RS-232 and tested in a setup of fig. 7. Data
obtained during the testing was evaluated by the
methods of the least sum of squares LSQ and the
sequential LSQ, Rau(2). It was confirmed that the loop
time constant of p(N+A) > 1200 was long enough to
filter out the GPS jitter.
In the absence of GPS pulses the source entered the
holdover mode in which the local oscillator's drift was
compensated for using the data obtained when the
source was locked to GPS.
It must be said however that from time to time the local
oscillator exhibited some unexpected behavior which
demonstrated itself as fluctuations of a few 10-I over a
period of about an hour. These fluctuations were of too
short duration to be filtered out by the control loop.
They contributed to the temporary increase of the phase
time drift to 200 ns. It is believed that the source of
these fluctuations was temperature.
CONCLUSION

Testing the GPS controlled frequency reference
confirmed the effectivenessof the method of measuring
the deviation of the local oscillator frequency relative to
GPS signal. The control algorithm assures the long
term accuracy of better than a few 10-12 when averaged
over several days period. However due to fluctuations of
the local oscillator over a period of several minutes to a
couple of hours, temporary frequency deviation and
phase time drift exceed limits imposed on frequency
references by SDH requirements. The solution to this
problem is to include into the control algorithm the
correction for temperature dependence of the local
oscillator frequency orland to improve the temperature
control of the local oscillator. At present some work is

carried out at ITR on improved temperature chamber
for VCXO used primarily in synchronized frequency
sources.
APPENDIX

The list data contains frequency deviation of the local
oscillator as computed by equ. 1. The list cf contains
accumulated phase time drift. The list dT contains
random numbers simulating GPS jitter. The list wsp
contains the weights list of the form from equ. (4).
Wspcz and wspfz are the coefficients E and S from equ.
(2) and (5).
fnom=l.0*10A8;
@=loA-10/(60*24);
dfpocz=lOA-9;
slope=1.5*10A-8;
wspcz==.5;wspfr4.2;
p=60;
m=p*600;
faza[O]=30;
N=14;
A=14;

(*nominal frequency*)
(*drift per day*)
(*initial inaccuracy*)
(*tuning coefficient*)
(*coefficients*)
(*measurement int. in sec*)
(*test period in minutes*)
(*initial phase inaccuracy*)
(*loop parameter*)
(*loop parameter*)
wsp=Join[Flatten[Table[{i,i},{i,Min[N,A] I]].

Table[Minm,A]+l,ji,Abs[N-A])]];
dT=Table[O*(0.5*10"-7*(Random[]-0.5)),{i,m)];

data={);6={);Utable={~;izf=l;flO]=O;U[O]=O;
dU[O]=O;
ZT=Table[O,{i,N+A}];zF=Table[O,{i, lo)];
dfpoprz=O;dfakt=o;
Forlj=l,j<=m,j++,~]=p*fnorn*(i*dryft+
Ufj- l]*k+dT[fj]]/p+ dfpocz);

Foruk=ljk<N+A,~k++,ZT[ljk]]=ZT[fjk+l]]];
ZT[CN+AlI=flil;
fazau]=fazau-l]+fli];

ZF[[izfl]=faza~];izE;izf+l;Iflizf==l l,izf=l,izf=izf];
dfpoprz=dfakt;dfakt=(Apply~lus,zF])IlO;
korfaz-dfakt ;
dUfj] = -(@0t[ZT,wsp]*wsp~z)/(N*(A+1))+
(korfaz*wspfz)/(N+A))/(slope*p*N*fnom)]
;
Uu]=Ufj- l]+dUu];
AppendTo[data,-dUu]*slope*N*(1hspcz)] ;
AppendTo[cf,fm fj]];]
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ABSTRACT
Even if the subnanosecond accuracy of clock
comparisons is not reached yet by the Two-Way
Satellite Time and Frequency Transfer (TWSTFT). this
technique appears to be the best available today for the
frequency con~parisonsof the new generation of primary
atomic frequency standards. It is generally assumed that
the path non-reciprocity due to the influence of the
ionosphere can be neglected for TWSTFT using KuBand carriers within an accuracy of 100 ps (1 o).
This paper presents some estimations of ionospheric
delays for future frequency comparisons by TWSTFT
between the primary standards of the Laboratoire
primaire du temps et des frtquences du Bureau national
de mCtrologie at Paris Observatory, France, of the
National Institute of Standards and Technology, United
States of America, and of the Physikalisch Technisches
Bundesanstalt. Germany. The computations are made
for different approximate configurations of solar
activities. The results show that specific schedules
should be prepared for the comparisons of primary
standards, where tlie frequency stability of the phase
measurements should stay within 1 0 - l ~or better.

INTRODUCTION
The recent accuracy estimation of the primary standard
of the Laboratoire primaire du temps et des frtquences
du Bureau national de mitrologie (BNM-LPTF), a cold
atoms Cesium fountain, is at the level of 3 parts in 1 0 " ~
(1 o) as shown by Clairon et al ( I ) . The last published
estimations of the primary standards of the National
Institute of Standards and Technology (NIST) at
Boulder, in the United States of America, and the
Physikalisch Technisches Bundesanstalt (PTB) at
Braunschweig, in Germany, are at the level of 1 to a few
(1 6 ) . These results show that the
parts in
frequency stability of the phase measurements made by
tlie time transfer technique chosen to compare these
primary standards should stay within 1 0 - ] b rbetter.
It is anticipated that the BNM-LPTF at Paris
Observatory (OP), France, will in a near future be
equiped with an earth station to achieve Two-Way
Satellite Time and Frequency Transfer (TWSTFT).
Even if tlie subnanosecond accuracy of clock
comparisons is not reached yet by TWSTFT, this
technique appears the best available today for the short
term frequency comparisons of the new generation of

primary atomic frequency standards. It has been shown
by Hackman et a1 (2) that the stability of the earth
stations equipment able to perform TWSTFT could
reach the level of
over one day. And it has been
shown by Kirchner et a1 (3) that the stability could stay
below 100 ps over 2 to 10 days. when tlie measurements
are corrected by modelling the temperature and humidity
(or water vapour) behaviour of the transmit and receive
delays of the earth station. But these measurements were
made locally, which means without taking into account
the path non-reciprocity due to the influence of the
ionosphere along the path between two remote stations.
The primary frequency standards are not operated
continuously at the BNM-LPTF. They ase used to
calibrate the frequency output of an H-maser which
gives the reference signals used for tlie time transfer.
The purpose of this paper is to give some estimations of
the influence of the ionosphere on two future
comparisons of primary standards by TWSTET, OPNIST and OP-PTB, that should idealy be performed
twice a day or more during 7 to 10 days.

THE IONOSPHERE
The ultraviolet radiation of the Sun induces the
ionization of the highest layers of the atmosphere,
generating an area only made up of free electrons and
ions. That area, located at an altitude between 70 and
1000 krn, is called the ionosphere, and the consequence
of the ionization is that all radio signals are refracted. It
is not the purpose of this paper to provide an extensive
theoretical study on the ionosphere: this can be found
for example in Jespersen (5). There is no model, even
accurate at the ns level, available for the computation of
the ionospheric delays due to the refraction of the
signals, for any techniques of time and frequency
transfer by satellite: the ionosphere is a medium which is
dispersive, unhomogeneous and unisotropic. But the
extensive use of the Global Positioning System (GPS)
has provided many studies that describe in a qualitative
way the behaviour of the ionosphere.
One will consider in the following that the path
extension of the signal propagation due to the
ionosphere is given by:
A, ( f ) = 40.3 TEC I f2

(1)

where f is the carrier frequency of the signal in Hz, and
TEC means 'Total Electron Content' along the path in
elm3 ('e' for 'electron'). In the ionosphere surrounding
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the earth. the TEC may vary between 10'' to 10" elm3,
depending typically on the following parameters.
- The solar activity, by a factor of 1 to 4. The period of
the solar activity is around 11 years, the next minimum
is scheduled for 1997.
- The seasons of the year, by a factor 1 (July) to 4
(November), as given by Wells et a1 (6).
- The moment of the day, by a factor of 1 (night) to 5
(day), the maximum being reached at 2 p.m. local time.
- The elevation (El) of the satellite, by a factor 1 (El =
90") to 3 (El = 0").
- The latitude of the station: the TEC values are 4 times
higher at the equator and the poles than at mean
latitudes.
Leick (7) shows that the formula given in (1) is accurate
at the le\,el of 5 cm at the GPS frequencies, 1.2 and 1.5
Ghz. Let us assume that the formula (1) remains
accurate at the subcentimetric level for frequencies ten
times higher in the Ku-Band, between 11 and 14 GHz.
Of course, to evaluate the time delay due to the
propagation of the signal through the ionosphere, Ar has
to be divided by the speed of light c.

delays, from one measurement session to the other, that
could be expected along the paths OP-NIST or OPPTB? The caracteristics of the links between these
remote stations lead to the following simplifiying
assumptions.
- All the stations are located at mean latitudes.
- The uplink carrier frequency is 14 Ghz for all sites.
- The downlink carrier frequency is 12 Ghz over
Europe, and 11 Ghz over the United States of America.
- The elevation of the satellite is very low. This is a
consequence of the choice of one transponder only for
all the international clock comparisons.
The only accurate way to evaluate the TEC values is by
measuring them along the path of the radio waves
simultaneously carried by two frequencies, different but
close. This is not the case for TWSTFT. In order to
investigate some of the limits of the ionospheric delays,
all the computations are going to be made for 3 different
periods of solar activity. The proposed average values of
the TEC in July are given in the following table, where
'High', 'Mean', and 'Low' are applied to the solar
activity.

INFLUENCE
TWSTFT

TABLE 1 - Ap~roximateaverage TEC values in Julv for
TWSTFT between OP. NIST. and PTB.

OF

THE

IONOSPHERE

ON

W S T F T is a well known time transfer technique which
uses spread-spectrum pseudo-noise coded signals
refered to the clocks outputs, and a telecommunication
satellite transponder. The frequencies of the carriers are
usually in the Ku-Band (1 1-14 Ghz) for occasional use
on international links. The description of the technique
and an estimation of the time transfer accuracy of
TWSTFT can be found in Kirchner et a1 (4).
The signal propagation delay in the TWSTFT equation,
or path delay, can be given by:

where 1 and 2 are for the remote ground stations, 'u'
means 'uplink' and 'd' means 'downlink'. One consider
here that the path non-reciprocity due to the earth
rotation, the Sagnac effect, or to the satellite transponder
are not included in this term. Moreover, as the effect of
the troposphere on radio signals do not depends on the
frequency, it is also considered that the tropospheric
delays cancel at the ps level. In that way, I represents
here the path delay only due to the ionosphere.
A regular TWSTFT measurement session lasts usually 2
min, with one measurement per second. The ionosphere
is varylng with time slowly enough to be considered
constant over one TWSTFT session. It is also generally
assumed that the path non-reciprocity due to the
influence of the ionosphere can be neglected for
TWSTFT using Ku-Band carriers (1 1-14 Ghz) within an
uncertainty of 100 ps (1 o). But for frequency
comparisons between remote primary standards, this
value is the upper limit of the requested daily global
stability. What are the fluctuations of the ionospheric

TEC (July)
.
1ol' elm3 - - . High
Day
6.25

Mean ,..........-" Low ""
.-..--...

"

"

3.125

"

""

1.563

A TRANSATLANTIC LINK: OP-NIST
There is a time lag of 8 hours between Paris and
Boulder. Two major effects on the path delay are related
to the ionosphere: the difference of the downlink
frequencies, and the TEC values that could only by
chance be equal over Europe and the United States of
America. Given the carrier frequencies of this particular
link, and considering the formula (I), the terms of
equation (2) are:

where 1 and 2 are for the remote ground stations, 'u'
means 'uplink' and 'd' means 'downlink'. It gives
easily:
I = 40.3 (TECI - TEC2 )/ 2c f'

+ ~ O . ~ ( T E C ~ / ~ : ~ - T E C ~ (3)
/~~~~)
Incidentally, one can see that the ionospheric delays
cancel each time the TEC values for both stations are in
the following ratio:
T E C , / T E C ~ = ( ~/ f, ;~2~) ( f ; 2 - f 1 2 ) / ( f l d 2 - f u 2 )

Computation of the Ionospheric Delays
For the case wliere the moment of the day is similar in
both stations, for instance daytime at OP and at NIST,
one propose the very simplifiying assumption that the
TEC value is the same for both locations. It is equivalent
to consider only the effect of the different downlink
frequencies. The results are given in the following
tables, in ps, wliere 'High', 'Mean', and 'Low' are
applied to the solar activity.
TABLE 2 - Ionos~hericdelavs in TWSTFT between
OP(day) and NIST (day).

Day / Day
November

High
222

Mean
111

Low
56

TABLE 3 - Ionospheric delavs in TWSTFT between
OP(nicht) and NIST (night).
OP - NIST
NiohVNioht
-L-"..
P -November

Hioh
----E-44

-.Mean

22

Low
11

TABLE 4 - Ionos~hericdelays in TWSTFT between
OP(dav) and NIST (night).
OP - NIST
/ Night
Hiuh -.-.Mean
Low
Day
-.."-- ----.
-"-."-"-.""..""L
November
204
102
51
Ju!y 50
25
13
TABLE 5 - Ionos~hericdelavs in TWSTFT between
OP(nieht) and NIST (dav).
OP - NIST
Hioh
".?ic"h!-L!Y
.
.....--- ---.& -----Nove~nber

470

Mean
235
59

Low
116
30

The table 5 shows that, during a period of maximum
solar activity, the influence of the ionospheric delays in
the phase ineasurements of a TWSTFT session taking
place in November could reach 470 ps. This slightly
exceeds the limits of f 300 ps which are generally
neglected for the estimation of the time transfer
accuracy, but it remains consistent, considering the
numerous assumptions that were made.

Accuracy of the Frequency Comparison
For the accuracy estimation of the frequency comparison
of primary standards, only the variations of the usually
neglected delays have to be considered. It can be seen
on the previous tables that two TWSTFT sessions taking

place in November, separated by 12 11 (considering only
the option daylnight, followed by the option nigI1Vday)
could exhibit a tluctuation in the ionospheric delays of
65 to 266 ps, depending on the period of solar activity.
During the more common periods of mean solar activity,
the variations in the ionospheric delays could stay within
19 to 213 ps, considering all the possible options
presented here.
The problem 1s not the same for different periods of
measurement: primary frequency standards do not run
continuously, but continuous measurements could be
carried out over long periods by using the H-masers
only. From a TWSTFT measurement made in July to a
measurement made in November, the variations of the
ionospheric delays could stay within 8 to 352 ps,
considering all the above mentionned optlons. TIxs
represents less than 4 lo-'' over 100 d. But over such a
long period, other instabilities could also occur in the
equipment of the earth stations.
In many cases, the instabilities In the TWSTFT
measurements due to the ionospheric delays could
nevertheless exceed the accuracy limit of 10''~.wliicli
means for instance 100 ps over 1 d. One can conclude
that the comparison between the primary standards of
OP and NIST, that should idealy be performed twice a
day during periods of 7 to 10 days. should be scheduled
preferably during summertime, when the daily variations
of the ionospheric delays stay under 70 ps anytime. Or it
could also be scheduled in winter, but preferably during
night time in both stations, to keep the var~ationsof the
ionospheric delays at the level of a few ps.

A CONTINENTAL LINK: OP-PTB
These two european stations are located about 750 kin
apart. In that case, the uplink (14 Ghz) and downlink (12
Ghz) carrier frequencies are considered here to be the
same for both remote stations. The niajor effect on the
ionospheric delays is in the difference of the TEC values
due to the different paths of the radio signal to the
satellite, as seen by the remote stations. In a similar way
as in the previous chapter, it is very easy to obtain:

I = 40.3 (11p2- 1 / fd2) (TEC] - TEC,) 12c

(4)

Computation of the Ionospheric Delays
When considering excellent atmospheric conditions, like
minimum solar activity and night time observations
made in July, for remote stations not [nore than 2000 km
apart, the horizontal gradient of the vertical TEC.
'VTEC' in the following, is about 10" e/m%very I00
krn, as given by Blewitt (8). Over the OP-PTB link, the
change in the VTEC is then about 7.5 1 0 ' ~ / m
That
~
VTEC value has to be expressed as a regular TEC value
by using a transfer fonction, which could be of various
shapes depending on the chosen parameters. The
transfer fontion mentionned in a CNES report (9)
(CNES means 'Centre national d'ttudes spatiales', the
French Space Agency) depends on the elevation of the

satellite, which is roughly 10 " for OP or PTB, and on
the latitude of the remote stations, about 45 " in that
case. The multiplicative factor given by that transfer
fonction is then a little less than 4. That figure is used
for the simplified computation of the TEC difference
between OP and PTB, which, for low solar activity and
night time observations made in July, is given by:

It then becomes very easy to use the equation (4) to
compute the ionospheric delays of a TWSTFT between
OP and PTB, considering that there could only be
daytime, or night time for both stations simultaneously.
The results of the computations are given in the
following tables in ps, with 'High', 'Mean', and 'Low'
applied as before to the solar activity.
TABLE 6 - Ionospheric delays for TWSTFT sessions at
night between OP and PTB.

Nioht
"C
.
.
..--- Hioh
""."FI".?"" ---November
60
July
15

Mean
30
7

-- Low
15
4

TABLE 7 - Ionos~hericdelavs for TWSTFT sessions
in the day between OP and PTB.
OP-PTB
.

-&Y

November
-JIIJ

Hioh
CT.- ......
297
74

Mean-..-148
37

.Low

74
19

Again, one can see in table 7 that the usually neglected
delays could reach the limits of
300 ps for some
particular configuration of the link between those remote
stations.

+

Accuracy of the Frequency Comparison
Over such a short baseline, the situation appears much
simplier than in the previous case. The highest
variations of the ionospheric delays would come from
the fact that the two daily sessions of TWSTFT could
occur one in the day and the other one at night. In that
case, the tables 6 and 7 show that the daily variations
could stay within 15 to 237 ps depending on the solar
activity and the season. During the more common
periods of mean solar activity, the variations in the
ionospheric delays could stay within 30 to 118 ps.
But in fact, two daily sessions between OP and PTB
could be scheduled either both at night in winter, and the
daily variations in the ionospheric delays should remain
within a few ps, or anytime during summertime, where
the maximum daily variation that could occur between
one session in the day and one session at night stays
within 60 ps.

CONCLUSION
All the computations made in this paper are very simple,
with the use of numerous simplifiying assumptions,
because the estimation of a TEC value along the path of
a radio signal is not obvious at the subnanosecond level.
Nevertheless, for the frequency comparison of primary
standards, it appears that the date of the TWSTFT
sessions, that should idealy be performed twice a day or
more during 7 to 10 days, should be chosen carefully in
order to maintain the variations of the usually neglected
ionospheric delays widely under 100 ps from one
session to the other.
The accuracy of the frequency comparison between the
primary standards of the BNM-LPTF and the NIST
depends as well on the stability of the satellite
transponder, for which no data seem to be available.
This is not the case for a frequency comparison between
the primary standards of the BNM-LPTF and the PTB,
for which, as for the other link anywa),. the stability of
the earth stations equipment remains the major issue.
It is anticipated that the new generation of primary
standards, based on a design of a cold atoms Cesium
fountain, could in a very near future reach accuracies at
the level of a few parts in 1 0 ' ' ~ .At this level, any
variations in the delays of the time transfer technique
used to compare remote standards should remain within
10"" or for instance 10 ps over a I d period. This means
that even for Ku-Band carrier frequencies, the
ionospheric delays should be measured along the path of
the radio signal.
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INTRODUCTION

Quartzlock Instruments have a number of
frequency standards in their product range,
including a GPS controlled quartz crystal
oscillator. This frequency standard has very good
long term ( averaged for greater than 24 hours)
performance, as the oscillator is phase locked to
GPS time. The medium term performance is poor
(averaging times between 1 second and 24 hours)
as the GPS signals are deliberately degraded by
the US dept of defence (Selective Availability, or
S.A.), and the control loop in the GPS receiver has
a short time constant (estimated to be about 1
second). Also the frequency standard relies on
continuous tracking of satellites. If the signal fails
for any reason, the control of the oscillator is
broken, and it free runs with a large frequency
offset. This is undesirable in a highly stable
frequencyhime source which may be expected to
run for years without slipping cycles (incuring a
time offset which is never corrected.)
2/-

PRODUCT PROPOSAL

The proposed product is an addition to the existing
GPS frequency standard ( although housed in the
same case) which uses a rubidium oscillator as its
main frequency standard. A ~ubidiumoscillator has
very good short and medium term stability. The
maximum drift rate is expected to be less than 4
parts in 10jl per month. There may a
frequency offset of up to 1 part in loT0after initial
calibration.
By comparing the phase difference between the
GPS 10MHz output, and the 10MHz output from
the rubidium oscillator, it is possible to correct the
initial frequency offset and remove the drift. By
using sufficiently long time constants in the control
loop, it is possible to remove the effects of S.A.
completely, and frequency accuracies equivalent

to GPS time, which is itself locked to UTC within
+/- loons, may be obtained.
It is vital that the system is tolerant of GPS signal
failures. The rubidium is sufficiently stable to free
run for hours or days provided that the control
voltage is held at the point where the GPS control
was interrupted. This requirement will be
discussed in much greater detail later in this
report.
A further output from the GPS receiver is a time
mark that has a known relationship to, or may be
coincident with, GPS time. This time mark will
have time jitter on it that is a function of SA and
other random errors that occur from the
uncertainties in the satellite signals themselves,
and the measurement process in the receiver. It
may also have a systematic error that may not
average to zero, however long the averaging time.
A greatly improved time mark can be made
available by generating a mark (typically one edge
of a Ipps pulse) from the rubidium signal, and
steering it into coincidence with the time mark
from the GPS receiver, again using a very long
time constant loop. By using a sufficiently long
time constant, errors that appear systematic in the
medium term may in fact average to zero in the
long term. The time mark from the rubidium will
share the exceptional short and medium term
stability of the 10MHz frequency output. Time jitter
of less than 1 nS can be expected.
A further use of the product is as a frequency
comparator. If an auxilliary 10 MHz input is
provided, with a small amount of extra hardware,
long term comparisons and measurements may be
made between the controlled rubidium and an
external frequency standard. The resolution will
depend upon the hardware design of the product,
and will be discussed later in this report.

It is highly desirable that the product has a well
designed user interface that informs the user as to
the expected time and frequency accuracy of the
outputs. These should be in the form of
(1) frequency :- current fractional frequency offset
and standard deviation
(2) time
current time offset and standard
deviation (including systematic errors)
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(3)comparator current fractional frequency offset
and standard deviation

the frequency is IOOKHz, or 200000Pi radians per
second.

Information should also be provided as to GPS
status.

We often refer to frequency as a fraction of a
nominal frequency. For example a Rubidium
oscillator may have a fractional frequency error of
1 part in 10A9.This is a correct definition as it
stands. If we know that the nominal frequency is
IOMHz, then we know that the absolute frequency
error is 0.01Hz.
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SCOPE

This report will consider the design of the
hardware down to block diagram level. The control
algorithm will be considered in detail, however,
and performance analysis of the selected method
will be carried out on simulated data.
41-

BACKGROUND

4.1 Definitions
Before starting a discussion of time and frequency,
some definitions are necessary:

a) TIME . Time can be measured as time
difference from some reference point, or as phase
or time difference between two periodic signals.
For example, a pulse edge can be 250nS ahead of
GPS time (the reference). Equivalently, we could
say that one signal at 1MHz was pi12 ahead of
another signal at 1MHz. This would also be a time
difference of 250nS. Note that here we have
converted a phase difference to a time difference
by dividing by angular frequency. Phase is always
measured as a difference. The phase of a IMHz
signal is actually advancing at 6.28 million radians
per second, not in itself very useful.
Sometimes the phase is compared to that of an
imaginary perfect signal at a nominal rate. For
example, if we say that an oscillator had a discrete
sinusoidal phase modulation of 1 radian peak, we
would actually mean that the phase difference
between the real oscillator and an imaginary
perfect oscillator of the same mean frequency was
1 radian peak.
b) FREQUENCY. Frequency is rate of change of
phase, averaged over any interval we like. In order
to measure frequency, we need to make a time
difference measurement. If a frequency counter
measures the time taken for 10 complete cycles of
a periodic waveform to be 1OOuS, we can say that

Just as frequency is rate of change of phase,
frequency difference is equal to rate of change of
phase difference. For example if the phase
difference between two 10MHz oscillators was
changing at a rate of Pi radians per second, then
the frequency difference between them is 0s, Hz.
The fractional frequency difference is 5*1o ' ~.
Obviously when calculating fractional frequencies
consistent units must be used, either radians per
second or Hz.
Frequency difference is also equal to rate of
change of time difference multiplied by nominal
frequency. If two IOpps edges have a relative time
drift of 10nS per~second,then the frequency
difference is 10-I Hz. The fractional frequency
difference is therefore 1 part in 10-O. Thus
fractional frequency difference is equal to rate of
change of time difference, without any need for a
reference frequency. Thus an oscillator whigh has
a fractional frequency error of 1 part in 10 I L , will
gain or lose 10'" seconds per second, or 1
second in 31710 years.

c) FREQUENCY DRIFT. Frequency drift is the
rate of change of frequency, or the second time
differential of phase. If an oscillator has a constant
frequency drift, then its time behaviour is exactly
specified for all times in the future by a cubic
equation:
where a is the initial time offset, b is the initial
fractional frequency offset, and c the drift rate.
If the frequency drift is a function of time, then the
equation becomes:

Obviously we could consider higher derivatives of
time and extend the above expressions as far as
we like.
51-

PHASE ONE DETAILED REPORT

5.1 Hardware

The hardware design of the product may be
summarised in figure 1.
First, it should be noted that the frequency
standard part of the instrument is generally
separated from the time part. This has been done
for two reasons:-

a) Some customers may only wish to purchase the
frequency standard instrument. The time standard
may be an option.
b) It is felt to be important that the standard
frequency output should not be affected by the
time correction loop, i.e. it would not be
permissable to slew the time pulse by deliberate
offsetting of the output frequency. The frequency
output may be distributed to many laboratories on
a site, and users may not be able to refer to the
display on the instrument to see if the frequency is
currently accurate.

The frequency system will be described first.
The 10MHz output from the GPS receiver is
compared with the 10MHz from the Rb oscillator.
These signals will be digital signals with unknown
marklspace ratios. The phase detector, shown in
detail in fig 2, is a quadrature phase detector
operating at 2.5MHz.The phase detector will have
an unambiguous range from -Pi to +Pi, obtained
by dividing the complete range into 8 sectors, and
only operating the 1 and Q phase detectors over
their most linear regions. The processor will
synthesise a linear phase detector by weighting
and summing the I and Q outputs appropriately in
each sector. Unlimited phase range will be
achieved by adding or subtracting 2Pi (400ns)
each time the phase vector crosses the -I axis.
(see figure)
Each phase detector( I and Q) will have a 12 bit
AtoD channel. A third channel will be used for a
zero phase reference.
Due to eventual very long loop time constant, the
initial sampling rate will be 10 Sls on each
channel. It is proposed that samples are
decimated in the processor by a factor of 100, so
the final input to the analysis algorithm will be 1
phase value every 10 seconds.

The time resolution of the phase detector will be
about 50pS. This will be adequate for the
comparison between the Rb oscillator and the
GPS signal as the GPS signal will be very noisy,
ensuring that quantisation noise is well hidden.
However the comparison channel may be used to
compare two very clean sources ( one of which is
the Rb). A fractional frequency difference of 1 in
loiZ will mean that a quantisation step will only be
crossed every 50 seconds. In this case
performance can be improved by dithering the
convertor, i.e. by adding a small amount of
random noise. This could be derived from a low
resolution DAC updated with random numbers by
the processor.
After analysis of the frequency error, the processor
will update the Rb control DAC on a periodic basis
( estimated to be about once every 100 seconds).
The DAC is a 16 bit convertor, which will.give
control resolution of about 30 parts in 10l5. This
assumes that the total pulling range of the Rb osc
C field adjustment is +I- 1 part in 108.
The controlling microprocessor will communicate
with the GPS receiver over a serial link. The GPS
receiver has available a number of useful
parameters such as satellites tracked, and
expected GDOP, which may be of use in adjusting
the control algorithm adaptively.
The user interface will comprise a keyboard and
LCD dot matrix alphanumeric display.
The time system can be less well defined at the
moment due to lack of information regarding the 1
pps available from the GPS receiver. It may be
that there is a fixed time relationship between the
10MHz output and the 1pps output. If this is the
case, then the GPS Ipps may be used to reset the
divide by 10/ circuit, which will align the Rb 1pps
to within 100ns of the GPS 1pps. The final
alignment can be made using a phase detector of
exactly the same type as used in the frequency
system. A possible problem with this system is that
if the GPS 1pps happens to have jittered more
than 1OOnS when it is used for the divider reset, an
undetected time error of 100nS will result.
A more certain and reliable system is to operate
the time phase detector at 1pps directly. This
avoids all ambiguities. The design of such a phase
detector has not been considered at the present
time, but it is possible that a tri state phase
frequency comparator type would be suitable.
Alternatively, a frequency counter technique using
a high frequency clock, unsynchronised to the Rb

to avoid quantisation effects that would not
average to zero.With a 100MHz clock, the time
resolution will only be +/-lOnS, but this will be
improved by averaging. Systematic errors are
likely to be up to 100nS. The main contribution will
be uncertainty in user position. It is important that
the GPS receiver should average its position fix
over a long period of time to reduce this
systematic error.
The recommended method for slewing the Rb
Ipps, is to vary the phase of the 10MHz input to
the divider by using an I/Q modulator. The
principle of this is shown in fig 3. The circuit is an
image rejection mixer using a low frequency
quadrature signal generated by the processor. An
exact phase relationship exists between the output
at 10 MHz, and the processor quadrature signal,
which may be DC. If the processor rotates the
output vector ( represented by the sine and cosine
of an angle heM as a variable by the processor) by
2Pi radians, then the phase of the output 1OMHz
will also change by 2Pi radians. This will slew the
Ipps by 100nS. The resolution is a non linear
function of the DAC resolution, but 8 bit bipolar
DACs should give better than 0.1nS time
resolution. i/Qmodulators can be obtained as
sealed modules from several manufacturers.
5.2

Software

It is in the software aspects of this project that
most progress has been made, and this largely
concerns the control algorithms for the frequency
control of the Rb oscillator, and the phase control
of the 1pps time output.
Initially it was thought that a simple phase lock
loop would be adequate. This would be a type 2
second order loop ( i.e. with an integrator in the
loop filter) with a zero to give suitable phase
margins for optimum dynamic performance.
However one problem with a phase lock loop is
that it must reduce the initial phase error to zero
by changing the frequency of the VCO. With the
very long loop time constant necessary to remove
the effect of the SA, the eventual settling of the
loop could take several days. It is also difficult to
extract measures of performance from the loop,
for example it is difficult to estimate the current
frequency error of the VCO. It was felt that a
frequency control loop would settle quicker. For a
frequency standard we do not mind operating with
a fixed phase offset, and there is no need to
reduce this to zero. The first idea to be tried with
simulated noisy data, was a quadratic least

squares fit on a block of data. This is a standard
method for extracting phase offset, frequency
offset, and frequency drift from phase difference
information. Having extracted the offset frequency,
we can then make a correction to the Rb oscillator
to remove the offset. If the Rb control constant
was known exactly, there would be no under or
overshoot. The problem with this method is that
we do not know how large to make the block of
data that we analyse. The reliability of the fit is
given by the correlation coefficient, and ideally this
should be monitored on a continuous basis. What
is required is a continuous least squares process.
This is of course, a Kalman filter, and this was the
eventual method selected for implementing the
control algorithm.
The Kalman filter will be briefly described in
general in a ( hopefully) simple way, and then the
specific implementation for our problem will be
described in more detail.
A block diagram of a Kalman filter is given in
figure 4. It is basically a recursive estimation,
based on noisy measurements, of the future
"state" of a system . The system is defined as a
"state vector" and a "state transition matrix". The
system in our case would be the Rb oscillator that
we wish to predict, and the state vector would
contain the phase offset, frequency offset, and
frequency drift variables. The "state transition
matrix" defines the differential relationship that
exists between the state variables over one time
increment. The concept of a system driven by
noise processes is important here. If our Rb had
absolutely constant drift, its output phase would be
known for all time once the initial drift , frequency
offset and phase offset had been determined. Data
gathered a year ago would have as much validity
as data an hour old. If the Kalman filter is given
this model of the Rb, the results are identical to
the least squares fit of all the data. ( See
document KALMAN5.MCD for comparison with
least squares fit) Of course the quadratic least
squares fit assumes that the Rb can be modelled
by three constants.
A more realistic physical model would allow the
drift to vary. If this varied in a deterministic way,
we should add a further term to the state vector to
reflect this deterministic process. However if the
variation was random, we can tell the Kalman filter
that this is so. Note that the filter is only optimum
for white gaussian noise processes. However in
our case we can model the noise of the Rb
oscillator more accurately by adding white
gaussian noise to each term in the state vector. If
we add some uncorrelated noise to each term in

the state vector, we end up with white phase noise,
white FM noise, and random walk FM noise due to
the single and double integration in the model.
This is shown in figure 5.

system. This behaviour may be seen simulated in
document KALMAN7.MCD. Note especially that
there is no change in the variance of the frequency
estimate.

The measurements are also assumed to be
contaminated with gaussian white noise. In our
case we only have one measurement, that is
phase offset. We do not know that the main
contributer to measurement noise, SA, is either
white or gaussian. However this is a limitation of
the simple Kalman filter that we intend to use. If
we are sure of the characteristics of the
measurement noise, we can include this
knowledge by adding more terms to the state
vector. We are then essentially including the
known aspects of the measurement in the system
model. This much more complicated procedure
will not be attempted until real data is available,
and has been analysed, and only if the basic filter
performs inadequatety.

Using this technique, we can correct the Rb as
often as we like. However if we are uncertain as to
the exact value of the control constant, then the
correction will undershoot or overshoot the model.
In this situation there is little point in updating
more often than about every 1000 seconds
(maybe initially every 100 seconds so the
customer can see something happening!), as the
filter will need some settling time. The control
constant can be established by the stand alone
instrument during a calibration procedure,
described later.

As well as the state vector, the Kalman filter
maintains a matrix that gives the current variances
(mean square error) of the quantities in the state
vector. These give us current estimates of the
likely errors in the state vector, in our case
variances of phase offset, frequency offset, and
frequency drift. These will be very useful for
display to the user. They also have another use,
which will be demonstrated later. In effect they
control the "bandwidth" of the filter. As more data
comes in, the variances decrease, and the filter
gives more weight to the current estimate( which
represents the complete history of the data), and
less to the current measurement. The
measurement variance, which we have to tell the
filter, also affects the "bandwidth. If we tell the
filter that the measurement is noisy, it reduces the
bandwidth.
So far we have considered the Kalman filter as a
device for analysing the incoming data in an
optimum way. However we need to control the Rb
oscillator, and reduce the frequency offset to zero.
An elementary method would be to write periodic
corrections to the Rb control DAC, and wait for the
Kalman filter to track out the resulting discontinuity
in the measurements. However there is a much
better way. If we adjust the frequency offset term
in the state vector at the same time that we correct
the Rb , the filter will ignore the correction, and no
extra settling time will be required. In effect we are
defining the model of the Rb to have a frequency
discontinuity at a particular time, and provided the
real Rb has that discontinuity, the Kalman filter will
see no difference between the model, and what
the measurements are telling it about the real

Another trick that can be useful is if we know that
there is a measurement discontinuity, but we do
not know how large it is. An example would be if
the GPS signal disappears for any reason. When
satellites were reacquired, there could be a phase
discontinuity between the GPS lOMHZ and the Rb
10MHz. Although we cannot tell the filter the
amount or direction of the discontinuity, we can tell
it that its current estimate of phase is completely
unreliable. We do this by adding a large number to
the appropriate term of the error covariance
matrix. The filter then gives maximum weight to
the measurements to reacquire the phase as
quickly as possible, however as it thinks its
frequency is still accurate, it does not give
excessive weight to the rate of change of phase
measurement, and the frequency covariance
hardly rises. (see document KALMAN9.MCD) This
trick would be quite impossible with a phase lock
loop.
Another even more exotic trick is to control the Rb
oscillator at a deliberate freauencv offset from
GPS time. In this case there will be a continuous
phase ramp at the phase detector. As our phase
detector has an infinite phase range , this need not
matter. We now need to change the state model of
the Rb so the filter expects the phase to be a
ramp. This can be done by adding the expected
incremental phase offset into the state vector
every iteration of the fiHer. For example, if we wish
to offset Ipart in 1o9 low, we would subtract 1om8
from the state vector, i.e. 10nS every 10 seconds.
If the numbers coming out of the phase detector
get too large, we can make a known phase
correction in the same manner as a frequency
correction was made (except this is only a
"housekeeping" adjustment, and does not involve
any change to the Rb oscillator). Both these
effects can be seen in document

KALMAN13.MCD. This feature, assuming any
customer was interested, gives us a frequency
synthesiser of arbitrary resolution, with no
degradation in stability or spurious output levels
from the normal instrument. Unfortunately we are
limited in range by the pulling range of the Rb.

so a square root function will be required. The
Kalman filter algorithm is given in full in Appendix
A.

Calibration. The instrument will work best , with
minimum settling times, if the rubidium control
constant is known exactly. Each Rb module will
probably vary, so some calibration procedure is
necessary. The instrument can achieve this by
setting various DAC outputs, and measuring the
frequency offset against GPS time. 10 readings
should give an adequate table of values of
fractional frequency offset against DAC value. A
polynomial fit can then be made to the data and
the table stored in nonvolatile memory. If each
reading was allowed 5000 seconds to settle, the
calibration would be an overnight process.
Obviously the normal frequency correction
procedure can be used to minimise settling time in
changing from 1 point to the next.

Some constants in the filter, such as the model
noise variances and the measurement noise
variance, can only be determined by using real
data. Thus phase 2 of the project will consist of
acquiring several days of continuous phase
measurements between a real Rb oscillator and
the GPS receiver to be used. The data will be
analysed in various ways, including conversion to
the frequency domain to examine for coloured
noise. Least squares fits will also be used to
extract the Rb drift and frequency offset. The
Kalman filter will then be used to process the data,
with various guess values for the variances, and
the values manually adjusted until reasonable
agreement with the least squares fit is obtained. Of
course it will not be possible to tell the difference
between measurement noise and Rb noise with
only one set of phase comparisons. Another
method of determining the model noise sources
(figure 5) is by calculation from known Allan
variances of a typical Rb. It might also be worth
trying to compare two similar Rb oscillators to try
and measure the model noise variances. In this
case the measurement noise could be set at zero,
and the Kalman filter should converge to give
direct measurement of the combined Rb noise
variances.

Prediction. The Kalman filter can, of course,
predict ahead if measurement data fails. In this
case both the state vector and the error
covariance matrix will be updated. The previously
estimated value of drift will update the frequency
offset automatically. Frequency corrections can be
made in the usual way. The error covariances will
rise to reflect the lower confidence in the
predictions as time passes. When measurements
resume, the filter will automatically recover and
the error covariances will start to fall. Thus the
user is always aware of the reliability of the
frequency output. The document KALMAN12
shows the filter predicting for 5000 seconds half
way through the data. If an unknown phase step is
expected on resumption of measurements, then
the phase variance should be augmented as
previously described.
Calculations. Although the formulation of the
Kalman filter involves matrix algebra, in our
example the equations reduce to quite simple
scalar equations . 21 equations are involved, using
only normal arithmetical operations. Floating point
representation will be necessary because of the
large dynamic range of the quantities. As floating
point must be used anyway, it is worth keeping
fundamental units of seconds throughout, as then
all the quantities are ready for display. It is more
usual to display RMS error estimates (otherwise
called standard deviations) rather than variances,

5.3
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Further work

CONCLUSIONS

it is hoped that this report has set the project on a
firm basis of theory. The design of the frequency
part of the instrument is now well defined, and
unless SA has nasty surprises jn_ store, should
converge to within Ipart in loi3 of GPS time over
100000 seconds.(24 hours). After phase 2 of the
project, when real data is available, it will be
possible to correctly predict the performance using
the MathsCad simulations before the prototype is
constructed.
The time part of the instrument needs more work,
especially the estimation of systematic errors.
These are very much a function of the GPS
receiver, such as unknown delays in the receiver
RF path, and certainty of user position. Caution
should be exercised as to claims of time accuracy
at the present stage of development.

-

-

-
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FREQUENCY JUMPS ON BVA & OTHER PRECISION QUARTZ CRYSTAL RESONATORS
AND
BURST-NOISE ON OVERTONE MODE HIGH-FREQUENCY QUARTZ CRYSTAL RESONATORS.

Kanak K. Tuladhar and Gerald Jenni
OSCILLOQUARTZ SA, CH 2002 NEUCHATEL

-

ABSTRACT

Frequency jumps have been observed on BVA and
other precision quartz crystal resonatorsloscillators
during prolonged and continuous operation. To date
frequency-jump phenomena have not been understood
well, as such these jumps have been designated as
micro-jumps or abrupt frequency jumps irrespective to
the nature of the jumps. For the first time in this paper,
these frequency jumps will be classified into three
distinct and separate categories and these are :

and

(i) Intermittent Frequency Jumps
(ii) Discrete Frequency Jumps
(iii) Abrupt Frequency Jumps

To characterise and distinguish these frequency jumps,
apart from continuous and prolonged operation, other
resonatorloscillator parameters, such as g-sens,
retrace, drive-level-dependence, bandbreaks (i.e. dips),
phase-noise etc. have also to be measured.
lntermittent and discrete frequency jumps can be
correlated to one or more resonator/oscillator
parameters. However, to understand troublesome
abrupt frequency jumps a conventional crystal
resonator equivalent circuit is not adequate and a new
resonator model is required.
Finally burst-noise observed on overtone-mode highfrequency quartz crystal resonators will be reviewed
and explanations will be given to demonstrate why this
noise process cannot be correlated to known crystal
resonator parameter variations. Again, as in the case of
abrupt frequency jump, a new resonator model is
required to explain this burst - noise phenomenon.
1.

INTRODUCTION

Frequency jumps have been observed on BVA(bva)
and other precision quartz crystal resonators/osciilators
during prolonged and continuous operation. Currently
these frequency - jump phenomena have not been
understood well as such these frequency jumps are
either completely ignored (see figs. 1,9,10 of ref. 1) or

classified as micro-jumps (ref. 2) or abrupt frequency
jumps (see fig. 10 of ref. 3, fig. 4 of ref. 5, and figs. 5,6
of ref. 6). Frequency jumps could be negative or
positive and are generally in the region of 1E-11
to 1E-09 for the precision resonators1osciIIators and
greater than 1E-09 for the non-precision resonators.
Note that BVA resonators are generally fifth(third)
overtone-mode AT(SC) - cut devices at 5.0 & 5.12MHz
and packaged inside a special BVA housing, whereas
bva resonators are SC-cut third overtone mode 10MHz
and are packaged inside an well known HC - 40 IU
holder.

-

Note also that the conventional precision AT(SC) cut
resonators are fifth(third) overtone mode devices and
could be operating in the frequency range 4 to IOMHz,
could be packaged inside a variety of holder styles,
HC - 36 I U, HC -27 I U, HC - 40 I U, and near
equivalent glass package.
2.

DISCUSSION ON FREQUENCY JUMPS

Consider the frequency jump described by J. R.
NORTON, fig. 10 of ref. 3, currently screening for these
jumps at the resonator level is not possible as these
jumps cannot be attributed to any known resonator
parameters. However one interesting observation is
that the net frequency change is near zero, once taken
into account the established ageing rate, after the jump
duration of about 6 hours, and the frequency jump is
about 1E-10.
Similarly considered the jump described by Koyama,
et. el. , figs 5 & 6 of ref. 5, firstly this jump is of
completely different nature and can be easily screened
by proper screening procedure. Note that there is a
discrete net frequency change of 2.1E-10, (see Fig. I ) ,
once taken into account the established ageing rate,
after the jump duration of about 2 hours, and the
frequency jump is about 1.1E-09. This net change in
frequency is due to Drive - Level - dependence(DLD) &
HYSTERESIS effects.
Note also a new type of frequency jump, Fig. 2
observed recently on BVA fifth-overtone mode AT - cut
resonator/oscillator
during
prolonged
ageing
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measurement. Here the nature of the jump is rather
intermittent(als0 see ref. 4).

3.

CLASSIFICATION AND PROPERTIES OF
FREQUENCY JUMPS

As mentioned in sections 1 & 2 of this paper frequency
jump phenomena have been bundled together and
have been designated as micro-jumps or abrupt
frequency jumps irrespective to the nature of the
jumps. However in this section observed frequency
jumps will be critically analysed and classified into
three distinct and separate categories assuming
resonators are driven in the linear region(i.e. no
isochronism).
Note also that occasionally jump phenomena have
been linked to Second - Level - Drive(SLD) effects,
however these effects are well understood(ref. 8) and
the resonators having SLD effects should be rejected
as these resonators will suffer from severe hysteresis
effects(ref. 9).
3.1

Intermittent Frequency Jumps

Intermittent frequency jumps are usually caused due to
passive and 1 or active component faults. Frequency
jumps observed due to noisy active devices, regulators,
transistors, varactors, etc. are usually of intermittent in
nature and patently obvious. These can be cured by
pre - screening active devices using known techniques.
Other possible causes for intermittent frequency jumps
are,
i) micro - leak in the resonator, this in turn degrade
the Q - factor of the resonator over time. When the
Q - factor of the resonator falls below the value
required to maintain the oscillation, intermittent
frequency jump will be observed
just
before
oscillation ceases, as the Q - factor will be in a
critical region for the oscillation.(i.e, loop - phase shift
might be zero, but loop - gain might be just around
one.)
crack on the mountina ~ a s t e ,this in turn also
ii)
produces an intermittent frequency jump as the crack
on the paste produces unstable bonding to the
resonator. This can be easily screened by testing
crystal resonators under random vibration as the
resonators having cracks on the paste are likely to fail
during this test.
BVA(bva) sandwich assemblv, occasionally
iii)
minute problem could arise during sandwich assembly
of BVA resonators, this in turn gives a kind of unstable
gap - widths between the electrodeless resonator &
associated condensers during prolonged and
continuous operation and hence intermittent frequency
jumps. Therefore it is also a good idea to screen BVA
resonators under random vibration before assembling
into oscillators.

Note that during intermittent frequency jump period,
frequency change is rather spontaneous and
phase - noise of the resonator 1 oscillator is stable
however might have side - bands.
3.2

Discrete Frequency Jumps

Discrete frequency jumps are caused due to non optimum resonator design and I or oscillator circuit
configuration. A number of possible causes for
observing discrete frequency jumps are,
i) bandbreaks! i.e. activitv - dips), although almost all
precision oven controlled crystal oscillators are
operated at their turn - over - temperature, if there
happened to be activity - dips in the neighbourhood of
the turn - over - temperature , it is patently obvious that
there would be some sort of frequency jumps during
prolonged and continuous operation. Note that
even if the activity - dips are far from the operating
temperature, due to subtle effects in the
resonator I oscillator, jumps will be observed and the
frequency offset due to the jump will depend on two
parameters. These are severity of the activity - dips
and the temperature difference between the oven
temperature and temperature at which the activity - dip
occurs.

These jumps are usually discrete and can be easily
observed by measuring activity - dips over a wider
temperature range at a resonator level or by
measuring retrace or warm - up behaviour of the
complete oscillator and can be easily cured by
designing optimum activity - dip free resonator,
although difficult but possible.
ii) ,a - sensitivity, 29 tip - over - test is usually used to
determine g - sensitivity of the quartz crystal
optimum
resonators. During such test for a non
resonator a discrete frequency jump of any thing from
1E-10 to 1E-09 has been observed. A typical example
is given in fig. 3. This shows at a certain acceleration
vector the resonator has two stable frequency modes
which are about 2E-10 apart, zones a) and b) of fig. 3.
This is usually caused due to non - optimum diameter
of the quartz crystal blank(Db1ank) relative to the
thickness of the quartz crystal blank, or non - optimum
electrode diameter(Delectrode), or inadequate radius of
curvature(R), i.e. to say energy trapping is not
adequate to operate the resonator properly. This can
again be cured simply by optimising, Dblank or
Delectrode or R.

-

iii) drive - level - de~endencefDLD),DLD of the quartz
crystal resonator is well known, and suppose due to
some reasons drive level to the resonator is changed
during prolonged and continuous operation then there
would be a frequency change too. This change is also
discrete and can be cured by having stable and reliable
circuit components which will maintain the drive level
constant to the resonator. However it should be noted
that, if there happened to be discontinuity in the
drive - level versus activity curve, the root of the
problem is likely to be due to activity - dips or SLD

effects or hysteresis of the quartz crystal resonator.
Therefore before proceeding any further these
parameters should be measured and investigated and
the resonators should be rejected accordingly.
Above description clearly indicates that discrete jumps
can be induced as and when necessary by changing
appropriate resonator 1 oscillator operating conditions.
The duration of the jump can also be defined and
during the entire jump period, phase - noise of the
resonator 1 oscillator is stable and can be defined
properly.
Once again consider, fig. 1, i.e, the jump described by
Koyama et. el., now it is clear that this kind of jump is in
fact discrete as this is due to the combination of
change in drive level and the activity - dips. Their
recommendation to operate the resonator at a drive
level above or below the value where there is no jump,
is not satisfactory as these jumps tend to move over
time due to stress relaxation and change in load
capacitor value. The root of the problem must be found
and cured by designing optimum resonator.

3.3

ref. 10, the origin of this noise is not really known and
not understood at all.
Currently a good high - frequency overtone - mode
crystal resonator has been defined as the one which
has ten or less burst during first two minutes after the
oscillator switch on( see fig. 21 of ref. 10)
Attempts to correlate this burst - noise to the known
resonator motional parameter variations proved
unsuccessful(see figs. 17,18,19,20 of ref. 10). This
indicates probably again the simple resonator
equivalent circuit is not valid during the burst period as
in the case of abrupt frequency jump duration.

5.

It has been speculated in ref. 10 that this burst - noise
phenomenon could be related to Second - Level - of
Dnve(SLD) effects(ref. 8) due to surface defects on the
resonator blanks during polishing. However one of the
authors(KKT) of this paper likes to point out following:

-

Abrupt Frequency Jumps

Now consider once again the jump described by J.
Norton, i.e. fig. 10 of ref. 3, unlike intermittent and
discrete jumps this jump is of completely different type.
It has been attributed to thermal effect in ref. 7 without
any foundation, if it is really due to thermal effect then
one should be able to induced this kind of jump with
right sort of thermal stimulus, this is not possible in real
situation. It should also be noted that currently there is
not any known resonator and oscillator stimuli which
will generate abrupt frequency jumps. This phenomena
is unpredictable, cannot be triggered ON I OFF as and
when required and the abrupt frequency jump period
cannot be defined as well. Furthermore phase - noise
behaviour during the entire jump period is unstable and
cannot be defined properly. Therefore it is believed that
that commonly known simple Butterworth - Van Dyke
oneport single resonance equivalent circuit of the
quartz crystal resonator is probably not valid during the
jump duration. A new equivalent circuit to describe
abrupt frequency jump will be given in part Il(ref. 11)
and bulk of the paper(ref. 11) will be devoted to
describe methods of minimising abrupt frequency
jumps via optimum resonator design and improved
processing techniques.

I) Effects such as SLD will result in poor but stable
phase - noise( i.e. no burst). Note also that during the
burst mode, phase - noise of the resonatorloscillator
cannot be defined.
ii) Occasionally SLD effects are also designated as
sleeping sickness and the resonators are labelled as
sleepy - crystals. These resonators sometimes can be
cured by driving the crystal resonator momentarily at a
higher drive - level whereas the burst - noise
phenomenon cannot be cured. Furthermore the
observed bursts are persistent, unpredictable and
cannot be triggered ON I OFF as & when required.
Note also that the burst duration cannot be defined.
Above facts clearly demonstrate that the burst - noise
on the high - frequency overtone - mode crystal
resonator is in a way related to the abrupt - frequency jump observed on the precision quartz crystal
resonators. Therefore this is in fact a new fundamental
problem on the quartz crystal resonator. Possible
causes and minimisation techniques will be given
in part Il(ref. 11).

6.
4.

FURTHER DISCUSSION ON BURST-NOISE

CONCLUSIONS

BURST - NOISE A REVIEW

Short - term frequency changes similar to the chaotic
burst - noise or pop - corn noise observed in
operational amplifier integrated circuit have also been
observed on high - frequency overtone - mode crystal
resonatorsloscillators. This burst - noise phenomenon
is distinct in character from the quartz crystal resonator
l l f noise. Although a method of screening for the
burst - noise has been developed and described in

In this introductory paper for the first time frequency
jump phenomena have been classified into three
distinct and separate categories. These
are
intermittent, discrete and abrupt frequency jumps.
It has been demonstrated that that intermittent
frequency jumps are usually caused due to either
passive(i.e. quartz resonator, and other RLC circuits)
and Ior active(i.e, transistors, varactors, regulators and
integrated circuits) component faults. These jumps are
usually spontaneous and phase - noise behaviour

during the jump period is stable but might have
side - bands. These intermittent jumps can be cured
simply by replacing faulty components.

-

Discrete jumps are caused due to non optimum
resonator and 1 or oscillator circuit configuration. These
jumps can be cured by appropriate resonator design or
oscillator circuit optimisation procedures. In general
phase - noise behaviour of the resonator / oscillator
during the entire jump duration is stable and can be
defined properly. Discrete jumps can be induced as
and when required and jump duration can also be
defined. However the jumps are not instantaneous but
are built up slowly.
Unlike intermittent & discrete frequency jumps, abrupt
frequency jumps on the precision res.onators(these are
in general contoured crystals) & burst-noise on high frequency
overtone - mode quartz crystal
resonators(these are usually polished plano - plano
crystals) are of completely different nature. These in
general cannot be induced(i.e. switching ON / OFF) by
changing known resonator andlor
oscillator
parameters. Phase - noise of the resonator or oscillator
is in fact unstable during the entire jump period and
burst duration cannot be defined. As such these two
phenomena are believed to be due to the same subtle
fundamental problems associated to the resonator
design and processing techniques, which will be
explored at a later date in part Il(ref. 11)
7.
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Fig. 1.

fig .6 of ref. 6 redrawn to detail fiequency jump, 1. IE-09 and
frequency offset of 2.1E-10.

Fig. 2.

Intermittent frequency jumps observed on 5.0MHz fifth - overtone
mode BVA AT - cut based oscillator.

Pos (des)

Fig. 3.

2g - tip - over test for non - optimum resonator having jumps in the
regions, a) and b).

QUARTZ CRYSTAL UNITS WITH BAR PIEZOELEMENTS
VIBRATING IN DOUBLE-SHEAR MODE

M.E.Bogoush, P.G. Pozdnyakov
Scientific Research Institute "Phonon"
44 Krasnobogatyrskaya str, Moscow 105023, Russian Federation
Investigations aimed at improving crystal unit characteristics over the range
400+ 1000 kHz resulted in designing quartz crystals operating in a double-shear
mode. The investigations were realized on the base of quartz crystal bars having a
rectangular cross section of close cross sizes, with its length being along X-axis.
Vibrations of such bars may be approximately interpreted as a superposition of two
shears in thickness and in width of the piezoelements. Crystal units operating in
the above mentioned mode have high electro-physical parameters: dynamic
resistance 5+ 100 Ohm, motional inductance 2 i 2 0 H,quality factor lo5+ 2 x 1 0 ~ ~
capacitance ratio up to 350, high temperature frequency stability and low aging.
Calculation results showed that quartz crystal units may have high temperature
stability by changing the cut angle and across dimensions relations of
piezoelements vibrating in double-shear mode.

-

-
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Theoretical and Experimental Investigations of Frequency Transient Process Caused In Crystal Plates
Under Local Heating.

Alexander N Lepetaev, Anatoly V Kosykh
Omsk State Engineering University, Russia
It is known that nonunifomly heating produced an additional fiequency shift in anisotrophic crystal plates.
This affect is most pronounced when Crystal is spotly heated. Temperature gradient appearing along the
plate causes mechanical stresses that leads to frequency changing. Theoretical investigations of local
heating effect on resonator frequency are carried out. Dependence of fiequency control efficiencywas
investigated in relation to:
Size of heater;
- number of excited harmonic;
cut angle:
piezoelement thickness;
coefficient of heat exchange with environment.
As a result we have theoretical equations, described a process of fiequency setting and a lot of
experimental investigations. By using MATLAB and MATCAD software maps of heat and stresses fields
were calculated for different heating conditions. With allowance for plate zonde characteristic the
corresponding frequency shift was calculated. The entirely new result is fiequency transient process
calculation. This process is essential for many practical applications such as frequency control in low-noice
P U system.

-

It is shown that the form of transient process depends on the ambient temperature and has two time
constant. In conclusion most parameters of local heating controlled oscillator was shown:
fiequency setting process;
controlling characteristics;
phase noises.
obtained theoretical results are close to experimental one.

-
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INFLUENCE OF LOSS ON THE CRITICAL FREQUENCIES OF CERAMIC RESONATORS
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ABSTRACT
Piezoresonators are often characterised by equivalent
circuits. Loss then usually appears as an ad hoe
addition to the circuit. Future stability and
manufacturing reproducibility requirements dictate a
more detailed understanding of the types of loss
mechanisms and their disposition in equivalent
networks. The effects of a lossy piezoelectric coupling
coefficient, k*, on the complex resonance frequencies
of a plate resonator driven in a simple thickness mode
are explored.
INTRODUCTION

thickness coordinate is described as a simple thickness
mode. There are generally three such modes, with each
possessing harmonics. Piezoelectric excitation of these
modes is of two canonical types: thickness excitation
(TE), where the driving field is parallel to the thickness
coordinate, and lateral excitation (LE), where the
driving field is perpendicular to this coordinate. We
limit discussion in this paper to TE, and for the sake of
clarity, to a single mode; the material coefficients are
treated, therefore, simply as scalars.
Reference [l] derives the input admittance for such a
plate, assuming no loss, to be:
Y,,, = joCo / [ l - k2 T(X)];
where T(X) = tan(X)/(X), and X = K O The
~ . parameter
KO = O/Vis the acoustic wavenumber, v is the acoustic
velocity, and 2h is the plate thickness. The exact
network synthesis [l] of Y, is shown in Figure 1.

Acoustic plate resonators are used extensively in telecommunications applications such as cellular radio.

The design and characterisation of these components
usually proceeds with the aid of equivalent electrical
circuits, the element values of which are derived, for
the most part, from the resonator's material constants
and geometry. The most notable exception is loss,
which often is added in an unjustified, superficial
manner.
Future commercial requirements on frequency stability
and reproducibility in manufacture will necessitate a
much more thorough knowledge of material constants,
and their variability, as well as a detailed
understanding of the types of loss mechanisms and
their disposition in equivalent electrical networks of
various kinds.
We explore the effects of loss, as manifested in a lossy
piezoelectric coupling coefficient, k*, on the critical
frequencies &sing from roots of the complex equation
tan(X*) = + ~ * / ( k * ) ~ .
SIMPLE THICKNESS PLATE MODES
The mechanical motion Of a laterally unbounded
~ i e z o e l e c t ~crystal
c
plate that depends sol el^ 0' the

In the case of piezoelectric ceramics, it is unrealistic to
neglect the presence of loss [2,3]. Figure 2 shows the
position occupied by ceramics vis-a-vis other classes of
piezoelectrics in the plane of Q and r = ( ~ k ) ~ / 8 .
Ceramics are seen to occupy a region of high coupling
and moderate loss. Low cost and high coupling factors
make ceramics very attractive for many applications;
the effects of loss, however, must be regarded [4,5].
SOME LOSS MECHANISMS
Among the contributors to loss in the acoustically
vibrating plate are: 1) DC conductivity, 0; 2) dielectric
loss, E': 3) acoustic viscosity, q; and 4) piezoelectric
loss e". With reference to Figure 1, o and E" show up
primarily as a resistance, b,shunting co; makes the
piezo-bansfomer fums ratio, n, complex. The presence
of flscosity, q, affscts the acoustic bansmission line by
making both the mechanical admittance, YO, and
wavenumber, KO,complex through the velocity, v. In
addition, because the acoustic velocity, v, is
piezoelectrically stiffened, o,E", and e" all appear in
the formula for velocity as well.
These loss mechanisms all enter the expression for the
piezoelecuic coupling factor, In the lossless case this
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factor is defined as k = le[/d(~c); the piezoelectrically
stiffened elastic stiffness is c. The coupling factor is a
dimensionless combination of material coefficients that
alone determines the locations of the poles of the input
admittance, Yh. It is natural, therefore, to extend the
definition of k to the general and natural condition of
c*),
loss. We define k in the lossy state as k* = ~e*J/d(&*
where the asterisked quantities are the lossy values
corresponding to e, E, and c in the lossless case.

Figure 6 versus 6, for M = 1 and K = 0(0.2)1 for k, =
0.2, 0.5, 0.8, and 1. From these plots one may
determine the character of the complex resonance
frequencies, f ~ * ,and their variation with k*. These
follow from X* = n(M - 6*)/2 = (x/2)(fR*/fo), where
fo = vl4h is the hndarnental lossless antiresonance
(mechanical) frequency.
CONCLUSIONS

In this paper we do not consider further the genesis of
k*, but simply assume its complex nature in order to
explore the effects on the resonance frequencies
determined from the poles of Yi,.,.
COMPLEX RESONANCE DISPLACEMENTS

The resonance frequencies of plate resonators executing
simple thickness motions depend solely upon the piezocoupling factor. Loss mechanisms, e.g., acoustic
viscosity, DC conductivity, dielectric relaxation, etc.,
require that the coupling factor be a complex number,
k*. The roots of the frequency equation thereby also
become complex.

The denominator of the expression for Y, equals zero
~ . the
in the lossy case when tan(X*) = + ~ * / ( k * ) Here,
frequency variable X has been replaced by X* in
anticipation of its complex nature. When dealing with
harmonics in addition to the fundamental (M = l), it is
more convenient to use the frequency displacement [I],
defined as 6 = M - 2Wn, or as 6* = M - 2X*ln for the
lossy case.

The complex frequency roots are represented as
nonnalised displacements from the positions of the
lossless antiresonances. The complex displacements are
constrained to negative imaginary parts by the passivity
of the resonator, while the real part may have either
sign, depending on the extent of loss, the real part of
the coupling factor, and the harmonic number.

Resonance displacements, 6* = 6,, + j6h, can now be
computed simply for a desired harmonic from the
relation cot(x6*/2) = x(M - 6*)/2(k*12.
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Figure 1. Transmission line equivalent network leading to the resonance frequency equation tan(X) = X/k2

Figure 2. Material quality factor, Q, versus r = (7~/k)~18,
for various piezoelectric classes of substances. Ceramics are
seen to occupy a region of high coupling and moderately high loss.
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Figure 5. Minus 6 , versus 6, for M = 1; k,varied for fixed values of K.
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Figure 6. Minus 6;, versus 6, for M = 1; K varied for fixed values of k,.
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INTRODUCTION
Today, frequency and time metrology, modem
telecommunication systems and space applications
require X-band signal sources with increasing phase
noise performances. In this field, the sapphire
Whispering Gallery Mode Resonator (WGMR)
technique seems to be very attractive, Indeed,
exceptional phase noise performances have been
recently reported for X-Band sources based on such
type of resonator [1,2].
Although the WGMR stnicture seems relatively
simple, the design of an operational resonator brings
out a number of technological problems, especially for
space applications where in-board systems are
submitted to severe environmental stresses.
This paper resumes our investigations on the design of
an X-Band WGMR for space applications. We present
the measurement results of sapphire permittivity,
electromagnetic resonance frequency determination
and studies of vibrational behaviour of WGMR.

the TM,,, mode of the same Courtney cavity. The
TMol, resonance is more affected by the geometrical
imperfections of the cavity. And we rather used a
Whispering Gallery Mode resonance to determine E,.
In this case, the high degree of electromagnetic energy
confmement in the sapphire disk itself reduces
noticeably the influence of the metallic cavity
dimensions. Nevertheless, the formal relation between
the resonance frequency and E, is relatively
complicated. Then the extraction of E, from the
frequency measurements which is done by dichotomy
is computer time consuming. In order to get reasonable
delay we limited intentionally the accuracy of the
dichotomy algorithm.

SAPPHIRE PERMITTIVITY MEASUREMENT
In order to determine the resonance frequencies of the
Whispering Gallery Modes at ambient and liquid
nitrogen temperatures, we need precise determination
of the sapphire tensor permittivity between 300 and
77K. We use the well known Courtney resonator
method to measure E, the permittivity component in a
direction perpendicular to the sapphire disk axis Oz. In
figure 1, we reported the results of E, measurements
done at two different frequencies 5.4 and 8.5 GHz
using respectively the TE,,, and the TE,,, mode of the
same dielectric resonator It appears that in the range of
our measurements the sapphire permittivity could
considered non dependant of frequency.
The measurement of E, is more difficult. In principle, E,
could be determined with the resonance fiequency of

Figure I :

E,

variations vs temperature
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the launch where the in-board instruments are
submitted to severe random vibrations between
0-2000Hz.
In this preliminary works, we analysed the first
mechanical resonances of different WGMR structures
with the help of a 3-Dfinite element simulator.
ated S U D D ~ resonator;
Z ~ ~
In a first approach, we considered only the sapphire
resonator with its supporting structure. Different
configurations have been analysed:

Figure 2 : E, variations vs temperature

DETERMINATION
FREQUENCIES.

OF

THE

RESONANCE

Two theoretical models have been developed to
evaluate the resonance flequencies of the Whispering
Gallery Mode Resonator, i.e. Mode Matching Method
(MMM)[3] and 2D Finite Elements method (FE).
Computation results obtained with these two models
are compared with the experimental observations
(exp.) in table 1 for different azimutal numbers. The
sapphire disk is 36mm diameter and 9mm thick.

m

I

exa

/

It is interesting to note that the F.E. method gives about
the same error for all azimutal numbers Afif=l%. On
the contrary the accuracy of the MMM increases with
the azimutal number and gives better results than F.E
for m>6.

Brass

Figure 3. Mechanical Structures of WGMR

The sapphire disk is 36mm diameter and 9mm thick,
the supporting post is lOmrn diameter and 4,5mm
height. All the mechanical bonds are supposed perfect
embeddings. The table 2 gives the frst mechanical
resonance frequencies for these structures:

I F.E. I Aflf I MMM 1 AElf 1

Table 1 :resonancefrequencies

Sapphire

I

(Hz)

(Hz)

(Hz)

(Hz)

7329
9198
29439

6144
7624
25060

10331
25887
34755

8672
22769
29000

torsion
deflection

Table 2 . Mechanical resonancefrequencies for
isolated sapphire resonator

The first resonant mode is a torsion mode. The
following figure represent this mode for the structures
a and c. The dark region represents the region where
the displacement is maximum.

MECHANICAL BEHAVIOUR OF WGMR
Regarding the phase noise performance potentialities,
the X-band WGMR oscillator compares with the
standard synthesis chain based on low-frequency
quartz oscillators. WGMR could find some
applications in some specific space missions where
ultra-low noise microwave source are needed.
Nevertheless, whether WGMR survives to spacecraft
environment remains to be proved especially during

Figure 4. The torsion mode of the dielectric resonator.

I

We can see :
- as expected the embedded-embedded structure is
more rigid than the embedded-free one.
- The Young module of the sapphire being higher than
the brass or copper one, the use of metallic post
decreases the mechanical resonance frequencies.
Nevertheless, from these results, a good mechanical
behaviour could be presaged. Indeed the mechanical
resonance frequencies for the 4 configurations are
greater than 2000Hz.

Embedded-embedded configuration
e=15mm
8542 Hz
10714 Hz

1

I
I

sapphire
torsion
sapphire

e=6mm
6446 Hz
8345 Hz

1

cavity
deformation
sapphire

Savvhire disk in the metallic cavic:
In the actual configuration, the sapphire disk is placed
on the centre of a metallic (copper) cavity as shown in
figure 5:

Table 4. Mechanical resonance frequencies for the
configuration c in the copper cavity
When the sapphire disk is embedded in the copper
cavity, the mechanical resonance frequencies decrease
but remain higher than 2000Hz. Moreover when the
thickness of the cavity base is decreased to 6mm,
cavity deformation modes appear in the spectrum.
Tem~eraturecom~ensatedsavvhire WGMR

e 'I'
Figure 5 Sapphire disk in the copper cavity
The rigidness of the copper being not infinite, some
departures from the preceding model could appear,
especially when the thickness e of the cavity base is
decreased. Table 3 and 4 compare for the
configurations a and c, the first mechanical resonance
frequencies for two different values of the copper
cavity thickness.

The last structure analysed is due to J.Dick [2]. It
allows to compensate the temperature dependence of
the sapphire permittivity in order to obtain a noticeable
improvement of the frequency stability compared with
the traditional structure studied previously. Such
WGMR is constituted from 2 sapphire disks separed by
a copper post. The increase of the electromagnetic
resonance frequency with the temperature is
mechanically compensated, at a certain temperature, by
the dilatation of the copper post which increases the
air-gap between the two sapphire pieces. It has been
demonstrated by the JPL group that this configuration
could provide a frequency stability of the order of a
few 10-l3for integration times of l<s~100seconds.For
the mechanical analysis, we rook the dimension of the
resonator described by J.Dick in its publication. The
first mechanical resonance frequencies are:
1627 Hz
1680 Hz
3862 Hz
3944 Hz

In this case, the first mechanical modes are below
2000Hz which could be detrimental for spatial
applications.
Table 3. Mechanical resonance Pequencies for the
configuration a in the copper cavity

1

CONCLUSION:
This paper resumes our investigations on the design of
an X-Band WGMR for space applications. Precise
determination of the sapphire permittivity allows us to
determine with a good accuracy electromagnetic
resonance frequencies of the WGMR. In the second
part of this paper, we focused our attention on the
mechanical behaviour of WGMR submitted to
vibration. The preliminary results presented here
presage a good behaviour of the traditional WGMR
structure. Indeed, the calculated resonance frequencies
are greater than 2000Hz. However, it should be noted
that the mechanical models used in this paper assumed
perfect mechanical bonds between the different parts of
the resonators. Then, further studies are needed to
determine the influence of looses, non-perfect
mechanical fixing and frictions.
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POISSON'S RATIO FOR PIEZOCERAMICS
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ABSTRACT

various elastic measures for substances or conditions
indicated in the figure, or discussed in the sequel.

Formulas for Poisson's ratio are given for piezoelectric
ceramics of arbitrary orientation and electrical
irnmittance boundary conditions.

Analytical formulas for Poisson's ratio (in the absence
of piezoelectricity) are expressed in terms of elastic
moduli alone [4]. For the case of crystals of general
anisotropy, these expressions are quite unwieldly, but
for substances in the hexagonal system the symmetry
elements reduce the complexity considerably. Many of
the materials being considered for future microdevices
are characterized by hexagonal symmetry. Inclusion of
piezoelectricity makes the analysis somewhat more
complex, but the magnitude of the effect in many poled
ceramics renders its consideration mandatory.

INTRODUCTION
Poisson's ratio finds application in a number of
frequency control areas, for example, as indication of
the mechanical coupling between various modes of
motion in crystal resonators for filters and oscillators.
Future applications will involve mechanically resonant
microstructures integrated with electronic and optical
circuitry [I], and novel quantum devices [2,3]. These
require extension of Poisson's ratio considerations to a
variety of piezoelectric substances, such as highcoupling piezoceramics.
The poling state of piezoceramics is nearly always
either lateral, or parallel, to the major surfaces of the
device. This maximizes the effective piezoelectric
coupling by the electrode placements. Configurations
for microelectromechanical structures (MEMS) that are
currently under development utilise more general
orientations that take advantage of the achievable
differences in Poisson's Ratios in different directions,
and their alteration by electrical loadings.
Poisson's ratio, v, is defined for isotropic media as the
quotient of lateral contraction to longitudinal extension
arising from application of a simple tensile stress.
In most materials, the dimensionless number v is
positive. In crystals and poled electroceramics, v takes
on different values, depending on the directions of
stress and strain chosen. The maximum value of v =
+1/2 is obtained in the incompressible medium limit,
where volume is preserved; for ordinary materials,
values of +1/4 to +1/3 are typical, but in crystals v may
vanish, or take on negative values. In order to provide a
synoptic, yet relatively uncomplicated picture, Figure 1
sketches the bounds on v as function of the traditional
Lame constants of an isotropic medium. Table 1 relates

The hexagonal crystal system [5,6,7] comprises seven
point groups (6-bar m2, 622, 6mm, 6/m nun,6-bar, 6,
and 6/m), and includes a number of the binary
semiconductor systems, and their alloys. These have
the piezoelectric wurtzite structure; examples are GaN
and AIN. The family of poled electroceramics,
including BaTi03, PZT, and related alloys are
characterized by symmetry a m , that is, they are
transversely isotropic. However, this symmetry is
equivalent to 6mm for all tensor properties up to and
including rank five [8]; this includes piezoelectricity
and elasticity.

-

POISSON'S RATIO FOR CRYSTALS DEFINITION
Poisson's ratio for crystals [S] is defined in general as
v,i = sijY1 sii' , where xj is the direction of the
longitudinal extension, xi is the direction of the
accompanying lateral contraction, and the sb' and s,'
are the appropriate elastic compliances (including the
piezoelectric contribution), referred to this righthanded axial set. It suffices to take xl as the direction of
the longitudinal extension; then two Poisson's ratios
are defined by the orientations of the lateral axes x2 and
x3: v21 = SIZ' / sll' and v3, = s13' / sll'. Application
of the definition requires specification of the orientation
of the xk coordinate set with respect to the
crystallographic directions, transformation of the
compliances, piezoelectric, and dielectric coefficients
accordingly, and determination of the effective

-

-

-
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compliances from a knowledge of the electrical
irnmitance boundary conditions.

-

/ SI I ' and V3l = SI3' / SII ' formally solves the problem
for specified values of 8 and y for the nonpiezoelectric
case.

ROTATED COMPLIANCES - GENERAL
INCLUSION OF PIEZOELECTRICITY
The unprimed compliances are referred to a set of
right-handed orthogonal axes related to the
crystallographic axes in the manner defined by the
IEEE standard [9]. Direction cosines & relate the
transformation from these axes to the set specifying the
directions of the applied longitudinal extension (XI),
and the resulting lateral contractions (x2 and x3).
General expressions for the transformed hexagonal
I
compliances that enter the formulas for v21 and V ~ are:

Four sets of elastic-piezoelectric-dielectric constitutive
equations are commonly used. Poisson's ratio is defined
using a single strain TI = T and therefore the
constitutive equations of greatest utility are:

Boundary conditions (BCs):
-D=E~E

-E=

p b ~

One could add mechanical BCs as well, if necessary;
we discuss only the purely electrical BCs given. These
BCs can be realized in some cases by use of another
(external) crystal with electrodes, or, more generally,
by attachment of an external active or passive electrical
network. The sband pb can be complex numbers.
One similarly obtains, in a straightforward manner,
transformations for the piezoelectric and dielectric
matrices.
TRANSFORMATION MATRIX FOR ROTATIONS
Poisson's ratio for the most general case may be
derived by considering the transformation matrix for a
combination of three coordinate rotations: a first
rotation about x3 by angle 9,a second rotation about
the new xl by angle 8, and a third rotation about the
resulting x2 by angle yr. When these angles are set to
zero, the xl, x2, x3 axes coincide respectively with the
reference crystallographic directions. The condition of
transverse isotropy, however, renders all results
independent of azimuthal angle cp, which is henceforth
not considered. For nonzero angles 8 and yr, the
direction cosines a,,,,, are as follows, with the
abbreviations c(8) and s(8) for cos(B) and sin(@, etc.:
[c(w>l
[ 01

[S(Y)l

[s(e)s(w)l
[c(e)l
[-s(e>c(yr)l

-

[ c(Q)s(\y)I
[ ~(8) I
[ c(e)c(yr)l

Substitution of these a,,,,, into the expressions for sll' ,
s12' , and $13' , and thence into the formulas v21 = - slZ7

In the general equations given above, and subsequently,
a superscript 't" denotes transpose. Because of the
single stress component, it will be convenient below to
use a prime somewhat unconventionally to denote a
transpose for certain portions the piezoelectric
matrices. The components of the field matrices are:
S =(S1, S2, S3)t; T = ( T I = T ) ; D = @ I , D2, ~ 3 )E~= ;
(El E2. E3Y.
9

The components of the matter matrices are:
S* = (+%I,
S12, ~13)'; &+' = (~11,EIZ,~ 1 3 ) ; (~21,E22, ~23);(%I,
E32, E ~ ;~and
) ditto for the dielectric impermeabilities P.

In the above, s*is sEor sDand E+ is sTor

and ditto for

S.
For the piezoelectric matrices, we define:
d' = (&I,
&I), (d12, d22, d32), (43, d23, d33) ; that is,
d' consists of a (3x3) matrix where (dll, d21, d31) is the
, &I), (g12, g22,
first row, etc. Likewise: g' = ( ~ I Ig21,
g32), (g13, g23, g33). But, for the quantity d, we have the
definition d = (dll, d21, d31)' ;that is, d is a (3x1) single
column matrix consisting of the elements of the first
row of d' rather than the transpose of the (3x3) matrix
,
; that is, g is a (3x1)
d. Likewise: g = (gll, g 2 ~&I)'
single column matrix consisting of the elements of the

first row of g' rather than the transpose of the (3x3)
matrix g.

CONCLUSIONS

Poisson's ratio, with respect to rotated coordinate axes,
for hexagonal materials, and particularly, poled
gT + cb = E
and
pT+pb=p
ferroelectric ceramics, has been obtained. All results
are independent of rotations about the six-fold axis. A
Sothat: D = ~ T + E ~ =E - E ~ E ; ~ ~ ~ ~ T + E E number
= o ; of simple cases are of particular interest; these
obtain for opencircuit boundary conditions:
thus E =
d T ; this is inserted into S = sBT + d' E
to give: S = sBT + d' E = sBT d' E-' d T ,or S = SO T ,
For longitudinal extension in the basal plane,
s" [# d' E-' dl
where
Then, for the general case, we let

-

-

-

yl

= 0:

-

AISO: E = - ~ T + ~ ~ D = - ~ ~ D ; s o - ~ T + ~ D = o ;When 8 = 0: v21 = s12/ sll ; vjl = - s13/ sll
D = + p-' g T ; this is inserted into S = sDT + g' D to
give: S = sDT + g' D = sDT + g' p-l g T ,or S = sd T ,
sd = [sD+ g' p-l g]
where
For longitudinal extension at an angle yl from
the
basal
plane:
Equating s"and sd , it is found that eb pb = I, as asserted
above. Thus the two equivalent general solutions are:
When 8 = 0; y = 7d4: v21 = - 2 (~12+ ~13)1 (SO+ ~44)
V3l =-(%-s44)/(%+s44); sg=(s11 +s33+2513)
S = se T ,where se= [# d' dl, or

-

S = sd T ,where sd = [sD + g'

p-l

g].

For certain simple limiting cases of boundary
conditions, i.e., short circuit (SC) or open circuit (OC),
either i1
or p-' may not exist. In these cases one must
proceed with caution. Depending upon the BCs, it is
advantageous to use one or another of the piezoelectric
(d or g) matrices.

-

When 8 = d 4 ; yl = d 4 : s2 = (sll + S33 ( ~ 4 4+ 2 ~13))
v2l = [4 s12 + 12 s13+ 2 &] 1 [12 s11 + 4 s33' 3 $21
vjl = 8 S12 + 8 S13 + s2] / [12 S11 + 4 S33 - 3 ~ 2 1

-

axis:

For longitudinal extension along the six-fold
v21 = v31 = ~ 1/ 3533

-
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TABLE 1. RELATIONS AMONG ISOTROPIC ELASTIC PARAMETERS.

[V,~JV~~,,]is

ratio of shear to longitudinal wave velocities

TABLE 2. POISSON'S RATIO, YOUNG'S MODULUS, AND COMPRESSIBILITY
OF SELECTED PIEZOCERAMICS; OPEN CIRCUIT CONDITION ON ALL FACES.

[Y and K in GPa]

Figure 1. Limits on the Lam6 constants of isotropic solids. Symbols employed are: V, vacuum; G, gas; R rubber; L,
liquid; IL,incompressible liquid; M, metal, ceramic; P, plastic; C, cement; GL, glass.
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ABSTRACT

The large electromechanical coupling coefficient of
langasite makes posssible the production of monolithic
filters with much wider bandwidth than are achievable on
quartz.
In this paper we present a new design method for eightpole band-pass filter using an Y-cut langasite substrate.
The computation of exact values of the inter-resonator
coupling coefficient is performed by using the Tiersten's
description of the monolithic structure. The results are
compared with those deduced from the relation between
coupling coefficient and dimensions of two-pole
monolithic structure .

The use of lithium tantalate and berlinite, piezoelectrics
with zero temperature frequency coefficient, is limited by
the growth difficulties and high cost.
The larger coupling coefficients of langasite (LGS )
allow to obtain much larger bandwidth for the filters and
permit also to use overtones with much higher ranks
than for quartz. LGS is very promising for getting
extremely high Q factor devices in applications requiring
very low phase noise.
Monolithic filters on Y-cut langasite crystal can operate
in shear mode over the frequency range from 5 MHz to
18.5 MHz with relative pass bandwidth of 0.3 % to
0.8 % from the central frequency of the filter ( 1,3,7 ).
The basic characteristics of the langasite crystal compare
favourably with those of quartz. Their resonance interval
are 2 - 3 times larger, the dynamic inductance and
dynamic resistance decrease by 6 18 and 2 - 6 times
respectively, the squared electromechanical coefficient
grows by 2 - 3 times, the losses by SAW propagation
drop by 2 times, the dimensions of LGS elements being
smaller by 20-30%.

-

INTRODUCTION

Crystalline quartz is a weak piezoelectric material which
cannot W l the requirements of modern piezo- and
acousto-electronics ( 1 ).
The evolution of the electronic equipment has led to new
piezoelectric materials for filters with larger bandwidth
and oscillators with better frequency stability than
quartz.
Many applications of the piezoelectric devices impose
new requirements for these devices in order to enhance
the achievable system performances or simply to allow
for the implementation of new systems ( 2 ). The most
important among them are probably the land mobile and
space digital radiocommunication systems ( 2,3,4 ).
New filtering devices with much larger bandwidth at
increased centre frequencies, require resonators having
larger coupling coefficient and improved thermal
stability. These applications also require a drastic
reduction of the volume of the devices in order to allow
for the decrease of the equipment size.
The new materials of crystal class 32 can greatly surpass
quartz for all applications requiring a high coupling
coefficient, lower losses, reduced phase noise, very low
dimensions, lower impedance level, high temperature
operations ( 5,6 ).
Recently has been observed that berlinite, lithium
tetraborate, gallium phosphate and langasite can fulfil
these conditions, being similar or better than quartz for
other very important properties such as acoustic losses.
They are particularly usehl for new applications in
telecommunication equipment ( 2 ).

FILTER DESIGN

The design process of the monolithic filters, based on the
acoustic controlled coupling of two or more resonators
realised on the Y-cut langasite plate, follows three steps:
synthesis, analysis and two-pole filter design.
This design method is useful for the band-pass filters
having any pole numbers, for central frequencies
between 5 and 18.5 MHz and bandwidth from 0.3% to
0.8% from central frequency.
We propose an eight-pole monolithic filter realised by
the capacitive interconnection of four two-pole
monolithic filters ( 8,9 ).
The polynomial design method was chosen for this
application due to the rigorous control of the reflection
coefficients at the input and output with respect to the
terminating impedance.This method also allows a smaller
pass-band ripple for a given attenuation characteristic. In
order to rich the desired shape factor, the Chebyshev
approximation was used for the attenuation
characteristic ( lO,ll, 12 ).
The structure of the eight-pole wide-band filter
composed of capacitively coupled two-pole, symmetrical
monolithic crystal filters is shown in Figure 1 and the
modified eight-pole ladder filter is shown in Figure 2.
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Analysis

FMI

FM3

FM2

The response attenuation characteristics of the
synthesized band-pass filter were examined by using the
values of the circuit elements obtained from the filter
synthesis in the PSpice circuit analysis program.
The transforming a prototype low-pass filter in a bandpass filter may lead to insertion loss distorsion of the
attenuation characteristic of the filter. In these terms the
optimization of the available band-pass structure is a
better solution instead of a succession of the re-designs
of the filter.
The " OPTATEN " program, shown in Figure 3, changes
iteratively the coupling capacitor values and / or the
source and the load resistors of the filter through a
minimisation of error criterion ( 13 ).

FM4

Figure 1. Eight-pole filter structure.

52.START

READ / WRITE
Initial element values

Figure 2. Eight-pole ladder filter.

of Band Pass Filter

The design specificationsused in this paper, proper to a
wide-band band-pass filter, are:
Center frequency
3 dB bandwidth
Insertion loss
Passband ripple
Stop bandlattenuation
Load resistance
Pole number
Capacitance ratio
(Y -cut langasite)

6
df

A0
kmax

k
n
r

ANALYSE BPF

10.7 MHz
50 lcHz
2dB
2 dB
M5 W 8 0 dB
910 f2

Urn-d

set vector parameters

PO = (p0,rn ,PO*)
APO = (APO, ,w ,APO,)

8
68.6

Synthesis
The syntesis of the monolithic crystal filters, identical to
that used for the design of discrete crystal filters, has the
following steps:
-convert the given band-pass filter requirement into a
n o r d i e d low-pass specification;
-the low-pass filter prototype is transformed into a
narrow-band band-pass filter with equal inductances and
with frequency independent reactances in the series
arms;
-the narrow-band band-pass filter is changed into a
polynomial filter;
- the normalized low-pass parameters are transformed
into the required band-pass parameters.
The relations used for these steps of synthesis of eightpole monolithic filter are presented in (8),(10),(11).

sohrtion

7
Evaluation of
ERROR FUNCTION

P
I

FUNCTION

+
eo>
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Figure 3. The main steps in OPTATEN program

The parameter PO, whose components PO(i), i = 1,M
are the nominal values of variable elements of the filter,
is iteratively modified, so that PO.=PO+APO. The
initial modifications APO(i), i = 1,M of the elements
starting from their nominal values are controlled by the
minimisation
process
of
the
error-function

The inter-resonator coupling has been chosen along the
X-axis due to the higher coupling coefficient in X
direction ( 7 ).
The resonance frequency of the plate and the plate
thickness are related by

,./

In Figure 4 the optimisation results of the insertion loss
characteristics of the monolithic band-pass filter with
n=8 are presented.

where fo is the resonance ii-equency of the plate ( MHz ),
N, is the frequency constant of the m th harmonic
( 1.381 MHz mm for fundamental Y-cut langasite ), and
t is the plate thickness (in m m ) ( 7 ). Using this
equation we find that the required plate thickness is
t=0.129 mm.
Optimum electrode length along X-axis coupling
direction ( 7 ) is

relation established from the energy trapping criterion
and the condition of unwanted response suppression.
For 1,=9t we get 1.161 mm. For the case of Y-cut
langasite, the expression of the resonator motional
inductance L is given by Sakhwov et al(7)
Figura 4. Attenuation characteristic of eight-pole
monolithic filter
where A=l,.l, is electrode area ( in mrn2 ).Using the
inductance value obtained by synthesis, the electrode
area A and 1, are determined. For our specification
1,=1.88 mm.

Two-pole structure design
From the relations between the elements of the
equivalent electrical circuit and the physical properties
the monolithic
the geometry of
the individual two-~ole
( see F i ~ r e ) ,
the plate thickness t, electrodes dimensions 1, and I,,
and electrode spacing d.

Calcujation of fbe electrode
The dependences
between coupling coeficient and electrode spacing
be deduced with the
used in literature,
between inter-resonator coupling and the dimensions of
the two-pole monolithic filter structure ( 7 ), established
by analogy with Beaver's equation:

where

a=3.05;

p=2

kZ6- electromechanical coupling coefficient

I

I

,

,
I

,

I

I

,

,

,

,

kl+ d +I&
Figure 5. Two-pole monolithic filter layout.

p, , p - electrode and substrate material density
t, - one half the electrode thickness
t langasite plate thickness
In Figure 6 is presented the dependence between the
coupling coefficient and electrode spacing.

-

where Ql and R2are the two lowest roots of the
equation
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Figure 6 . Inter-resonator coupling versus
electrode spacing
The relation between electrode spacing and plate-back R
is shown in Figure 7.
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Figure 7. Electrode spacing versus plateback
The previous semi-empirical relations have been
compared with more elaborated calculations based on
original approach.
We computed the inter-resonator coupling coefficient of
the elastically coupled two-pole filter using the
Tiersten's description of the monolithic structure
( 14,15 ). The method is based on the solution of the
wave propagation along X-axis in an infinite
piezoelectric plate and takes into account the influence
of the electroded and unelectroded part of the plate on
the wave propagation. We considered the narrow
frequency range near the cut-off frequency of the
thickness-shear findarnental mode.
The inter-resonator coupling coefficient can be
calculated as a relative distance between the two lowest
frequencies nl and IZ2 :

H,, = -5- sin

H,, = 5 sinh(6
H,, = 5 cosh(5

5-

.

- .

y)
-

7)

.

Hw = -i:n.(:?)
/

--

\

H,, = -5

-

5 is the normalized wave number in the electroded part

of the plate

K1,2=K7,8and K3,4=K5,6corresponding to the two cases
of FMl , F W and FM2 ,FM3 respectively.

and 5 is the normalised wave number in the unelectroded
part of the plate

where

R
Figure 9. Electrode spacing versus plate-back

CONCLUSIONS

a=-o
@

0

where

The dependence of the inter-resonator coupling
coefficient k, on the ratio between electrode spacing and
plate thickness with plate-back R as parameter is
presented in Figure 8.

We have developed the design methods for langasite
monolithic filter composed from the elastically coupled
two resonators structure.
The main features are the optirnisation of the attenuation
characteristic and a calculation of the coupling
coefficient using the Tiersten's theory.
The comparative analysis of the results (Figure 6,7 and
Figure 8,9)shows a good qualitative agreement between
the semi-empirical description and the theoretical model.
A quantitative agreement could be obtain by adjusting of
the theoretical model parameters.
For a W h e r evaluation of the two alternative methods
the analysis is to be extended for usual geometrical
parameters of the structure and especialy electrode
thickness.
Final quantitative conclusions will be done when
experimental results available.

ACKNOWLEDGMENTS
We are indebted to Constantin Bora and Ioan Mateescu
for the continuous assistance during elaboration of this
paper, to Gabriela Pirosca for the help with data
processing and to Dr. Mihai Popescu for the usefbl
discussions,

REFERENCES
Figure 8. Inter-resonator coupling versus
electrode spacing
In Figure 9 the relationship between the electrode
spacing and plate-back R is shown for the two cases of

1. M. F. Dubovnik, I. A. Andreyev, Yu. S. Shmaly,
1994, " Langasite ( La3GaSSiO14) an optical
piezoelectric: growth and properties ", Proc. of IEEE
Frequency Control Symposium , 43-47

2. J. Detaint, J. Schwartzel, A. Zarka, B. Capelle,
J. P. Denis, E. Philippot, 1994, " Bulk wave propagation
and energy trapping in the new thermally compensated
materials with trigonal symmetry", Proc, of IEEE
Freauencv Control Svm~osium, 58-7 1
3. A.Ballato, J.G.Gualtieri, 1994, "Piezoelectric
resonator materials ", Proc. of IEEE Frequency Control
Svmposium ,22-34

4. N.Gotalskaya, D. I. Drezin, V.V.Bezdelkin,
V. N. Stassevich, 1993, " Peculiarities of technology,
physical properties and applications of new piezoelectric
material Langasite ( La3GasSiO14) ", Proc. of IEEE
,339-347
5. J.Detaint, J.Schwartze1, 1994, " Filtering and
frequency control for the next generations of
radiocommunication systems ", Proc, of European
,175-189
6. S.A. Sakharov, I.M.Larionov, I.V.Issaev, 1991,
" Monolithic filters using strong piezoelectrics ", Proc.
of 45th AFCS ,181-183
7. S. A. Ssakharov, I. M.Larionov, A. V. Medvedev,
1992, " Application of langasite crystals in monolithic
filters operating in shear mode ", Proc. of IEEE
Freauencv Control Symposium , 713-723
8. Irina Mateescu, John Kosinski, 1993, " Eight-pole
monolithic filters using lithium tantalate ", Proc. of IEEE
Frequency Control Symposium , 620-625
9. Jiri Zelenka, Irina Mateescu, John Kosimski, 1994,
" The effective coupling of the elastically coupled Y-cut
LiTa03 two and three resonator structure ", 786-791
10. A.I.Zverev, 1967, " Handbook of filter synthesis",
John Wiley, New York, USA
11. V.M.Kantor, 1977, " Monolitniie piezoelectriceskie
filtri ",Moskva, Russia
12. R.G.Kinsrnan, 1987, " Crystal filters" , John Wiey,
New York, USA
13. Alexandru Serbanescu, 1994, " Computer-aided
design in transmission technics ", Tehnical Military
Academy, Bucharest, Romania
14. H. F. Tiersten, 1969, " Linear piezoelectric plate
vibration ", Plenum Press, New York, USA
15. Jiri Zelenka, 1986, " Piezoelectric resonators and
their applications ",Academia Prague, Czech Republic

THERMOLUMINESCENCEOF SWEPT AND DOPED IRRADIATED QUARTZ CRYSTALS
M. SMAALI*. J. J. BOY** and P. ZECCHINI*
*UniversitC de Franclie-Comtd, UF'R des Sciences et Techniques, Laboratoire de Cristallographie et Chiniie MinCrale,
16 route de Gray, 25030 Besanwn CEDEX, France.
**
Ecole Nationale Supirieure de Mecanique el Microtechniques, Laboratoire de Chronometric, Electronique et
Piezdlectricite. Chemin de 1'Epithaphe. 25030 Besan~onCEDEX, France.

ABSTRACT
X-ray or y-radiations product paramagnetic defect
centers in quartz material, which are associated to
aluminum as impurity by substitution of silicon atoms,
during the crystal growth.
Annealing the material after irradiation restores the asgrown defect centers ([AIO&P] where M+ is an
interstitial alkali ion and / or [AIO@] ). In order to
understand and to explain this phenomenon of
restoration, the study of the themloluminescence is
used. It consists to measure the current of the emitted
radiations during the annealing process of irradiated
quartz crystals. These radiations are due to electron
releases which induce an emission peak at a
characteristictemperature.
Many samples of natural and synthetic quartz crystals
are submitted to different pre-treatments such as
sweeping (into and out ), orland y-irradiation doses.
Investigations by M.1.R spectroscopy and 1.C.Panalyses
are also applied, before and after each treatment.
Strong differences have been observed between unswept
and hydrogen swept crystals of synthetic material. No
effect of alkali exchange under high electric field, when
it has been performed in air. So tliermoluniinescence
leads to characterize two families of peaks, one at 550
K for natural quartz crystals, one at 470 K for synthetic
quartz crystals.

INTRODUCTION
Thermoluminescence is used as a characterization
technique of minerals, and more particularly for the
study of the kind of defects and their state of
recombinations in minerals. For several years, quartz
material has been the subject of many studies using
various techniques in order to characterize the
different defects within the quartz lattice.
Thermoluminescence is one of these techniques which
are applied in quartz research domain (McKeever (I),
Bohm et al (2)). This phenomena was presented at
first by Randall and Wilkins (3): it was observed
during the heating of an irradiated material.
In our study, this technique has been used in order to
determine at first which defects are responsible of the
glow peaks. Many natural and synthetic samples were
submitted to electrodiffusion exchange along the z-

axis, or by sodium, or by lithium, or by hydrogen ions.
Then, an attempt to determine both the activation,
energies of each trap and the lifetime of defects created
during irradiation, by using the models which are
proposed in the literature. Before recording TL
spectra, all samples are irradiated with y-ray dose until
they are saturated Infrared spectroscopy was used in
order to check the effect of all the pretreatments,
sweeping and irradiation.

EXPERIMENTAL PROCEDURE
Synthetic quartz crystals from three different growths,
named as QS-A QS-D and QS-H, and natural crystals
from Brazil, are used in this study. All the crystals but
one of each origin, have been submitted to an electric
field. The QS-A and QS-D samples have been swept in
air or in hydrogen atmosphere. In the QS-H and
natural crystals, lithium or sodium ions are introduced
in order to replace interstitial impurities (except
hydrogen atoms). All the exirimnents are performed
along the z-axis at 740 K in a 1000 V/cm electric
field. For more details about the equipment used for
the electrolytic exchange experiment see for instance
Stegger (4). The end of the ion exchange is detected
when a constant intensity of current is measured. After
each run, the z-faces of the samples are ground and
polished. Infrared spectroscopy measurements are also
made before and after each electrolytic exchange,
(Figure 1).
Prior to the TL measurements, the crystals were
irradiated with a y-ray saturated dose. The results of
irradiation are shown by liquid nitrogen temperature
infrared measurements, Figure 2.
The TL measurements are performed fiom room
temperature to 700 K, using a 1 degree Is heating rate.
The TL emission is detected by an R1104
photomultiplier tube. A corning heat absorbing filter is
placed between the sample and the photomultiplier
tube in order to reduce the blackbody radiations which
are not negligible near 700 K. The photomultiplier out
put signal is amplified and recorded by means of a
high sensibility digital multimeter which is connected
to an IBM computer.
The final TL spectra are obtained by subtracting the
measured background from the measured spectra.
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Figure 1: Infrared spectra of natural quartz before and after Na electrolytic exchange.

Figure 2: Infrared spectra of natural quartz before and after a y-irradiation.

RESULTS AND DISCUSSION
Figures 3 and 4 show the TL emission spectra of
cultured quartz respectively from QS-D and QS-A
growth runs. On each figure. the TL spectra of
unswept and swept sanlple are presented. As can be
seen, the TL spectra of unswept samples show two
main emission peaks at approximately 470 K and 610
K, when the swept samples give just only one emission
peak at 470 K with a low response intensity in regard
with the unswept ones. Castiglioni et all (5) have
studied the TL emission of unswept and swept cultured
quartz, and they have obtained the same results, in
contrast with other authors (Yang and McKeever (6),

Martini et a1.(7)), who have shown an increase of the
TL intensity after sweeping treatments. The
differences they observed were due to the different
conditions of their treatments (atmosphere andlor
temperature). In this study, the electrodiffision is
performed or in air. or in hydrogen atmosphere, so the
majority of the interstitial impurities are replaced.
After irradiation, the density of holes is much lower
than the one of the other centers such the hydrogen
centers. Since the TL emission is a consequence of an
electronic transition, from the excited state to the
ground state. then the hydrogen centers which are
created during irradiation cannot participate in this
emission. As a consequence of that, the low intensity
detected can be explained
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Figure 3: TL spectra of m e p t and hydrogen swept synthetic quartz crystals (QS-D).
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Figure 4: TL spectra of unswept and hydrogen swept synthetic quartz crystals ( QS-A).
Figure 5 shows the TL spectra of two samples from the
QS-H growth run: one is Lidoped and the other is Nadoped. The curves obtained in this case are very
similar to those given by the hydrogen swept samples.
This similarity is also observed in the intensity order.
When electrolytic exchange is achieved in air,
hydrogen cannot be substituted by alkali ions.
Nevertheless, it is possible that one part of the
hydrogen within the as-grown crystal can replace
alkali atoms, especially in the case of Na doped
crystals.
Figure 6 shows the spectra of two natural quartz
samples which have not received any treatment except

an irradiation dose. The two spectra give a common
peak at 560 K with the same intensity. but the spectrum
related to natural quartz 1 gives a second peak at 600 K
which is like a shoulder on the highest peak when the
TL spectrum of the natural quartz 2 gives the second
peak at approximately 620 K, and can be easily
distinguished from the first peak at 520 K.
The high response intensity obtained with these
samples of natural quartz is due exclusively to the high
impurities content. The ICP (inductively coupled
plasma) analyses have given the concentration values
shown in table 1.

TABLE 1: -Concentration of the vrincival imuurities in auartz piven in atomic vpm.
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Figure 6: TL spectra of two Brazilian natural quartz crystals.

Figure 7 shows the TL emission spectra obtained with
the two natural Li- and Na- doped quartz crystals. An
examination of these spectra shows at first a decrease
of the intensity by comparison with the spectra in
figure 6. The second observation is that the spectra in
figures 5 and 7 related respectively to synthetic and
natural crystals have the same aspect. In each case Li
doped crystal shows a high TL intensity.
An attempt is made to calculate the characteristic
factors such activation energy, frequency factor and
lifetime of traps responsible on the appeared peaks.
The further method called "peak shape method". uses
two remarkable points of the TL spectnun: the

temperature value corresponding to the maximum of
the peak (T,), and the highest value of the two
temperatures corresponding to the half-peak intensity
( T d . Equations that relate activation energy E to these
parameters, have been developed by Grossweiner (8).
The results obtained are shown in table 2. The values
obtained by other authors are reported too.
The low TL peaks mentioned in the literature at 358.
383 and 453 K do not appear in our TL spectra. In this
study, the TL measurements are performed few days
after the irradiation treatment, and because their short
lifetime, they cannot appear here.

1

-Na doped
- - - LI doped

1

Figure 7: TL spectra of the doped natural quartz crystals.
TABLE 2 -Some values for traminn Darameters of quartz TL ueaks.
Peak temp
(K)
358
383
383
383
453
463
470
503
550
553
598

Trap depth
(eV)
0.84
0.80
0.98
0.99
1.19
1.42
1.62
1.79
1.49
1.45
1.7

Frequency
factor (s-1)
1.9,101'
2.7.10"
8.1012

1.8-1011
3.4.1OlJ
3.4.1012
5.
2.5.1012

1.10~~

CONCLUSION
Hydrogen sweeping has strong influence on TL spectra.
Strong decreases in TL intensity have been observed,
when a conlparison is made between those of untreated
and those of hydrogen swept quartz crystals. Doping
quartz with alkali ions in air gives the same results as
hydrogen sweeping.
NOW,it needs to complete this study. by changing tke
electrolylic conditions: sweeping and doping must be
made in vacuum or in inert atmosphere.
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Abstract
Acoustic wave delay-lines with interdigital transducers (IDTs) have been studied for many
years, and nowadays they are used in more and more applications, as various as device signal
processing units [I] or chemical sensors 121. Whatever the field of application, temperature
variations are a critical parameter for these devices. Consequently, it is important to know the
device behaviour with temperature, in order to define its best characteristics. This was already
achieved for surface acoustic wave (SAW) devices [ 3 ] ,and it has been done partially for shear
horizontal acoustic plate mode (SH-APM) devices (41.
In this paper, we propose new results in the case of SH-APM delay-lines on quartz substrate.
These modes propagate at discrete frequencies that are defined, in the case of free surfaces.

INTRODUCTION
Acoustic wave delay-line have demonstrated
utility in a variety of sensing applications
including gas or vapor detection [S] as well as
specific species in liquid medium [6]. An
acoustic wave delay-line consists of an input
transducer for piezoelectrical elastic wave
generation, an acoustic path along which the
propagating wave interacts the environment
and an output transducer for wave detection.
A sensitive film, coated on the acoustic
propagation path, modifies the wave
characteristics. The physical and chemical
modifications of the sensitive coating, due to
gas sorption for instance, involve variations of
the propagation characteristics. These
interactions result in changes in wave
amplitude and phase delay.
We propose to describe a class of acoustic
wave sensors based on a shear horizontal
acoustic plate mode (SH-APM). This shear
horizontal acoustic plate mode delay-line is
very rich, because a great number of modes
can propagate, it also allows more
applications than SAW devices, as it can work

in a liquid medium. Indeed, SH modes have
particle displacement quasi parallel to the
device surface and normal to the direction of
propagation. The absence of a surface normal
component of displacement allows each SH
plate mode to propagate in contact with a
liquid without coupling excessive amounts of
acoustic energy into the liquid.
Another main advantage of the SH-APM
devices lies in the existence of a reflection
surface free of transducers and free of
electrical connections, which allows the
generating function to be dissociated from the
perturbation function of the waves.
In this paper we describe in details the SHAPM, its propagation characteristics and its
responses to temperature variations in order to
design biochemical sensors ; theoretical
studies
of temperature dependence are
examined and experimental results with
various frequency modes for different plate
geometries are presented. They show the
frequency-temperature sensitivities and bring
to light temperature turn over of the various
modes.
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2. THEORETICAL STUDIES
2.1 Analysis
of
characteristics

APM

propagation

The devices discussed in this paper utilize
quartz crystal plates which act as acoustic
waveguides. Acoustic waves are generated
and received by two interdigital transducers
(IDTs) sputtered on one surface of the crystal
plate. In the case of simple rotated quartz
plate, the generation of various acoustic
waves depends on the transducers orientation.
When the propagation direction goes along
the crystallographic X axis, the IDT generates
three bulk waves in addition to the Rayleigh
wave (SAW mode). When the direction of
propagation is normal to the X axis, only the
SH wave is piezoelectrically generated. A
sine wave, applied to IDT, provides a shear
horizontal bulk wave, which is emitted in a
direction ee from the surface (figure 1). The
frequency relation is given by the following
expression :

where h is the transducer periodicity, V(ee) is
the SH bulk wave velocity.

The SH waves can be guided by successive
reflections on the two parallel surfaces of the
quartz plate without changing polarization.
For a thin plate, the interference between
incident and reflected waves produces shear
horizontal plate modes. It was also
demonstrated [8] that, in a delay line, theses
modes propagate at discrete frequencies as
shown by the relation :

where h is the quartz plate thickness.

2.2 Influence of temperature on SH-APM
propagation
The temperature dependence of a delay-line is
a very important parameter in the design of an
acoustic wave device, and in particular with
SH-APM sensor applications. Indeed, what is
often need for a useful acoustic delay-line
sensor is a crystalline orientation, a plate
thickness and a propagation direction, having
a vanishing first order temperature coefficient
of frequency (or time delay). The temperature
dependence of SH-APM is derivated from the
analytical expression of the mfh frequency.
This calculation is similar to the method used
for temperature studies of SAW devices [9].
The relation between frequency and
temperature can be expressed by the
following relation :

c

Fig. 1 Schematic of SH guided waves.
fm(T)

So an IDT can generate, according to the
dispersion relation, SH bulk waves. However,
coherent bulk waves can only occur above a
cut-off frequency fc defined by :

2

with C,

=

(&\- (L)

A (T)

p(T)

]

Using a Taylor development, the temperature
coefficients of elastic constants, density,
thickness and periodicity permit to predict
temperature dependence of frequency. In the
case of Quartz, material coefficients have
been extracted from Bechmann [7], Jaillet [9]
and Michel [lo]. The temperature coefficient
values (ith order, i = 1..3) are given in table 1
where a:: are the elastic temperature

',CJ

coefficients, a: are the density temperature

where C, is the anisotropic factor, p is the
piezoelectric density and C44 & and C4(j are
stiffnesses in the orthogonal reference system

: is the thermal expansion of
coefficients, a
the X crystallographic axis, a:) is the thermal
:
expansion of the Y crystallographic axis, a
is the thermal expansion of the Z
crystallographic axis.

[73.

',Cd

a

+I (*.h(T).C.(T)
m.* ( T i

Table 1 : Temperature coefficients of elastic constants, thermal expansion coefficients and
temperature coefficients of density - Quartz [7,8,9].

Temperature dependence of elastic constants
is described by the expression :
C,

(n- C, (To[l + a?:(T - To) + :a

(T- To)*

+..I

where To is the reference temperature
(25 "C),. I = 1..6and J = 1..6.
A similar development permits to obtain the
temperature dependence of density :
pcT)

-

p ( ~ o ( +~:(T-T.)
l

+aL2'(T- To)' +...]

Our study is based only on singly rotated
quartz, with xi perpendicular to the X axis.
So, we can notice that xl and x3 axis are in
the plane YZ. A direct consequence is that rp
and (Euler angles) are always equal to zero.
In this calculation, we assume that @ is
temperature variations independant. In
conclusion crystal cuts are supposed to be
invariable to temperature variations.
According to table 1, the thermal expressions
of plate thickness h(T) and periodicity h(T)
are given by table 2.
-

...I

A(T) = A(To) [1 + ~ ( ~ ( T - T ~ ) + ~ ' ~ ( T - T ~ ) ~ +

with

a':' =a:' cos2@+ a: sin2@

a': = a: cos2@+ a,'2) sin2 Q + 31
and

(a:'

2

[

+ a:'

h(T) = h(To) 1 + a':' (T -To) + a';' (T -To)2+ ...
with

a':' =a? sin2@+a';' cos2@

a': = a? sin2 Q + a:' cos2@+ 21

( a':'

2

2,

sin2@cos2@

I

+ a(;* ) cos2@sin2@

Table 2 : Thermal expressions of plate thickness and periodicity - Quartz.

2.3 Theoretical results

Frequency shift variations, induced by
temperature are represented on Fig. 2. The
evolution is close to parabolic shape.
Different turnover temperature points can be
seen when the considered mode changes.
In order to understand the sensitivity of SHAPM propagation, we have represented the
evolution of the anisotropic factor (Ca) versus
temperature with O as parameter (Fig. 3).
These representation shows that there is a
weak dependence of anisotropic factor with
temperature.

Fig. 4 : dCa1dT versus O.
In the case of a particular crystal cut (quartzST, h=32 pm, h d . 5 mm), Fig. 5 shows the
influence of the mode number on the turnover
temperature.

25

45

65

85

105

125

Temperature ( O C )

Fig. 2 : frequency shift versus temperature
BT-cut (Ao= 34.4 pm and h d . 5 mm).
But if we are looking for the derivative
expression (dCaldT), we can notice that there
is two particular points where the derivative is
equal to zero. These two points correspond to
Q equal to 40' and 125"respectively.

It is interesting to genkraiize this approach to
a large number of singly rotated quartz cuts.
The results are reported in Figs. 6 and 7. In
Fig. 6 it can be seen that for a specific device
pm, h d . 5 mm) a particular
geometry (-2
point appears near O=40°and O= 125" where
all modes have a turnover temperature value
about 10°C. These particular cuts correspond
to dCa/dT equal to zero.
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Fig. 3 : Anisotropic factor of quartz versus
temperature with Q as parameter.

Fig. 5 : Turnover temperature versus mode
frequencies
ST cut-quartz, -2 pm, h=0.5 rnm.

temperature for the considered mode. Indeed,
on Fig. 8, the slope of curves is about 1°C/pm
(h : 100 to 700pm) ; on Fig. 9, the slope is
inferior to 20°C/pm ( h : 20 to 60 pm).

30

35

40

45

50

Theta (')

Fig. 6 : Turnover temperature versus Q
ST cut - quartz, k 3 2 pm, h a . 5 mm.

Fig. 8 : Turnover temperature versus h
ST cut-quartz, h = 32 pm.

Fig. 9 : Turnover temperature versus h
ST cut-qua@, h = 32 pm.
3. EXPERIMENTAL RESULTS
DISCUSSION
Theta (')

Fig.7 : Turnover temperature versus Q
ST cut - quartz, h=32 pm, h=0.5 mm.
On Figs. 8 and 9 are represented the turnover
temperature of several modes (m) with the
thickness h(To) : it can be seen that a little
error (a few percents) on h or h will not
induce a great variation of the turnover

AND

The experimental device is based on a ST-cut
quartz delay-line on which have been
sputtered Aluminium interdigital transducers
(IDTs). The quartz plate was 20 mm along the
propagation direction, perpendicular to the X
crystallographic axis, 15 mm wide, 0.5 mm
thick. The IDTs had a periodicity equal to
32 pm, with a centre to centre distance and an
and 3.5mm
overlap of 9.632rnm
respectively. In an oscillator configuration the
mode is chosen thanks to a variable phase

shifter and a band-pass filter, also placed in
the retroaction path.
Figure 10 shows the measured frequencytemperature curves. These results bring to
light a slope of 5 p p d ° C for the higher mode
(194.5 MHz), 13 p p d ° C at 176.5 MHz and
29 p p d ° C at 158.3 MHz (one of the first
order modes : f ~ 1 5 6MHz). In table 3, a
comparison between theoretical results and
experimental measurements obtained with a
ST cut device ( h = 32 pm, h = 0.5 mm) is
proposed. We can notice a very good
agreement with predict and experimental
values which confirm the validity of
frequency-temperature behaviour model.
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ABSTRACT
In this paper, we report the ferrobielastic
twinning in AT-cut samples issued from natural (Brazil
and Madagascar) and synthetic (from Sawyer company)
quartz crystals. The experiments have been carried out
using an uniaxial stressing equipment for which the
stress is applied in a suitable direction of the quartz
sample. The stress level associated with the optical
appearance of the twinned domains and coercive stress
values are presented for each material. It has been
observed that these stress levels are smaller for synthetic
quartz than for natural one.
The observations of the twin wall propagation
were made by X-ray topographs obtained with
synchrotron radiations. Transmission Laue patterns due
to the white X-ray beam were taken at several
compressive stress levels. As visualisation of a twin
domain is governed by contrasts generated in topographs
of chosen lattice planes, we notice that the twinned
domain does not disappear after putting off the pressure.
Additionally, the content of lattice impurities
such as Al, Li, Na, K and broad OH band are given.

temperature) are limited due to pressure hysteresis and
ferrobielastic twinning, until now, no conclusive results
were given. It was just reported [4, 51 that quartz units
fabricated from synthetic crystals exhibit different
characteristics compared with those manufactured in
natural quartz. Additionally, the ferrobielastic twinning
under uniaxial stress has been mainly investigated in Xcut samples made on synthetic quartz. There are just few
studies involving others crystallographic orientations and
natural quartz crystals [6, 71. Thus, in the present work,
AT-cut samples of both synthetic and natural quartz were
used to examine the influence of quartz origin on the
twin stress level.
In this paper, white beam synchrotron radiation
topography is employed to visualise nucleation and
propagation of the alternate twin state. Indeed, domain
contrasts of Dauphin6 twins can appear on such reflection
planes because the structure factors of twin states are
different [8]. Additionally, infrared absorption (IR)
spectroscopy is adopted to characterize OH - related point
defects and to estimate the content of the broad OH band.
With the Ion Coupled Plasma spectroscopy, we have
measured the other lattice impurities contents.

I. INTRODUCTION
11. EXPERIMENTAL PROCEDURE
The domain states of a ferroic crystal can be
structurally reoriented by application of a suitable
external driven force [I]. Alpha-quartz is a secondary
ferroic crystal for which the domains (two Dauphin6 twin
states) differ particularly by the sign of the sl4 elastic
coefficient [2, 31. Due to this difference in elastic
compliance tensor, a properly oriented stress acts to
create a strain difference between the two states which
results in small atomic displacements.
The switching occurs when the free energy of
the alternate twin state is smaller than this of the
existing state. The calculated energy difference between
free energies of each twin state depends only on the stress
direction and the crystallographic orientation of the
sample [2, 31. On the other hand, we show here that the
observed ferrobielastic twinning depends also on the
quartz crystal quality and, particularly, if the crystal is
synthetic or natural.
Although, previous studies show that the
performances of quartz pressure transducers working in
severe environmental conditions (high stress and

The samples used in our experiments were
obtained from the Z-growth region of a synthetic quartz
grown by Sawyer Res. Products and natural quartz from
Brazil and Madagascar. The samples are free of
macroscopic imperfections as inclusions and twins. The
AT-cut blanks are rectangular with the faces to be
stressed rotated towards Y' by +45O (according to the
1949 IRE Standard). Their dimensions along X', Y' and
Z" are respectively 9.5, 5.0 (or less than 3.0 for X-ray
topographies) and 8.5 mm. All surfaces, ground and
optically polished, are flat and parallel within f 2 pm.
The apparatus used to apply almost uniaxial
compressive stress was described in a previous work [9].
So, we recall just here that the applied force is measured
by a strain gauge load cell, whereas two pairs of
displacement gauges indicate the vertical displacement on
each side of the sample setting between two hardned steel
plates. The axial strain is evaluated from the average of
these two differential displacements.
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Table 1 : Lattice impurities (in ~ 1 1 Si)
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Fig. 1 : Stress-orientation in relation to the
crystallographic axes.
X-ray topographs have been performed at
L.U.R.E. (Orsay, France) using a white beam of
synchrotron radiations. Transmission Laue patterns 1101
have been taken at several compressive stress levels, the
stressing equipment being settled in order to have the
synchrotron beam parallel to the Y' axis of the sample.
The height of the beam (6 mm) being smaller than the
sample height, we cannot depict the entire volume of the
blank. So, we decide to observe hardly always the bottom
of this.
On the film, put at about 130 rnrn of the sample
and perpendicular to the beam, we note several spots
corresponding to diffractions obtained for radiation
wavelengths belonging to the range [0.03, 0.2 nm]. To
identify the most interesting lattice plane reflections, we
use numerical simulations.
IR absorption spectroscopy has been carried out
using a Nicolet 750 FT-IR spectrometer. The nominal
resolution of the spectrometer is better than 0.2 cm-l, in
the 3 p m region. IR spectra of the AT-cut samples (5
mm thick) have been obtained using an unpolarized beam
at both, 78 K and roQm temperature.
The contents of Al, Fe, Li, Na and K have been
measured by ICP spectroscopy in using a Perkin-Elmer
ICP 6500.

at room tpre
OH
- : not measured

0.025
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0.043

20
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35
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\~adagascannatural quartz

I

0

Brazilian natural quartz

111. RESULTS
The IR spectra of the samples used for our
experiments are shown in Figure 2. Several sharp
absorption bands due to OH vibrations are superposed
upon a broad band absorption. The sharp bands detected
in the IR spectrum of synthetic quartz are due to asgrown OH centers [ l l ] , whereas in natural quartz, they
are mainly associated to either A1-OH or Li-dependent
OH centers [12]. On the other hand, the defect structure
corresponding to the broad OH band is not clear. But, by
using numerical integration [13], we can estimate the
content of this defect, presented in table 1.
It presents also the contents of the main metallic
impurities. We note a large difference for A1 and Li
contents between synthetic and natural quartz. As IR
spectrum of brazilian quartz exhibits higher absorption
bands than madagascan quartz, we can predict more AlOH and Li-OH centers for its than in the other.

3500

3000

Fig. 2 : IR spectra of AT-cut samples
(5 mm thick) measured at 78 K.
Transmission (9%) vs wavenumber (cm-l)
Figure 3 shows a typical stress-strain curve (TS) illustrating the switching from existing twin state
(domain I) to the alternate one (domain 11). Generally, the
first indication of ferrobielastic twinning is observed
through an optical contrast due to piezo-optical effect [2,
31, without change in T-S slope. The contrast between
twin states observed by polarized light in AT-cut samples
[6] is quite different of the well defined stripe-shaped
domains of X-cut samples [2]. The stress level associated
with this first observation of domain contrast is denoted
as T,. By increasing the stress, the optical contrast often

increases and the propagation of twin walls can be
observed. The stress-strain slope is usually modified by
twin wall propagation : Tb corresponds to the stress level
in which the first change is observed in the slope of T-S
curve. When the stress required to switch twin states
(noticed Tc) is attained, an abrupt jump is usually
observed on the T-S characteristic. The switch-over is
often followed by emission of an audible snap-sound.
Upper Tc, the optical contrast is no more observed. In
our experiments, the stress is increased even after the
switch-over. When it is released neither domain contrast
nor changes on stress-strain slope is observed.

I

I

I

,

I

I

I

I

T (MPa)

Fig. 3 : Typical stress-strain relationship
Table 2 shows the stress values obtained from
compressive experiments using AT-cut samples of
Sawyer synthetic quartz and natural quartz from Brazil and
Madagascar. The average values for Ta, Tb and Tc
correspond to the measurements realized on five samples.
The standard deviation is written between brakets. It is
observed that Sawyer synthetic quartz exhibits the lowest
values for Ta, Tb and Tc compared with those for natural
quartz. The largest difference is noticed in the stress level
Ta which is 50% higher for natural quartz. The coercive
stress Tc is about 25% higher for natural quartz.

Table 2 : Stress levels associated to the
ferrobielastic twinning in quartz from
different origins.

Figure 4 shows several topographs taken from
an AT-cut sample of madagascan natural quartz submitted
to a compressive stress cycle. We have particularly
observed 2 reflections associated with two reticular planes
: (112) and (331) (called P1 and P2, respectively).
The P1 reflection obtained at unstressed state
shows a lot of surface defects which are probably due to
grinding process. It is also observed that this sample is
free of dislocations. The reflecting power of P1 becomes
stronger as the stress increases.
At about 230 MPa, this reflection shows an
intense contrast region on the right side of the sample
and a lot of spots inside the crystal. For the same stress,
several spots and an intense contrast region appear in the
(331) reflection which were not observed previously. By
increasing the stress, it is observed that these spots join
with each others to form larger ones.
At 455 MPa, P2 reflection indicates that the
spots are oriented along [loo] and the area showing the
strong refection power is smaller than this observed on
the (112) reticular plane.
At least, at about 485 MPa, an abrupt jump
appears in the stress-strain relationship and a strong
reflecting power is observed in the whole surface sample
of both reflections. The stress is increased up to 530
MPa with any change in reflection patterns.
Then, the stress is slowly released. The intensity
of both (112) and (331) reflections decreases with the
decrease of stress. When the stress reaches zero, the P2
reflection is still observed. The other one is also observed
but with a weaker intensity than at the beginning of
experiment.

IV. DISCUSSION AND CONCLUSION
The effect of the quartz quality material on the
ferrobielastic twinning has been studied by means of
compressive experiments on AT-cut samples and X-ray
topographies. The observation of the diffraction intensity
on several reticular planes (particularly (1 12) and (331))
shows that there is not switch-back after removing the
stress in synthetic and natural quartz if twinning has been
completed. The following pictures show distinctive
dissolution figures obtained after prolonged etching with
ammonium bifluoride. The first one corresponds to the
AT-cut sample before experiment (domain I), the second
being the dissolution figure obtained on other sample
after switch-over (domain 11).

0 MPa

230 MPa

230 MPa

455 MPa

455 MPa

0 MPa

0 MPa

-

Fig. 4 : Transmission topographs of an AT-cut madagascan natural quartz
under compressive stress applied in the vertical direction (two reticular planes : 112 and 331)
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stress level required to optically observed and to reverse
twin states are respectively 50 and 25 % higher in natural
quartz than for synthetic. On the other hand, Cline et al.
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SAW RESONATORS FREQUENCY TRIMMING BY PLASMA ETCHING

Knvszltof WEISS, Mariusz TUPAT,

Tele & Radio Research Institute, Warsaw, POLAND
ABS

SAW resonators need resonant frequency with defined
tolerances. The manufacture process, depending on
photolitographic forming of interdigital structures on
gives frequency
piezoelectric substrate surf*,
dispersion - in general - higher than required This
situation needs &rrection of-resonator frequency after
leads mounting. The SAW resonators frequency
trimming is possible by plasma etching of quartz
surface between interdigital structure fingers. The
laboratory equipment for plasma etching has been
worked out at Tele & Radio Research Institute. Using
this equipment the experiments with frequency
trimming of one port SAW resonators on quartz
substrate have been carried out. The hexafluoroethan as
etching agent was used. In this paper construction of
plasma etching laboratory equipment and results of
SAW resonators frequency trimming are presented.
1. THE SAW ONE PORT RESONATOR.

One port SAW resonators operate by reflecting a
propagating waxre an itself many times. It is desirable
that the reflectors be efficient (i.e. high reflectivity) in
order to obtain a sharp high Q resonance. Surface wave
reflection gratings have the special property that they
can be made efficient arid at the same time frequency
selective. This latter feature allows such devices to
operate in the UHF frequency range where bulk
resonators would have to very thin or be operated in an
undesirable overtone mode.
The surface wave resonator illustrated in fig. 1. makes
use of two reflection gratings to form a surface wave
cavity. An interdigital transducer placed inside the
cavity couples to the standing surface waves. Unlike a
filter resonator is a one port device whose special
characteristic is rapidly varying tenninal impedance in
the vicinity of the resonant ffequency. The reflective
gratings can be in f o m of identical periodic arrays of
simple groves or metal strips.
The maximum of reflection is achieved if the simple
formula is satisfied

v
2h

If the cavity length between the inside edges of two
gratings is an integral number of half- mavelengths,
waves multiply reflected between the two gratings have
the same phase, add coherently and the cavity resonates
at the frequency of maximum reflection [I], The
interdigital transducer wide band with central
frequency the same as cavity remnant frequency
positioned exact in the center of cavity is used for
surface acoustic wave excitation and collection.
In the case of aluminium strips in reflective gratings
the surface acoustic wave velocity is expressed by

where: vp - acoustic wave velocity on piezoelectric
material
d - electrode width
h - electrode thickness
In the plasma etching process using the aluminium
electrodes as mask it is possible to achieve groves
between aluminium pattern [3]. In the case of
aluminium where substrate and metal layer density are
practically the same (quartz 2.65 g/cm3; A1 2.7 &m3)
the groves etching gives effect similar to additional
thickening of aluminium layer and in result the
resonant frequency decrease. In this case the surface
velocity is expressed by formula:
acoustic wave

-

where: h, - depth of etched groves (see fig. 2.)
and the resonant frequency shift is errpressed:

In this formula the denomination value is near 1
(4,9975). In practice we can use the simple formula:

f =-

-

Where: f resonant frequency of cavity
v - surface acoustic wave velocity under
reflective structures
h - reflective grating period

For example for aluminium thickness 150 nm and
resonant frequency 200 MHz the 100 nrn groves
etching will give according to above formula the
frequency decrease about 300 kHz.
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Figure 1. One port SAW resonator.

2. PLASMA ETCKING PROCESS.

in low pressure the fluorocarbon gases dissociate in the
high voltage electric field existence. Free ions of F'
reacts with Si02 giving SiF4 gas. This process can be
utilized for so called dry quartz etching. Fortunately the
aluminum is etching about 100 times slower than
quartz It makes possible to etch groves between the
reflective graves and interdigital transducers
aluminium strips. The plasma etching process is
carried out in vacuum chamber with continuous
pumping and simultaneous supplying in reactive gas
which is general one of fluoro carbon as CF4, C2F6 or
similar, mixed with oxygen and inert gas, or in
simplest situation with air. The plasma ionization is
generated usually by high frequency high voltage
electric field There are used planar or coaxial
electrodes configuration [2].

3.
LABORATORY
EQUIPMENT.

PLASMA

ETCHING

In Tele and Radio Research Institute was build simply
equipment for plasma etching presented in fig. 3.
This equipment is built up of cylindrical glass chamber
with planar aluminium electrodes, rotary vacuum
pump, valves for vacuum height control and valves for
reactive gas and air dosage. This unit is equipped in
vacuwn meter for vacuum measurement and rotameter
h r reactive gas flow measurement. The electrodes in
chamber are supplied in high frequency (13,54 MHz)
high voltage current from electronic oscibtor with 200
W power. The vacuum in chamber is controlled from 1
to 10 Pa. Electrodes are 140 mm in diameter with
changeable distance of 10 + 100 mm. A C2F6 gas
mixed with air is used as a reactive agent.

Figure 3 Equipment for plasma etching.
THE RESONANT FREQUENCY PLASMA
ETCHING TRIMMING EXPERIMENTS RESULTS.
4.

For experiments were used SAW one port resonators
with nominal frequency 140; 165 and 190 MHz. This
resonators were made on ST quartz substrate with 250
nm aluminium layer thickness. Interdigital structure
was consisting of 131 electrodes. The reflective array
was consisting of 550 aluminium strips on both sides.
The finally mounted resonators without covers were
located on special aluminium holder on the table (down
electrode) in the reactive chamber. The plasma etching
process was carried out in short cycles from 3 to 6
minutes depending on the distance between initial and
target frequency. The cycles longer than 6 minutes
were not possible because the electrodes temperature
arose very quick and etching rate was varying very
strong for each process. The temperature measurement
in the chamber showed for 6 minutes etching the
temperature on down electrode exceeding 100°C. Post
every cycle the resonators were removed from chamber
and resonant frequency of each resonator was
measured. The results are presented in table 1. In all
process there were kept the same parameters of etching.
The electrodes distance 50 mm, pressure in chamber
-10Pa and C2Fg flow 20 ccmlmin. The electrodes
voltage was about 2000 V with electron tube anode

-

-

current about 100 mA For the etching rate determining
there was located in the chamber AT quartz plate. The
etching rate calculated from AT quartz plate frequency
shift was 6,3 nmlmin. The resonant frequency before
trimming was higher than required about 1500 + 2630
ppm with dispersion 500 - 900 ppm. After frequency
correction all resonators mere in tolerance 50 kHz i.e.
<300 ppm. The resistance of resonators was 30 + 60 0
and practically was not changing in all trinuning
process. In few cases past 900 ppm etching did occur
additional resonance see fig. 4.
5. CONCLUSIONS.
The plasma etching is easy and very convenient method
for one port resonators with aluminium reflective
grating frequency trimming. The 2500 ppm frequency
decrease is possible without significant resistance
increase. To high nonrepeatability of etching rate is
caused probably be very strong temperature change in
chamber in the etching process. The production
equipment must be possessed in cooled down electrode
for good process repeatability and long etching time
using. The proposed frequency decrease fonnula can be
used for frequency shift calculation.

11 39,s MHz

140,8 MH

140.3 MHz

FIGURE 4. Frequency Sl lcharacteristic of resonator before (a)
and after (b) frequency trimming.
TABLE 1 -Frequency trimming by plasma etching results
p i n ]
3
6
9
15

p

TABLE 2 -Etching rate in Inmfmin]
\t[min]
13
3
3

\

Resonator
1
2
3
4
5

2.34
1.43
1,19
2.63
2.98

8,OS
4,76
4,76
7,02
10.53

5.05
4,76
7,lJ
7,89
7,89

6
12,73
5.36
10,71
14,47
10,09

20

25

30

35

5

5

5

5

5

5.00
4,28

4.29

5.00

5.00

5.00

7.73

6,84

8,42

nlain value
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PARASITIC BULK WAVES IN WIDE BAND SAW FILTERS DESIGNED ON 128" ROTATED Y-CUT OF
LiNbOg
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ABSTRACT

This paper presents the results of bulk wave
transmission investigation in a wide band SAW
filter designed on 128" YX LiNbOg. Bulk wave
transmission in the filter was investigated in both
frequency and time domain. Fourier transform and
windowing techniques were used to identify the
most important bulk wave modes and their
contribution to the frequency response of the
device. The influence of the substrate backside
grooving on bulk wave propagation was examined.
Application of grooving significantly reduces the
level of bulk wave modes bouncing off the backside
of the substrate. As a result substantial
improvement in stopband rejection was obtained. It
was found that in the devices with their backside
grooved one of the most prominent bulk waves is
the longitudinal wave travelling directly between the
lDTs of the filter. The longitudinal wave limits the
rejection in the upper stopband to approx. 40 dB.

the filter lDTs indirectly can be substantially
reduced by an appropriate roughening of the
crystal backside, so the filter performance is
determined by the directly transmitted bulk wave
modes.
It follows from the results presented in (1,2,3) that
the coupling of directly transmitted shear waves in
128" rotated Y-cut of lithium niobate is relatively
small. For filters of moderate passband width the
directly transmitted longitudinal wave, due to its
high velocity, manifests itself only for frequencies
substantially higher than the frequencies of the
filter passband and therefore usually the wave
does not degrade the stopband within its specified
frequency range.
The purpose of this work was to investigate bulk
wave transmission in wide band filters designed on
128" rotated Y-cut of LiNbOg. Below we present
the results obtained for a 40% bandwidth in-line
filter consisting of one apodized and one
unapodized IDT.
EXPERIMENTAL PROCEDURE

INTRODUCTION

Bulk wave transmission is a serious problem in
SAW transversal filters. This transmission
degrades filter stopband especially on the highfrequency side of the passband. One way to cope
with the problem is the use of a multistrip coupler.
However, this solution leads to the increase of both
the size and the cost of the device. Some
crystalline material cuts have been found for which
the bulk wave transmission is relatively small. One
of these cuts is the widely used 128" rotated Y-cut
of lithium niobate. Comparatively low stopband
degradation caused by bulk waves was
demonstrated by Shibayama et al (I),
Milsom et al
(2) and Wagers (3) for low and medium bandwidth
filters using this cut as a substrate.
Generally, both direct and indirect bulk wave
transmission is possible in SAW filters. In the first
case the waves are transmitted directly along the
crystal surface and in the second one their path
includes one or more bounce off the bottom of the
crystal. Usually the bulk waves travelling between

The SAW filter employed in the investigation was
designed to operate at approx. 70MHz center
frequency. Double electrodes were applied in both
transducers. Electrode center-to-center spacing of
14pm and metallization ratio of 0.5 were used. The
input transducer (apodizedj contains 80 electrodes
(79 active overlaps). The output transducer
(unapodized) contains 12 electrodes (5 active
overlaps). The distance between the centers of
transducers was 3630pm and the substrate was
510pm thick. Thin film metallic shield of 1400pm
width was applied between the transducers to
suppress the direct electromagnetic breakthrough
signal. The acoustic aperture of the transducers
was 5500pm. Schematic outline of the SAW filter is
shown in Fig. 1.
To examine the influence of the substrate backside
grooving on bulk wave propagation both grooved
and ungrooved filters were investigated. The
grooves were cut obliquely (the angle between
them and the X axis was 70"). Other parameters of
the grooves were as follows: depth - 70*I5pm,
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APODIZED IDT

1
2

SHIELD

UNAPODIZED
I nT

- direct bulk wave transmission path
- indirect

bulk wave tronsmiasion path

Fig. 1. Schematic outline of the SAW filter

center-to-center spacing - 300k5ym,width - 100+*0
Pm.
Substantial amounts of bulk wave energy in the
filter were transmitted within the time window
corresponding to Rayleigh wave propagation
andlor within the frequency range of the filter
passband. To suppress Rayleigh wave propagation
the upper surfaces of some filter chips were
covered with an acoustic absorber (epoxy resin).
As it follows from publications of many authors and
from our own experiments the application of an
acoustic absorber on the filter surface has little
effect on bulk waves propagation. It is also well
known that epoxy resins suppress Rayleigh wave
effectively.
The bulk wave investigation was performed in both
frequency and time domain. HP 8752A network
analyzer was used to measure the frequency
response. The frequency response was measured
at 801 equidistantly spaced frequency points within
the range from 10MHz to 130MHz (the frequency
step was 150kHz). Both source and load
impedances were 500.
Discrete Fourier Transform (DFT) was used to
compute the impulse response of the devices
under investigation. Kaiser window function (P =
4.538, 50dB sidelobe level, see Rabiner and Gold
(4)) was applied to reduce the Gibbs effect.
Windowing improves the dynamic range of time
domain measurements, however, at the expense of
increased impulse width.
For comparison purposes the theoretical filter
responses are also presented in the paper. The
frequency response was computed assuming that
all the energy in the filter is transmitted by means
of Rayleigh wave (bulk waves and electromagnetic
leakage were neglected), SAW filter mathematical
model which was used to compute the frequency
response takes into account SAW diffraction as
well as the influence of external circuits. The
parabolic approximation was used to simulate
diffraction. Motional admittances of the lDTs were
computed as proposed by Naglowski in (5). A
method similar to the one shown by Morgan (6)
was used to evaluate static IDT capacitances. The

detailed description of the filter mathematical model
is given in Naglowski (7). The theoretical impulse
response was determined by the application of
DFT to the theoretical frequency response.
Some of the most important bulk wave modes were
identified by comparison of the theoretically
predicted time delays corresponding to bulk wave
modes with the delays of actual peaks visible in the
experimentally determined impulse response (3).
Gating technique was used to evaluate the effect of
certain fragments of the experimentally determined
impulse response on the device frequency
response. This technique is based on
mathematically removing (by nulling) selected parts
of the impulse response and transforming the result
back into the frequency domain.
RESULTS AND DISCUSSION

Fig. 2 illustrates experimental amplitude response
of the ungrooved device and the theoretical
response. Large differences between the curves
are visible in the stopbands especially on the highfrequency side of the passband, Impulse
responses corresponding to the two curves are
presented in Fig. 3.
The time window corresponding to Rayleigh wave
can be determined through simple calculations
from the filter dimensions and SAW velocities for
both free and metallized surface of 128O YX
LiNbOg. Neglecting SAW reflections and TTE we
obtained that this time window extends from 763ns
to 1091ns. Substantial differences between the
curves shown in Fig. 3 occurring outside this
window indicate the presence of the mechanisms
of energy transfer in the filter other than Rayleigh
wave. One of this mechanisms is the electromag-
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Fig. 2. Amplitude responses of the ungrooved filter
measured
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-

.----

-20
-30

- 40
-50
-60
-70
-10
-90
-100

-lo
-120

0

10

20

30

40

50

80

70

10

90 100 110 120 130

FREQUENCY [ M H z ]

Fig. 3. Impulse responses of the ungrooved filter
determined experimentally
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Fig. 5. Measured amplitude responses of the ungrooved filter
before covering the chip with epoxy resin
after covering the chip with epoxy resin
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Fig. 4. Amplitude responses of the ungrooved filter
corresponding to the direct breakthrough signal
measured

Fig. 6. Measured amplitude responses of the grooved fiiter
before covering the chip with epoxy resin
after covering the chip with epoxy resin

netic feedthtough, which causes the impulse
response peak at t = 0. To examine the influence of
the electromagnetic feedthrough on the frequency
response the fragment of the experimental impulse
response extending from Ons to 1OOns was Fourier
transformed back to the frequency domain. The
result is presented in Fig. 4. Comparison of the
amplitude response corresponding to the
electromagnetic feedthrough with the measured
amplitude response of the filter shows that the
electromagnetic feedthrough has only small effect
on the filter frequency response and is not
responsible for low stopband rejection of the filter.
To suppress the Rayleigh wave the upper surface
of the chip was coated with epoxy resin. The
amplitude responses of the filter before and after
coating are presented in Fig. 5. Strong correlation
between the two curves (particularly in the upper
stopband) indicates that bulk waves are one of the
main factors degrading the filter stopband rejection.

Analogous results, but obtained for the filter with
grooved backside of the chip, are shown in Fig. 6.
Strong correlation between the curves in the upper
stopband is visible again. The effect of grooving on
the filter amplitude response can be evaluated by
comparison of Figs. 5 and 6. Application of
grooving substantially improves stopband rejection
of the filter. At some frequencies the improvement
is greater than 20 dB. The improvement is
observed on both sides of the passband.
The frequency responses of Figs. 5 and 6 were
Fourier transformed to time domain. The results
are shown in Figs. 7 and 8 respectively. Solid line
of Fig. 7 exhibits much more peaks of high
amplitude than the analogous line of Fig. 8. This
indicates that the peaks are the result of the bulk
waves bouncing off the chip bottom and that the
operation of grooving reduces the level of bulk
waves travelling indirectly between the IDTs (it
seems reasonable to assume that grooving has

-----

-----

TABLE 1: Data for slow shear (SS), fast shear (FS) and
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longitudinal (L) waves propagating along X axis
in the SAW filter (phase and group velocity
angles, phase and group velocities, main peak
time delays and time window ranges)
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Fig. 7. Experimentally determined impulse responses of the
ungrooved filter
before covering the chip with epoxy resin
after covering the chip with epoxy resin
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Fig. 8. Experimentally determined impulse responses of the
grooved filter and time windows corresponding to
directly transmitted bulk waves
response before covering the chip with epoxy
resin
response after covering the chip with epoxy resin
A longitudinal wave (L) time window
B fast shear wave (FS1) time window
C -fast shear wave (FS2) time window
D slow shear wave (SS) time window
E Rayleigh wave time window
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only little effect on the bulk waves travelling along
the surface of the crystal).
Assuming that the indirectly transmitted bulk waves
can be effectively scattered by appropriate
grooving of the chip backside the filter performance
strongly depends on the transmission of the bulk
waves travelling along the substrate surface.
Theoretical data for all four types of these waves
are given in Table 1. The data concerning phase as
well as group velocities were taken from (3). Main
peak time delays and time windows corresponding
to each of the bulk wave types were determined
from appropriate group velocities and geometrical
dimensions of the filter. The time windows from

Table 1 and the Rayleigh wave window are
outlined in Fig. 8. The solid line in this figure,
representing the impulse response of the grooved
epoxy resin covered filter, exhibits its highest peak
almost exactly in the middle of the longitudinal
wave time window. The windows corresponding to
the other bulk waves also contain peaks of
considerable amplitudes.
To estimate the effect which each of the four types
of bulk waves has on the filter frequency response
Fourier transforms of appropriate fragments of the
impulse response of the grooved epoxy resin
covered filter were computed. Since the time
windows of Fig. 8 overlap the windows of smaller
width have been used in the computations. Each of
the windows contained only the main part of its
corresponding bulk wave impulse. Some peaks
which are probably the result of bulk waves
bouncing off the substrate backside were not
included in the windows used in the computation.
Due to similar group velocities it was impossible to
separate the two fast shear wave pulse responses.
Fast shear waves shared a common window in the
computation. The windows used in the computation
are shown in Fig. 9 and their exact range is given
in Table 2.
Decreasing the width of the time windows
corresponding to the investigated bulk waves is a
source of error in determining the influence of
these waves on the frequency response of the
TABLE 2: Time windows used to calculate the influence of

various bulk waves on the filter frequency
response

Wave

Time window (ns)

i

FREQUENCY

TIME [mlororro.]

Fig. 9. Experimentally determined impulse responses of the
grooved filter and the time windows used to calculate
the influence of various bulk waves on the filter
frequency response
response before covering the chip with epoxy
resin
response after covering the chip with epoxy resin
A -time window used for longitudinaf wave
BC time window used for fast shear waves
D -.time window used for slow shear wave

-----

filter. It is expected that this error is much larger for
shear waves since the windows of shear waves
were shortened in a much bigger degree than the
longitudinal wave time window. Another possible
source of error is the presence of the pulses being
the result of the waves bouncing off the chip
backside in each of the windows used in the
computation. The multitude of peaks in the time
window used for the slow shear wave suggests the
presence of the indirectly transmitted bulk waves
within this window. Fig. 10 illustrates the
computation results. It follows from this figure that
the longitudinal wave is the main factor degrading
the filter stopband on the high-frequency side of the
passband, limitting the stopband rejection to
approx. 40dB. Slow shear wave substantially
contributes to energy transmission in the passband
(compare Figs. 6 and 10). According to the
computation this wave also contributes to the upper
stopband degradation. However, the results
obtained for the slow shear wave should be
interpreted with care due to dramatic narrowing of
the time window and the possible distortion from
the indirectly transmitted bulk waves.
Throughout this paper it was assumed that
covering the upper surface of the chip with epoxy
resin has small effect on the transmission of bulk
waves. We verified this assumption for the case of
longitudinal wave travelling along the crystal
surface. The verification was possible because the
longitudinal wave time window and the Rayleigh
wave time window do not overlap. Small
differences between the impulse responses shown

[MHz]

Fig.10. Amplitude responses of the grooved filter
measured
-corresponding
to longitudinal wave time
window (determined by gating)
- - - - corresponding to fast shear waves time
window (determined by gating)
-.- correspondingto slow shear wave time
window (determined by gating)

-----

in Fig. 9 observed within the longitudinal wave time
window prove the validity of the assumption in time
domain. To verify the assumption in frequency
domain amplitude responses corresponding to the
longitudinal wave time window were computed for
epoxy resin coated and uncoated grooved filters.
The computation results are shown in Fig. 11.
Small differences between the two amplitude
responses confirm that epoxy resin has small effect
on the transmission of longitudinal bulk wave.
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Fig. 11. Amplitude responses of the grooved filter
corresponding to the longitudinal wave
before covering the chip with epoxy resin
after covering the chip with epoxy resin
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CONCLUSION

Bulk waves in the wide band SAW filter of 40%
bandwidth designed on 128" YX LiNbOg were
investigated. It was shown that grooving of the filter
backside significantly improves the stopband
rejection. In the devices with their chip backside
grooved the most prominent bulk wave (in both
frequency and time domain) is the longitudinal
wave travelling along the surface of the chip. This
wave limits the stopband rejection to approx. 40
dB. Contrary to the results presented earlier by
other authors for filters of low and medium
bandwidth designed on the same substrate
material the longitudinal wave manifests itself in the
frequency range adjacent to the filter passband.
The resulting degradation of stopdand rejection is
unacceptable in many applications. Possible
solutions to the problem are: applying a multistrip
coupler in the design or developing an appropriate
bulk wave compensation design algorithm.
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Abstract-In this paper we present a theoretical analysis
of BAW to STW transformation occuring in a reciprocal
coupler consisting of periodic corrugations on the free
surface of a singly-rotated cut of a class-32 crystal. The
analysis is based on the coupling-of-modes model. We
consider horizontal shear waves travelling in the crosssection of such a cut that contains Z' direction. In the
considered frequency range, SSBW wavelength along Z'
is close to the period of corrugations. Boundary
conditions in the coupler's region are projected onto the
average flat plane of the free surface with means of
Brekhovskikh's well-known expansion[l], and the
coupled solutions are sought as series of Bloch's partial
waves. Since a previous paper[2], significant advances
have been made in the treatment of the dispersion
equation. We especially point out the necessity of taking
at least five coupled modes to obtain a determinantal
equation that actually vanishes. The problem of STWs
launched by BAWs falling under normal incidence onto
the corrugated surface is treated for a coupler of finite
length.

INTRODUCTION
Horizontally polarized surface waves recently became
very popular according to their higher propagation
velocity in compare with Rayleigh waves. A minimal
understanding of the effect of periodic corrugations on
STWs is required for their study since the existence as
well as the structure of this kind of waves are mainly
conditonned by these corrugations. So, the bulk
scattering that may accompany STW propagation has
been analyzed by researchers in the SAW field.
From another hand, researchers in the BAW field have
essentially studied the scattering of plane waves under
normal incidence onto a randomly rough surface. This
scattering will not spontaneously generate any surface
waves but will mostly decrease the Q factor of resonator
devices. Nevertheless, if we consider the growing need

for higher and higher frequency devices, achievement of
combined BAWISAW resonant devices might attract
some practical interest : for instance, the design and
understanding of electrodes is much simpler for BAW
devices than for SAW, also a reciprocal coupler
consisting of simply etched gratings allows for various
adjustment parameters such as the depth and shape of the
surface profile,
The available literature in this field proposes theoretical
analyses of BAW to SAW couplers in which the SAW
waves of interest are either Rayleigh waves in isotropic
media [3-51 or Love waves [6-71. The scattering of
Rayleigh waves in anisotropic and piezoelectric media is
a fairly complicated phenomenon, due to the multicomponent structure of Rayleigh waves. Thus, we
judged more reasonable to devote some work to the
study of bulk waves to surface waves conversions in the
restricted case of horizontally polarized shear waves.
Then, we have to consider only one component, although
there is some price to pay for this convenience : the
existence and structure of STW itself outside of the
coupler's region relies on corrugations, whereas
Rayleigh wave can propagate on a flat free surface. As a
consequence, in the framework of the Coupling of
Modes model, the mono-component simplicity comes
together with tricky case studies to consider degeneracy
of harmonics into SSBW waves.

I EQUATIONS
OF COUPLED
MODES
As in our previous paper [2], we consider horizontal
shear modes travelling in a sagittal plane which contains
Z' axis, in a Y + 8 singly-rotated cut of quartz or another
crystal with similar symmetry, and we neglect
piezoelectric effect. Then, it is easily shown that, for any
propagation in the (Y'Z') sagittal plane, uz and u,
components of the mechanical displacement can be
ignored since they are completely uncoupled from u,, so
we will boldly use u >> in the followings to denote the
((
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displacement component. The system of propagation
equation, constitutive equations and boundary conditions
reduces to a very simple set :

&=.%+El3

ay
h
T13 = '56 ay
- &
T12 - '66 ay
Pdt2

+

+

az
dkt
C55 az
hy
'56 az

A second order expansion is required to simultaneously
model bulk scattering and multiple reflections of surface
transverse waves. According to the periodic nature of the
corrugations the possible eigenmodes in the coupler's
region are sought as a sum of Bloch's functions :
u(y,z) = e - i w f ~A ~ U ~ ( ~ , Z )
k

>

~k(.Y,z)= e i ( B k ~ + Q k z ) ;

on the external
definedbyy= f ( r )

(1)

We assume that the semi-infinite substrate lies on the
ye0 side of the half-space. It is well-known that a selfsufficient solution whenever the profile of the free
external surface (located at y=O) is perfectly flat consists
of a SSBW, which is a plane wave propagating in a
direction such that c,,&+c,,k, vanishes, k being the wave
vector. Such a simple wave satisfies the boundary
condition when the profile functionf identically vanishes
and it cames away some energy in the Z' direction only,
i.e. parallel to the outer surface. The velocity of guided
SSBWs along Z' is given by simple formulas:

=

(5)
+@

Each harmonic u, appearing in the sum should
individually obey the simple propagation equation (l-a).
After substitution into Eq(1-a), which must be
individually obeyed by each harmonic, the following
generic propagation equation is easily derived :

c1pf+

~ C ~ ~ ~ Q
-k,?~ =+0 Q 'dk
$

(6)
The obvious effect of the sum (5) is to turn
Brekhovskikh's expansion of the boundary conditions
into a series of exp(iQ$) functions. Each individual term
of this series must identically vanish, then the generic
boundary conditions can be written as follows :

where we use the following intermediate quantities :
In case of purely sinusoidal corrugations, we can choose
the following profile function :

f (4 =

2rl

bk = f2k + t l k t 3 k
d k = f2k - f l k f f k

cos(Qz)

(3)

where the amplitude of profile 217 is assumed to be very
small with respect to the corrugation period Q=2dA.
Since the actual slope of the surface profile remains very
small, we expand the boundary conditions as Taylor's
series in terms of the local value of the profile function,
as was first proposed by Brekhovskikh [I]:

T12 -

f

'q31y=f = q 2 -f'q31y=0

+

None of the a, b, d, e, terms explicitely depends on q
and the reduced stress terms t, are defined by the
following formulas :

f2k = 8 k c 2 +Qk
f3k = P k / Q

a(q2-f 'q3)l

*)

= j f 3 k ( 2 k - i fikf3k

Y=O!

(4)

1
(9)

Although all expansions come from very simple
equations the detailed expressions remain relatively
cumbersome, especially when the wavenumber q is

complex, which must be considered here since we study
waves that intrinsically leak energy into the bulk.

We consider a rstricted frequency range, such that the
SSBW wavelength along Z' is very near the corrugation
period. Under such assumptions, we found convenient to
turn the wavenumber q and angular frequency o into
dimensionless quantities defined by the following
formulas :

By substituting into the generic propagation equation for
the k-th harmonic, we easily obtain the corresponding
wavevector component along the Y'direction, normal to
the average free surface :

Because K = \ I s is always positive, no problem
is ever encountered in the definition of K. Since we
restrict our interest to a small frequency domain in the
vicinity of the structure resonance, 5 and R are very
small with respect to 1, and, for any set of values
(k,S , a ) , only one of the couple of *signs must be
retained to get either a k-th STW-like harmonic that
exponentially damps in the depth of the substrate ( if k#1 and Im(Gk)#O ) or bulk waves emitted from the surface
towards the inner of the substrate ( i.e, k=-1 and
Re(Gk)cO) . At Ref.[2], we provided with a slightly
more detailed discussion on the issue of choosing the
most significant harmonics in a arbitrary frequency
range. It was shown that, for the here-considered case,
the most significant terms must be governed by ke[-2,1,0]. Thus, we truncated the infinite suite of boundary
conditions (7) into a 3 by 3 system, for which we
proposed asymptotic analytical solutions (roots of a
polynom with real coefficients), provided that q+0.
This approach led us to four well-organized solutions, in
complex conjugate pairs, which c< degenerated >> into
distinct real roots when the frequency increased.

Although this approach seemed altogether consistent, we
now consider that it is not at all satisfactory, since, after
many attempts and detailed program checking, we have
found that the proposed 3 by 3 determinantal equation
actually does not vanish. The determinant may only take
minimal but non-zero values in the considered domain.
Conversely, we now rely on completely numeric
solutions that do make sense, provided that we take at
least 5 modes (namely k~ [-3,-2,-1,0,1] or 7 modes
(namely ke [-4,.....,21) in the COM model. The dispersion
curves, roots of an implicit equation F(R,c)=O, are then
obtained with help of Newton's method in the bivariate
case. They are totally similar in shape for both cases (5
or 7 harmonics), although very small differences are
observed for the most significant amplitude coefficients
A, which are still obtained for k=-2,-1,O. We give on Fig
l a and Fig l b the set of numerically obtained dispersion
curves (respectively for the real and imaginary part of k),
in solid lines, simultaneously with our former results in
dashed lines. In order to get a meaningful comparison,
we stick to the same input data as in Ref[2], indeed, i.e.
a 42.75" ST cut of quartz, with corrugation period A=10
'm, and q=0.08, which must be thought as rather high
value. The two branches appearing on Figs1 describe
almost - but not exactly - opposite solutions, each one
associated with a definite sign of Im(6). The
unsufficiency of our previously proposed solutions seems
to come from the fact that the high order powers of q
that were discarded, though negligible in compare with
retained terms, are not negligible in compare with the
combination of them. The computer programs leading to
newly presented results have been submitted to sufficient
debugging and cross-checking to ensure the reliability of
here-presented results.

m COUPLER
WITH FINITEDIMENSIONS
We denote by g+ (resp. 5-) the branch characterized by
Im(k)>O (resp. Im(k)<O), that exponentially damps in the
Z'>O direction (resp. Z'<O). The two branches must be
understood as a pair of complementary eigen-solutions
appearing in a corrugated region of semi-inifinite length,
beginning at Z=O (the question of origin is somewhat
arbitrary) and extending towards Z'+- (resp. Z'+--).
Because the actual achievement of a SH-BAW a S T W
reciprocal transformer requires a corrugated finite
region, it is natural and even more necessary to seek the
solution in a finite coupler as a combination of both k+
and 5- branches in order to satisfy the boundary
conditions at both ends of the transformer. This

approach is clearly outlined in Chapter 8 of of Ref[2], in
which the authors give detailed insight on a Rayleigh
waves~BAW coupler in an isotropic medium.
Following the same general approach, we propose some
results for the problem of an incident SH bulk wave
coming under normal incidence from the depth of
substrate onto the corrugated surface. We must then
consider the following linear combination in the coupler:

This linear combination is governed by two unknown
coefficients h and p that can be determined by two endconditions at Z'=-Ll2 and Z'=+L/2, L being the actual
length of the corrugated region. Supposing a coupler
centered around the origin does not imply any loss of
generality. Formula (13) simply means that the solution
is a separately-weighted sum over both e+ and &
branches of the dispersion curves ( that provide with
normalized amplitude ratios hifor the eigenmodes
together with % in terms of SZ ), and over a << forced n
solution, indicated by the 60 sign. This latter solution is
the particular series of Bloch functions that obeys the
system of {propagation equations)/{boundary conditions
on the outer surface}, with some peculiarities : in this
solution, both kind of incoming to- and outcoming from(the surface) SH waves occur, wherewhile the 68
horizontal wavevector is fixed by the incidence angle of
the SH incoming towards the free surface. As a more
concrete example, if we consider 5 modes, the 8
solution actually contains 6 partial waves, each
associated with an amplitude coefficient Ak60 : 4 STWlike harmonics, 1 SH bulk incident to the surface, and 1
SH emitted from the surface. The amplitude of the
incident SH wave is supposedly known and therby can
be arbitrarily fixed to 1 and the corresponding term is
put in the second member of the boundary conditions. In
addition, the vertical components of the SH bulk
harmonics are exactly P.:=k66/p
, together with t@s0
in case of normal incidence for the incoming SH wave.
Thus, other A: are easily obtained by ordinary solving
of a linear system with second member. The h and p
coefficients are ultimately obtained stating that the net

amplitude of the whole combination of all STW-like
harmonics travelling towards Z'>O (i.e. with k r - 1 )
vanishes at the left end Z'=-Ll2, whereas the net
amplitude of all ( kc-I)harmonics vanishes at the right
end Z'=L/2. This means that no energy is injected in the
coupler besides the incoming SH bulk wave. Fig 2 gives
the amplitude of the most important -2 and 0 harmonics
in terms of the reduced frequency with coupler lengths
k20A (solid) and LFSA (dashed).. As is previously
mentionned in Res [6,2], a relatively similar approach
can be used to model the reverse transformation of a
STW that enters a limited grating into transmitted and
reflected STWs, and bulk-SH waves penetrating into the
substrate.
Fig 3 shows the reflection coefficients of incoming STW
waves on a semi-infinite coupler, in both posible cases
(extension towards Z'>O and Z'>O). We present only the
curves concerning the -2 and 0 harmonics, though the
analysis was performed with 7 retained modes. It can be
observed that the reflection coefficients along Z+ and Zdirections are not equal, due to crystal anisotropy.
The here-presented approach is submitted to limitations
due to additional scattering effects involved at both ends
of the coupler, especially when the structure of STWs
possibly existing in the outer regions neatly differs from
the structure of STW-like harmonics inside the coupler.
We consider that these issues are out of the scope of this
paper.
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encouragements by V. Plessky.
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Fig.2: STW amplitude (module) launched by
incident shear bulk wave on a coupler with
finite length L=20A(solid) and . L=SA(dashed)
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Fig.3: Module of reflection coefficients for the largest
STW-like harmonics in a semi infinite coupler.
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ABSTRACT
This paper presents the method used to measure the
magnetic sensitivity of inductances. The
measurement is performed by using an LC oscillator
whose frequency is determined by the inductance to
be measured. Because the records are often
perturbed by noises and drift the data are processed
so as to enhance the signal-to-noise ratio and to
suppress the drift. A wide range of inductances have
been measured. The results show that, according to
their technology, for a magnetic field of 10 Gauss
amplitude, the sensitivity may go from 0.1 ppm to
1400 ppm with sometimes a large spread of values
in a given batch.

2. EXPERIMENTAL SETUP
D war vessel
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0

Helmholtz coils

/

\

Power
amplifier

IEEE 488 bus

1. INTRODUCTION

For a long time designers have been concerned with
the environmental sensitivity of the devices they
have to build. The sensitivity of the electronic
devices such as oscillators depends on the sensitivity
of their components. Unfortunately, except for
temperature dependence and sometimes for voltage
dependence, the manufacturers are often discreet
about the environmental sensitivity of their products.
For several years, attention has been focused on the
magnetic sensitivity of quartz crystal oscillators
especially those developed for space applications (13). Recently, measurements have shown that
environmental sensitivity mainly comes from either
inductances used for mode selection or from the
resonator itself (4-9).
Other experiments have shown that the sensitivity of
inductances is more or less pronounced according to
their technology. In order to clarify this particular
point, 8 batches of inductances of various
technologies have been measured. In all cases, their
values were about 1 pH enabling easy comparisons.
The experimental setup used is derived from the
setup for the measurement of the magnetic
sensitivity of quartz resonators (8).

Frequency

Amplifier

l#-Z--HTJ+$l
Reference
oscillator

computer

Figure 1. Experimental setup for magnetic sensitivity
measurements

Figure 1 shows the experimental setup used for the
measurement of the inductance magnetic sensitivity.
The component under test sets the frequency of an
LC oscillator in which it takes place. It can be
shown that the frequency of the oscillator is given

1

where C is the capacitor of the
by = 2
n
~
oscillator resonant circuit so that the relative
variation of the inductance can be obtained from the
relative frequency variation measurement by using

Af

the relation : -=

f

AL
- -1 2 L

The oscillator and the inductance are put in an oven
at a temperature about 40°C. When the equilibrium
is reached, the temperature stability of the oven is
better than lo4 OC over the experimental duration.
To insure that only the magnetic sensitivity of the
inductance is measured, the remaining part of the
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oscillator can be shielded by a mu-metal enclosure
which reduces the magnetic field by a factor about
50. Experiments have shown that there is no
perceptible difference when the shielding is in action
or not so that in most cases it was not used because
of the strong magnetic field inhomogeneity induced
by the mu-metal enclosure. In a given experiment,
the component under test is held in a fixed position
regardless of the magnetic field orientation as
recommended by the IEEE standard (10). In order to
give the magnetic field vector different orientations
with respect to the component, the magnetic field is
produced by using two pairs of Helmholtz's coils.
One of them is fixed to produce a vertical magnetic
field along the symmetry axis of the oven which is
usually the symmetry axis of the component (Fig.
2), the other pair can go round the symmetry axis
thus enabling any radial orientation of the magnetic
field in a plane normal to the symmetry axis. The
magnetic field is measured by means of a
gaussmeter using two Hall effect probes located near
the component under test, one of them is for axial
field and the other one for radial field measurement.
A microcomputer drives the current in the coils
through a DAC and a power amplifier thus enabling
various shape and amplitude of the magnetic field.

modulation. The period of the magnetic field
excitation has been chosen so as to meet two
opposing requirements : it has to be long enough to
insure that no dynamic magnetic effects can occur
and short enough to avoid long term temperature
drift which could affect the accuracy of the data
processing. Some preliminary experiments
performed in various conditions have shown that an
excitation period of 100 s and a sampling time of 1 s
constitute a satisfactory compromise.
Because of the periodic character of the magnetic
field excitation and the frequency response, it is
possible to average the data over a number of
periods (usually several tens). In fact it is well
known that in such a case, the signal-to-noise ratio
increases as the square root of the cycle number. In
addition, the low frequency variations due to the
temperature drift can be partially removed by
performing a frst order regression on each period of
the excitation signal.
Relative inductance variation (ppm)
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Figure 3. Effect of the drift removal by linear regression.
Relative inductance variation (ppm)
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Figure 2. Convention for component orientation.

The frequency of the test oscillator is measured by
using the popular method represented in Fig. 1. The
test oscillator is compared with a reference oscillator
by using a balanced mixer, a low noise amplifier and
a low pass filter. The beat frequency is usually in the
1 kHz range. This frequency variation as well as the
magnetic field and the oven heating current are
simultaneously stored as a function of time in the
microcomputer. All the experiment is automated by
using a IEEE-488 bus interface.

3. EXPERIMENTAL PROCEDURE AND DATA
PROCESSING
In order to improve the signal-to-noise ratio, the
magnetic field is given a low frequency sinusoidal

-21
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8
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10
Time (s)
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16

Figure 4. Enhancement of the signal-to-noise ratio by averaging
over several tens periods.

Figure 3 shows the effect of the drift removal when
the mean axis of each period is brought back on the
horizontal axis and Fig. 4 shows the result obtained
after the averaging process has been performed.
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The sinusoidal magnetic field is successively given
the amplitude 3,5, 10 and 20 gauss.
4.

SAMPLES

Inductances of various shape and constitution have
been measured, their main electrical characteristics
are summarized in Table I and their geometric shape
is shown in Fig. 5.
Table . Electrical characteristics of the amples and results.
Batch

8

Turns

Rel, VET.
for 10 gauss
@pm)

rod

femte

1.01

6

750 - 1450

rod

neutral

1.13

25

< 0.2

pulley

iron
powder

1.11

19

125 - 220

Pot

femte

1.21

6

1200 - 1400

toroid

neutral

1.23

56

< 0.25

toroid

neutral

1.08

34

< 0.2

summarizes the relative inductance variation
measured for a 10 gauss amplitude magnetic field
for each batch, when the magnetic field is directed
along the greatest sensitivity axis.
Figures 6 to 11 show, for each kind of inductance,
the typical behaviour of the component for 4 values
of the magnetic field amplitude.
It should be noted that neutral core inductance
exhibit a very low sensitivity, less than 0.2 ppm for
an amplitude of 10 gauss. At the present time it is
not obvious that the sensitivity observed with these
components comes effectively from the inductance
under test. It is possible that it comes from a residual
sensitivity of the measurement setup. This point is
not yet clarified.
Figures 12 to 16 show the spreading of the
sensitivity observed for different batches.
Relative inductance variation (ppm)
300

I

I

I

Figure 5. Various shapes of coils used in the experiments:
(a) rod, (b) pulley, (c) pot, (d) toroid.

5. RESULTS

Each kind of inductance has been measured by
applying the magnetic field along the three main
directions of the component as defined in Fig. 2 so
as to determine the greatest sensitivity axis for each
batch. Most of the results presented in this paper
have been obtained with a magnetic field directed
along the greatest sensitivity axis. Table I
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Figure 6. Ferrite core rod, batch #2, sample #2,
magnetic field along rod axis.
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Figure 9. Ferrite core pot, batch #6, sample #1,
magnetic field along pot axis.
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Figure 8. Iron powder core pulley, batch #5, sample # 1,
magnetic field along pulley axis.
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Figure 14. Ferrite core pot, batch #6.
This batch exhibits the highest sensitivity.
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magnetic field along toroid axis.
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Figure 15. Neutral core toroid, batch #8.
The sensitivity is quite low and the spread may be affected by
the measurement setup resolution.
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A large spread is observed among the different samples.
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Figure 16. Neutral core toroid, batch #9.
Same remarks as in figure 14.

CONCLUSION
The figures and Table I presented in this paper show
that ferrite core inductances present a very large
sensitivity to magnetic field. This is not quite
surprising, but the order of magnitude of this
sensitivity (about 1000 ppm for 10 gauss) has to be
taken into account when developing circuit exposed
to magnetic field. Iron powder core inductances are
somewhat less sensitive by a factor about 7 but
remain much more sensitive than neutral core
inductances which exhibit practically no magnetic
sensitivity.
Obviously, these latter component should be
preferred each time a system including inductances
is susceptible to be exposed to magnetic field.
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ABSTRACT
Development of satellite communication and
navigation, along with adoption of synchronous
techniques for data transmitting and processing,
promotes an enhanced demand for compact highstability quartz oscillators of TCXO and VCXOtypes. Solving a topical problem - to minimize quartz
oscillator dimensions - is presented based on
development of dedicated IC. Concidered is an
appoach to realization of self-exited oscillator using
differential amplifiers and model of two-terminal
networks with a negative impedance. Described are
IC main stages.
The reduction of TCVCXO volume down to 15 cm3 is
attained at instability for frequency of (3-20) MHz
with Allan's variance up to (2-3.10-12.

INTRODUCTION
In spite of significant progress in development of high
precision quartz oscillators (HPQO) , achevements in
improvement of operational parameters (of which the
most important are dimensions, consumption power
and warm-up time) are quite coservative and restrict
quality factors of up-to-date radio systems and
complexes.

not based on conventional circuitry [ I ] , but on
building a circuit with differential amplifiers. Such
devices are wildly used in microcircuits due to its
flexibility, versatility and convenience for realization
in IC form [2 1.

A high-precision IC quartz oscillator consists of three
assemblies:

-

Oscillator Circuit, to which a cristal resonator is
directly connected;

- Bias Controller providing an initial setting and
stabilizing operation of all IC stages;

- Output Stage amplifying an output signal power
and providing Oscillator Circuit isolation from load
changes.

OSCILLATOR CIRCUIT ANALYSIS

A self-excited crystal oscillator is realized as an
asymmetric differential amplifier with two loops of
voltage feedback (Fig. 1) : positive across the R7
resistor and negative across the R6 resistor. In order
to decrease a gain of in-phase signal component, the
43, a stable current generator, is introduced into
emitters of Q1 and 4 2 transistors. This generator
regulates a current that enables to regulate an
excitation power of crystal resonator.

One of promising ways to solve this problem is to use
dedicated analog IC. However the restrictions
imposed by solid-state technology on components
and parameters of HPQO circuits need a special
approach to design such IC.
In this work it is proposed to develop a dedicated
solid-state circuit of self-excited oscillator, in order
to connect to it a crystal resonator without any
inductance or other matching components, whose
reproducibility within a solid-state circuit is limited
by production. In so doing, it is proposed to use a
complex nature of input impedance of active networks
to realize a proper reactance for excitation of a quartz
resonator.
IC self-excited oscillator version given in this work is

Fig. 1.

A crystal resonator is connected to the inverting input
of differential amplifier in negative feedback loop.
This makes it possible for an oscillator to operate at a
frequency near to w i frequency of series resonance
without additional matching circuits.
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It is possible to consider a connection of crystal
resonator to the differential amplifier input as a
connection to a two-terminal network with a negative
resistance. A differential amplifier input impedance
with proper interval feedbacks is used as a twoterminal network. In this case, such an equivalent
network has S-type volt-ampere curve with a negative
differentialresistance and a reactance of an inductive
nature at a falling part of the curve.

An equivalent curcuit of a crystal resonator connected
to the differential amplifier is given in Fig.2, where
Zc is self-excited oscillator impedance consisting of
active component of R ~ ( - )resistance and k
equivalent input inductance; Zq is equivalent
impedance of crystal resonator including dynamic
inductance Lq,Cqcapacitance,Rq loss resistance and
Co static capacitance.
Zq can be presented as:

z',

=

where

R ',
E(~-&)-D-~
(1)
(1-E) 2 + ~ - 2* j ~ c ~ [ ( ~ - E ) ~ +' D - ~ ]
E

--

=

w2 - w1
- generalized normalized detuning which sets a
deviation of w generated frequency from w i using a
relation between frequencies of parallel 0 2 and series
w 1 resonances;
w22- "I2

D = (wl CoRq) - 1

- is figure of merit.

Generalized detining E is connected with a fractinal
detuning
CO Am
-w
w
c', w
From a condition for self-sustaining oscillations
&+Zq= 0 and considering for ( I ) , the equations for
amplidude and phase equilibrium will be as follows:

Aw

0-01
-- - through

E =2

.

Expressions (2) and (3) define thevalues of differential
amplifier negative resistance for providing and
maintaining self-sustaining oscillations and its
frequency (generalized detuning E) in steady-state
behaviour.
Condition for stability of self-sustaining oscillations
is 6q5q/6w > 0 , where
a phase of impedance Zq,
restricts generalized detuning by an area with E < 0.5.
Frequency dependence of IC RC(-)and k has a trend
to decrease as frequency increases. At a certain
frequency a * a nature of input reactance changes
becoming capacitive.
Components of differential amplifier and its mode of
operation are chosen to realize condition (2) at a
frequency w wi < w* within an area with an abrupt
change Rq(-) near w*. This enabled to eliminate an
oscillator excitation at spurious frequencies exceeding
w1 by (8-12) % and being typical for crystal resonatiors
of two-rotation cuts, for example, SC-cut.

-

BIAS CONTROLLER

All the current sources for oscillator and output stage
are biased from a single internal voltage reference. A
schematic of the bias controller is shown in Fig.3.
The bias controller consists of a band-gap reference
and turn-on circuit. Initial turn-on current for the
band-gap reference transistors 44-47 is provided by
a collector 43. When 4 3 conducts, it turns on 4 9
which suppllyes the bias bus. In this circuit,
transistor 4 4 is operated at a relatively high current
density. The current density of the transistor Q5 is
about 10 times lower and the emitter-base voltage
differential AVbe between the emitters of these
devices appears across R 1. The emitter-base voltage
differential between two transistors operating at
different current densities is given by [ I ]

where J is the current density, q is the charge of an
electron, k is Boltzmann's constant, T is absolute
temperature.

LLLJ
Fig. 2.

Fig. 3.

The bias voltage Vb is composed of emitter-base voltage, Vbe, plus a voltage drop across which is R2
proportional to AVbe and Vbe

The output stage of this amplifier 4 7 and Q8 is an
emitter follower to obtain a high output current and a
high load rejection.
PERFORMANCE

where Vbeis
44. Referring
to (4), the resistors RI-R3 determine a temperature
drift bias voltage.
The bias voltage Vb will give a constant output current
from an n-p-n current sources biased from it,
compensating for temperature variation of diffusedbase resistors. This voltage may be routed through
the IC using n+ cross-unders diffused into the
isolation wall to simplify layout.
OUTPUT STAGE

Schematic of the output stage is shown in Fig.4. This
circuit provides a differential input and output with
gain only determined by a resistor ratio. It can
amplify input signals with very low distortion and
wide bandwidth. The cross-coupled transistors 4 3
and 4 4 keep the drop across R 3 equal to the
differential input voltage. When the base of Q1 is
higher than 42, the current in Q1 is higher than the
current 42, causing their emitter-base voltages to be
mismatched. Transistors 4 3 and 4 4 have the same
mismatchin Vbe, but because they are cross-coupled,
their mismatch cancels the mismatch in Q1 and 4 2
leaving the drop across R3 equal to the differential
input voltage.
The collector current difference between Q1 and 4 2
is proportional to the voltage drop in R3, since R3 is
the only path for current to flow from one side of this
circuit to the other, except for a small base current
error. This means that the difference in collector
current between Q1 and 4 2 is proportional to the
differential input voltage. This gives a differential
output voltage proportional to input voltage.

A complected schematic of the IC quartz oscillator is
provided in Fig.5. IC prototype for test conductivity
within a crystal oscillator was manufactured using a
basic array of KB1452XHl-4 type. IC tests have
shown that as oscilltor maintained a stable excitation
of AT- and SC-cut crystal resonators with Q from
30.10~to 2.5.10~at frequencies from 3 to 20 MHz
when supply voltage changed from 4 V to 15V. In this
case, all the tested resonators were excited at
fundamental resonant frequency without additional
matching circuits.
Excitation power of a crystal resonator is regulated
within a range of (0.5 - 4.5) pW, and an output signal
level - within a range of (100 - 250) mV. IC
consumption current is (5.5 - 7.0) mA.
Frequency test results for a quartz oscillator with the
developed IC are given in Fig.6 for SC-cut crystal
resonator with Q of 2'106 a t t h e t h e 5.0 MHz
frequency.
A further IC improvement is based on introduction of
device for automated control of crystal resonator
excitation level [4 I. In this case, an improvement of
Allan's variance is expected due to decreasing a
contribution into a n instability of high-order
harmonics of oscillator output signal spectrum.
CONCLUSIONS

As a result of this work, a solid-state single-chip IC
was designed and tested for compact TCVCXO for
frequencies of (3-20) MHz with Allan's variance up
to (2-3.10-l2per Is. Due to complex nature of input
impedance, it was possible to provide a stable
excitation of crystal resonators of two-rotated cuts at

The advantage of all this is that the non-linear
transistors ;transfer characteristics, gm, has been
linearized. Also, the voltage gain Kv = (Ri + R2) /R3
is determined only by a resistor ratio.

-

Fig. 4.

-

Fig, 5.

Fig. 6. Allan's variance of compact TCVCXO.
fundamental resonant frequency without special
matching circuits for crystal resonator connection.
IC use enabled to reduce a volume of compact HPQO
of TCVCXO up to 15 cm3.
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EFFECTS OF CRYSTAL MOUNT RESONANCE, UNDER RANDOM VIBRATION, ON THE CLOSE TO
CARRIER PHASE NOISE.
Nigel D Hardy
C-MAC Quartz Crystals Ltd., UK

ABSTRACT
The phase noise of quartz crystal oscillators under
vibration is degraded, mainly due to the acceleration
sensitivity of the quartz crystal element. It is shown that
if a crystal mount resonance is excited by a random
vibration profile then the phase noise close to the
carrier, outside the random vibration profile, can be
further substantially degraded. A consequence is that
the vibration sensitivity would seem to increase rapidly
at low vibration frequencies. For example, a crystal
oscillator with a resonance at 1950 Hz subjected to a
random vibration profile of 0.01 g2/Hz extending from
100 Hz to 3000 Hz compared with a profile of 100 to
500 Hz , where the resonance is not excited, can have
over 40 dB degradation in the phase noise at 20 Hz
from the carrier. The resonance level is shown to
become non-linear with vibration power, possibiy due
to the large acceleration amplification of the resonance,
100 to 300 times. The vibration level where the
resonance becomes non-linear varies by two orders of
magnitude and starts as low as 0.0003 g Z / ~ This
z
phenomenon is demonstrated for four oscillators and
investigated under varying acceleration levels in an
attempt to quantify the nonlinear behavior. The nonlinear behaviour of the resonance is believed to produce
intermodulation of the mechanical vibration which leads
to the degradation of the close to carrier phase noise.

INTRODUCTION
The acceleration sensitivity of quartz crystals has been
well reported i.e. Filler (1). The quartz crystal's
resonant frequency moves when subjected to
acceleration. This frequency shift, equation 1, is
proportional to the magnitude of the acceleration and
dependent on direction, giving rise to an acceleration
sensitivity vector,

L($) = 20. log (F a')$

[

2/.

I

fv

Where
is the vibration frequency, the acceleration
sensitivity vector and ii the acceleration. Under
random vibration the acceleration is described by its
power spectral density PSD The magnitude of the
acceleration appropriate for substituting in equation 2
is:

When subjected to normal acceleration levels the
acceleration sensitivity is independent of the
acceleration level, i.e. the mechanism is linear. For a
linear system the characterization of the acceleration
sensitivity from a random vibration profile should be
equivalent to the superposition of the acceleration
sensitivity deduced from sinusoidal vibrations. A
typical acceleration sensitivity would be fairly constant
a low vibration frequencies extending until resonances
in the crystal or oscillator mounting structures are
encountered. at which point the apparent measured
acceleration sensitivity can be many times higher than
normal, due to the acceleration amplification of the
resonance.
The phenomenon, described here of a resonance
degrading the phase noise close to the carrier, was first
observed by us on 46.72 MHz third overtone TCXO's.
Good phase noise at 10 Hz when the device was
subjected to random vibration from 20 to 2000 Hz was
a requirement for these devices.

METHOD

F.

Under vibration the acceleration sensitivity causes
frequency modulation of the oscillator. For a small
modulation index the single sideband level J! is given
by equation 2.

Four quartz crystal oscillators were measured under
varying levels and types of random vibration profile.
All measurements were made using the same random
vibration controller, power amplifier and vibration
table. The phase noise spectrum was measured using an
HP3589 spectrum analyzer in its narrow band zoom
mode. In this mode the spectrum analyzer mixes the
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input down to baseband and performs an FFT. This
gives good narrow band resolution and greater than 100
dB of dynamic range.
The quartz crystals contained in the oscillators consisted
of: a 46.72 MHz third overtone in an HC45 holder, two
supposedly identical 10.9493 MHz fundamentals in
HC45 holders and a 16.8 MHz fundamental in a HC26
holder. All devices were compensated TCXO's and all
measurements were made with the acceleration
direction perpendicular to the plane of the quartz blank.
No resonances in the vibration drive signal were
observed indicating that any resonances observed in the
oscillator phase noise were due to low mass items. All
vibration profiles were a constant level between the
frequencies specified and outside these frequencies the
profile was attenuated as fast as the random vibration
controller filters would allow.
EXPERIMENTAL RESULTS

The 46.72 MHz oscillator was subjected to varying
levels of vibration ranging from 1v5 to lo-' g2/Hz and
with two profiles 100 to 500 Hz and 100 to 3000 Hz.
One to excite the resonance at 1950 Hz and one not.
The comparison between the device not under vibration,
the resonance excited and not excited is show in Fig 1.
The degradation of the close to carrier phase noise and
resonance level with vibration level is shown in Fig 2.
The results show a single resonance at approximately
1950 Hz. When the vibration profile is limited to 100 to
500 Hz and the resonance is not excited the phase noise
below 100 Hz is not degraded. But when the resonance
is excited the phase noise below 100 Hz is degraded
substantially, 40 dB or more.

When the vibration level is increased, the resonance
seems to saturate but the degradation of the carrier
increases.rapidly, Fig 2. The resonance level was
measured as a function of vibration level, this resulted
in linear behavior below ~ 3 . 1-40 g2/Hz, a short nonlinear region and then saturation above 10" g2/Hz, Fig
3.
Figure 3: Resonance level vs. Vibration level
46.72MHz Third, Random Vibration 100-3000Hz

No Vibration, 0.0 l g2iHz 100 to IOOH,, 0.01 g2IHz 100 to 3000Hz

Figure 1: 46.72 MHz Phase noise under vibration

-

5

'

"l:dE-3. ' "l:dE-2'
'l:lE-4'
Vibration Level (gZHz)

'

'

.I;;E-I

The measurements were repeated on an oscillator
containing a 10.9493 MHz fundamental crystal again in
an HC45 holder. The same phenomenon was observed,
as shown in Fig 4, although the effect required over an
order of magnitude increase in the vibration level to
degrade the phase noise by a similar amount. To
eliminate the possibility of any non-linearities in the
measurement equipment due to differences in the total
power applied, the device was measured using the same
total power, in a 300 Hz band below, above and
containing
the
resonance,
Fig
5.
Vibration 100 to 3000Hz: 0.0002 g2/I-lz,0.002 glllx, 0.02 g 2 / ~ z

Figure 2: 46.72 MHz with increasing vibration

intermodulation of the resonances manifesting as a 200
Hz sideband at levels as low as 0.0001 g 2 / ~ zFig
, 8,
C

Namm End Zoom

No Vibration, 0 0 I g2/ifi 100 to 500 Ilz, 0.01g2/Hz 100 to 3000 Hz.

Figure 4: 10.9493 MHz, Device #I

Vibration 1000 to 2000 Hz, 0.3 g2Mz, 0.03 g 2 i i l ~0.003
,
g2/&

Figure 6: 10.9493 MHz, Device #2.
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Figure 7: Resonance level vs. Vibration level

Figure 5: 10.9493 MHz, Device #1
Again only when the resonance is excited is the
degradation close to the carrier apparent. A second
10.9493 MHz device of identical construction was also
measured. This however required nearly an order of
magnitude increase in the vibration level to produce the
same effect, Fig 6. The resonance level vs. vibration
level for both devices is plotted in figure 7. Neither
device shows the saturation effect of the 46.72 MHz
device. The point at which the resonance leaves the
linear response line is however higher for these devices
and also differs by an order of magnitude between
them.
Finally, a fourth device containing a 16.8 MHz
fundamental crystal in a HC26 holder was measured.
This showed a double resonance at 2350 and 2550 Hz.
The degradation was again clearly evident with the

-120
1 67991-7

5W W D I v

Random vibration, 500 to 3000 Hz: 0.0001, !,.OOi,

16804E+07 W

0.01 &HZ,

Figure 8: 16.8 MHz Fundamental, HC26 Holder.

The presence of the double or split resonance allows the
characterisation of the magnitude of the phenomenon as
shown below, Fig 9.
Rmnccm.d(dec)
40

onto the leads.
A summary of the devices'
characteristics is presented in table 1
TABLE 1: The characteristics of the crystals contained
in the four oscillators:-
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Figure 9: 16.8 MHz Fundamental, HC26 Holder.
The degradation of the close in phase noise folows the
square of the resonance level i.e. 20 dB per decade
change in vibration level.

The degradation of the close to carrier phase noise when
a crystal mount resonance is excited by a random
vibration profile has been demonstrated.
The
degradation only starts when the resonance becomes
non-linear. The point at which the resonance becomes
non-linear varies by at least two orders of magnitude
starting as low as 3. lo4 g 2 ~ z . .When the resonance
becomes non-linear, it causes the resonance vibration to
be mixed down. This intermodulation and the strength
of the intermodulation are both proportional to the
resonance level.
REFERENCES
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Figure 10: HC45 Holder.
The HC45 holders used had the mounting structure
shown in Fik 10, which includes a third clip on the
centre lead. This is used to hold the blank during
mounting and pasting into the clips, it is not however
pasted. This probably explains the saturation effect of
the 46.72 MHz device as the centre clip could be
restricting the movement of the crystal blank. The
HC26 small glass holder has no centre clip to restrict
movement or introduce any non-linearity. All the
crystal mountings consisted of separate clips welded
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Abstract
A family of space qualified, high performance,
oven compensated, crystal oscillators have been
developed employing stress compensated (SC-cut)
resonators. The oscillators use rugged oven
designs, robust enough to withstand launch
vibration while reducing thermal losses to ensure
low power operation. Electronic circuits are
implemented using thick film hybrid technology,
with interconnections via film wire flexible
circuits, to achieve minimum size, weight and high
reliability. Typical frequency stabilities of f few
pp108 over -40°C to +7S0C, coupled with ageing
rates of less than f lpplOlO/day have been
achieved with power consumptions of less than
450mW.Phase noise at 1kHz offset is -153dBc/Hz.
Environmental testing includes vibration, thermal
vacuum and radiation.

which were required for military applications.
The space-grade oscillators are conceptually the
same as their military precursors, ie they use:(i)

Precision high overtone SC-cut
resonators manufactured from Hirstgrown High Purity Quartz, which is
relatively insensitive to the effects of
ionising radiation.

(ii)

Miniature dewars for thermal insulation
of the ovened components, which include
the crystal, oscillator and oven control
circuits.

However, the specific demands of the space
applications we are addressing have necessitated
some fundamental re-engineering of their military
precursors as follows:(i)

Since 1990, the Hirst Division of GMMT
(formerly the GEC-Marconi Hirst Research
Centre), has been engaged in the development
and manufacture of miniature, high stability low
power crystal oscillators for space applications.
This activity evolved from an existing capability
for oscillators with similar electrical specifications,

The electronics is now implemented
using hybrid circuit techniques, ie
ceramic substrates, printed resistors, chip
capacitors and bare die, encapsulated in
seam-sealed metal flatpacks; discrete
hybrids are interconnected by mounting
them on alumina carriers and/or via film
wires.
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(ii)

(iii)

The dewars used are of a composite
glasslmetal construction, with the glass
inner tube suspended at both ends of a
Kovar outer tube; this double-ended
configuration was selected in preference
to the thermally more efficient singleended version because of its improved
robustness; the ruggedness of the dewar
is a key element in the overall abiity of
these oscillators to withstand the very
high (rocket launch) levels of vibration
(typically 30-40 g,,).

Reference Oscillator (HARO) is described. This
is an ultra-low power (40mW @ 20°), high
stability device which employs a direct heated
resonator. Although originally perceived as a
device for military applications, the HARO is
eminently suitable for the space environment and
could be considered for lower cost, higher volume,
eg LEO communications satellite systems.
2.

MINIATURE OVENISED CRYSTALCONTROLLED OSCILLATOR
(MOXCO)

In addition to the essential careful
selection of radiation-hard electronic
components, the space-qualified versions
incorporate additional radiation
hardening measures including preirradiated crystals (where necessary) and
radiation tolerant circuitry, eg AGC in
the oscillator amplifier; the radiation
environment anticipated for these devices
is 10-13 years in geostationary orbit,
simulated by 100krad Cobalt 60 gamma
irradiation.

2.1

General

The space oscillator designs have been extensively
analysed and modelled throughout their
development, in particular fmite element thermal
modelling has been used to ensure that all
components remain within their temperature and
derating limits, and mechanical stress modelling
has been used to predict resonant frequencies of
sub-assemblies, as well as to ensure that the
stresses in critical components are well within
safety limits, eg during launch vibration.
We would like to present three oscillator designs
in more detail below. Firstly, the Miniature
Ovenised Crystal-Controlled Oscillator (MOXCO)
is described. This is a miniature (85 x 25 x
20mm), high stability, low power (400mW @
25°C) unit, which is now going into service as the
master oscillator within frequency generator
equipment aboard the KOREASAT and
INMARSAT I11 satellites. Secondly, a 10MHz
Ultra-Stable Oscillator (USO) is described - a
miniature (lOOx40x30mm), ultra-stable, low power
(450mW @ 25°C) unit with very low phase noise
(-153dBc @ 1kHz offset). This oscillator is
destined to serve as the master oscillator in the
ARTEMIS frequency generator equipment.
Finally, a novel sub-miniature (25~25~25mrn)
oven
controlled crystal oscillator, ie the High Accuracy

The MOXCO is a miniature oven-compensated
oscillator with electrical and mechanical
characteristics as detailed below:-

PERFORMANCE AND PHYSICAL PARAMETERS
Frequency:

1OMHz standard or customerspecified in the range 8-20MHz

Adjustment
Range:

i 5 x 10.' by means of eGrnal
select on test resistor or suitable
telecommand system

Frequency
Stability:

Phase Noise:

Size:
Mass:

Condition

Maximum
Frequency
Deviation

All causes, 13
years

i 1 x 1w6

-25-c to 7s-c

i2x104

Ultimate
agelng

<*I x 10.1°
Per day

Offset

Maximum
Frequency
Content

5Hz

-llOdEk/Hz

lOHz

-125dB~/Hz

lOOHz

-140dBc/Hz

lkHz

-143dB~/Hz

lOkHz

-14SdBc/Hz

lMHz

-145dBc/Hz

85 x 25 x 20mm
less than 80g

With reference to the schematic diagram below,
the main elements of the MOXCO design are
discussed in more detail below:-

Figure 1. Schematic Diagram of MOXCO.
2.2

Crvstal

The resonator is a 10MHz third-overtone SC-cut
plano-convex element which is designed to be
ovened at the lower turnover of its frequency
temperature characteristic, ie 85°C. This strategy,
coupled with the use of a miniature dewar as the
oven wall, allows the crystal temperature to be
controlled to within a fraction of a centigrade
degree, over a wide range of ambient
temperatures, and results in a low frequency
temperature coefficient for the integrated
oscillator.
The use of a third-overtone resonator provides a
relatively thick quartz element which is favourable
in respect of low ageing and close-in phase noise.
The crystal is manufactured using Hirst-grown
High Purity Quartz (HPQ), which is amongst the
most radiation-resistant material available
worldwide; this results in frequency/radiation
sensitivity of the order of a few parts in 10' for a
total dose of 100krad (Cobalt 60 gamma).
MOXCO crystals are subjected to a careful
screening programme before selection for use in
oscillators.
This includes parametric,
frequency/temperature and ageing tests.

2.3

Dewar

The dewar is a miniature composite glass/metal
construction, comprising a Kovar outer tube and
a glass inner tube, which forms the immediate
oven wall. The outer tube is hermetically sealed
to the glass inner tube at each end of the dewar.
The resulting enclosure is evacuated via a copper
pump-out tube to ultra-high vacuum, and
subjected to a lengthy high temperature bake-out
to ensure thorough de-gassing. The dewar is then
sealed by crimping (cold welding) the pump-out
tube.
The use of a dewar provides a highly compact and
thermally efficient means of insulating the ovened
segment of the oscillator and is the key to
obtaining low power consumption within the small
dimensions of the overall unit. An additional
feature of the MOXCO dewar is its mechanical
robustness - it can withstand very high levels of
The use of a
mechanical vibration, eg 40g,,.
double-ended design sets the first resonance
outside the bandwidth of most input vibration
spectra and increases the strength relative to a
single ended design by sharing any mechanical
load between the two ends. As a result of the low
mass of the ovened segment, and the absence of
any significant Q, the stresses in eg the glass
during launch vibration remain well below the
UTS of that material. MOXCO dewars are
subjected to a demanding mechanical 'proof test
to validate their mechanical integrity before use.
2.4

Electronics

The MOXCO electronics is split between two
basic segments. The ovened segment includes the
crystal, heater transistor, oven temperature sensor
(a silicon-based current source), and those circuits
which exhibit significant temperature coefficients
and which if not maintained at constant
temperature would be deleterious to performance,
ie the oscillator/amplifier hybrid, the oven control
hybrid, and a voltage reference. The non-ovened
segment includes a voltage regulator hybrid for
the precision 5V rail and an output signal
amplifier/buffer.
The MOXCO circuits are implemented using
hybrid circuit technology which employs thick film
technology on alumina substrates. Most resistors
are implemented using printed components;
capacitors are ceramic chip components and the
active components are in the form of bare chips

bonded directly to the substrate. The hybrids are
seam
hermetically encapsulated ~sin~conventional
sealing techniques. All hybrids are subjected to a
searching screening and burn-in programme
before integration into oscillators.

2.5.

Phase Noise:

Packaging

The MOXCO is packaged in a metal enclosure
which can be hermetically sealed if required.
2.6

Power
Requirements:

Oualification

The MOXCO has been subjected to a
comprehensive qualification programme including
high level vibration, thermal vacuum and
accelerated life tests. The MOXCO hybrids have
been independently qualified.
Significant on-line screening of MOXCO Flight
units is also carried out, including high level
random vibration, thermal cycling, barometric
testing and extended ageing.

,

Offset

Maximum
Frequency
Content

5Hz

-12ld&/Hz

loHz

-132d&/Hz

lOOHz

-14SdBc/Hz

1kHz

-lSMBc/Hz

lokHz

-lSSdBc/Hz

lMHz

-1SSdBc/Hz

Condition

Maximum
450mW

Size:
Mass:

-25'C

670mW

Cold turn-on

2000mW

100 x 40 x 30mm
less than 180g

A schematic diagram of the U S 0 is provided in
Figure 2 below.

The MOXCO is scheduled for service in the
KOREASAT and INMARSAT I11 frequency
generator equipments.
3.

ULTRA-STABLE OSCILLATOR

3.1

General

The Hirst U S 0 is conceptually very similar to the
MOXCO, although it is aimed at generally much
more stringent requirements, particularly with
respect to the all-causes frequency stability
requirements (flpplO-',an order of magnitude
more demanding than the MOXCO requirement),
and very low phase noise.
Figure 2. Schematic Diagram of Ultra-Stable
Oscillator.
Frequency:

lOMHz standard or customerspecified in the range 8-20MHz

Adjustment
Range:

f l x 10'' by means of external

Frequency
Stability:

select on test resistor or suitable
telecommand system
Condition

Maximum
Frequency
Deviation

lo-'

4
1 causes, 7
Yearn

*I

- 2 . 5 ~to 7s-c

*I 104

Ultimate
ageing

less than f3 x
10'" per day

The main features of the U S 0 design, with
particular emphasis on the variations from the
MOXCO configuration, are discussed below.

The resonator in the U S 0 is a 10MHz fifth
overtone, SC-cut plano-convex element, with a

considerably increased diameter in relation to that
of the MOXCO resonator. The high overtone
results in a relatively massive quartz element,
which is advantageous in respect of low ageing
and close-in phase noise performance. The
crystal is designed to be ovened at its lower
turnover (85°C) such that, in conjunction with the
temperature stability provided by the dewar, the
overall frequency/temperature coefficient of the
oscillator is very low.
The ultimate ageing rate for this design of
resonator is in the low pplon/day regime. The
achievement of these rates relies upon
manufacture of resonators under ultra-clean
conditions through the encapsulation stage.
The radiation sensitivity of the as-manufactured
U S 0 resonator is low, ie in the few
pp108/100krad regime; however this is still
excessive in relation to some applications and it
has been found necessary to pre-irradiate
completed resonators, thereby saturating the
sensitivity and producing a residual
frequencylradiation coefficient in the
pp109/100krad regime; moreover, the resonator
will ultimately withstand high radiation doses, eg
1Mrad.
3.3

form of a platinum resistance
thermometer which is considered
optimum in respect of long-term
temperature stability of the oven.
iii)

the use of a regulated 10V rail in the
output buffer/amplifier allows improved
far-out phase noise to be obtained.

3.5

Packaging

The U S 0 is configured in a compact aluminium
case, with the overall mechanical structure being
suitably compensated for thermal mismatches
(compliant dewar mounting) and appropriately
stiffened for elevation of mechanical resonance
frequencies (10-point mounting footprint). The
package is vented.
3.6

Oualification

The U S 0 resonator has been qualified in its own
right, essentially to ESA SCC/3501 standards.
The U S 0 hybrid build has been delta qualified
(using the MOXCO hybrid qualification as the
foundation).
The oscillator itself is being
qualified using EQM models and within the
frequency generator equipment in which it is used.

Dewar

The philosophy behind the U S 0 dewar is identical
to that described for the MOXCO above, ie it is
a double-ended structure with high thermal
efficiency resulting in low power operation of the
oscillator. The dewar is of considerably wider
bore than the MOXCO component, as a result of
having to accommodate the larger diameter
crystal. The dewar's mechanical resonance is
outside the typical input vibration bandwidth and
the structure is capable of withstanding high levels
of (eg rocket launch) vibration.

The U S 0 is scheduled for service as the 'master
oscillator within the frequency generator
equipment for the ESA/ARTEMIS mission.
4.

HIGH ACCURACY REFERENCE
OSCILLATOR (HARO1

4.1

Descri~tion

i)

the oscillator/amplifier is based on a
'differential-mode' configuration for
improved phase noise.

The High Accuracy Reference Oscillator (HARO)
is a novel oven-compensated unit (OCXO)
employing a direct-heated quartz element. The
crystal is a high overtone SC-cut unit. This
configuration allows frequency stability and phase
noise characteristics to be obtained which are
comparable to those of bulky ultra-stable OXCOs,
while size and power consumption are constrained
to levels which are characteristic of non-ovened
oscillators such as simple packaged crystal
oscillators and temperature compensated crystal
oscillators (TCXO's).

ii)

the oven temperature sensor is in the

The HARO operates in a very low power mode

3.4

Electronics

The U S 0 electronics are distributed in a similar
manner to that pertaining to the MOXCO but
there are several key aspects of the U S 0
configuration as follows:

with modest phase noise performance, which is
ideal for timekeeping applications. An alternative
low phase noise mode, intended for frequency
synthesis/LO requirements, can be activated by a
suitable TTL command.
The device is designed for operation in a hostile
military environment (-55°C to t85"C) and will
withstand high level random vibration and 'manin-the-field' radiation levels.
A summary of the anticipated performance of the

HARO is given below.
HARO TARGET PERFORMANCE AND PHYSICAL
PARAMETERS

Nominal
Frequency:

Frequency
Stability.

lOMHz
Condition

Stability

-55 to +ICiaC*

f few pp 19

Ageing

< f~ P P

1o1O/day

The HARO is eminently suitable for space
applications where small size/mass, and low
power consumption are highly desirable. The
radiation hardness at 'space' levels is as yet
unproved but a variant is now being developed
which we anticipate will exhibit sensitivity in the
pp108 to pp109/100krad regime.
5.

CONCLUSIONS

A world-competitivespace oscillator capability has
been developed at the Hirst Division of GMMT.
We have direct access to a strategically
advantageous material, ie High Purity Quartz, as
well as the design and modelling software which
is essential for the implementation of state-of-theart space-qualifiable devices. This capability has
already been demonstrated by means of three
novel oscillator configurations exhibiting high
stability, compactness and low power
consumption. Two of these configurations are
space-qua15ed and are about to enter service in
demanding space applications, and the third is
suitable for future satellite systems.
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DEVELOPMENT STATUS OF THE MICROCOMPUTER COMPENSATED CRYSTAL OSCILLATOR

Brian E. Rose, Howard Phillips
Q-Tech Corporation, U.S.A.
INTRODUCTION

The Crystal

The design of the MCXO eliminates the three
primary obstacles to stability of the conventional
Temperature Compensated Crystal oscillator
(TCXO). These are: 1. errors in measuring the
crystal temperature. 2. use of a fundamental mode
AT instead of an overtone SC cut crystal. and, 3.
hysterisis and aging associated with "pulling" the
crystal.
As a result,
the MCXO achieves about 30 times
better stability than the best TCXOs. In this paper
we will review the MCXO design technology,
describe the Q-Tech MCXO, QT2001, and describe
some future developments.

The frequency correction in an MCXO is done by
adding the error frequency to the crystal frequency,
instead of the TCXO method of offsetting ("pulling")
the oscillator frequency to wunter temperature
caused offsets. Another way to describe this
difference is to say that the MCXO crystal is allowed
to oscillate without any need for frequency
correction or pulling.
Consequently, a third
overtone SC-cut crystal can be used in the MCXO.
This type of crystal is very difficult to pull, and could
not be used in a conventional TCXO. The third
overtone crystal has superior aging characteristics
to a fundamental mode AT-cut crystal, such as is
typically used in a TCXO. In addition, the absence
of a varactor diode pulling network eliminates a
circuit source of aging, hysterisis, and noise.

REVIEW OF MCXO TECHNOLOGY
Temperature Measurement

Conventional methods of crystal temperature
measurement suffer from the problem that the
temperature sensor cannot be in intimate contact
with the crystal. Hence, there exist different thermal
environments for the crystal and the sensor,
including different thermal paths. Static and
dynamic errors result. The dual mode temperature
sensing method described by Schadowski (1) uses
the difference between the fundamental and third
overtone
modes of
a
crystal,
running
simultaneously, to measure the exact crystal
temperature. In the implementation of this method
in the Q-Tech MCXO, the third overtone at 9.999
MHz is divided by 3 and subtracted from the
fundamental signal in a mixer. The filtered
difference frequency at about 50 KHz has an almost
linear frequency-temperature curve with a slope of
77 PPM per degree C. i.e. an almost perfect
thermometer for the crystal temperature. This
frequency is counted and the digital number, N1,
that results is correlated with the overtone and
fundamental frequencies.

DESCRIPTION OF THE Q-TECH MCXO
Block Diagram
A simplified block diagram of the MCXO is shown in
Fig. 1. The oscillator and phase-locked loop circuits
use discrete surface-mount analog construction,
while all other circuitry is digital. Most of the circuits
are in an Application Specific Integrated Circuit.
(ASIC) operating in conjunction with the
microcomputer and its associated EEPROM.
The SC-cut crystal is a specially designed 10 MHz
3rd overtone unit, that is contoured and sized to
provide a high Q on both fundamental and third
overtones. The lower tuming point of the third
overtone mode is usually set between 10 deg, and
20 deg. Celsius to provide equal maximum slopes
for the fundamental and overtone modes. Although
the F vs T characteristic of the SC-cut is cubic, it
appears to be parabolic because the inflection
temperature is just above the upper limit of the
operating temperature range. The Q-Tech MCXO
crystal is plated so that the maximum frequency of
the third overtone (Fo) is typically 1 KHz below 10
MHz. This produces a fundamental frequency (Ff)
of about 3.384 MHz. The 3rd overtone frequency
varies more than 700 Hz over the operating
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temperature range but is compensated by the
MCXO system to within less than 0.2 Hz, providing
an improvement factor of 1 part in 3500.
Since both modes have essentially identical
temperature characteristics, differing primarily in the
magnitude of their first-order terms, the beat
frequency between the overtone mode (divided by
three) and the fundamental mode is a nearly linear
function of temperature. In this way, temperature
information is obtained directly from the resonator
itself rather than from an external sensor, thus
eliminating temperature offset and lag effects.
Temperature velocity effects are also minimized by
the Stress Compensation characteristics of the
SC-cut resonator. A new oscillator circuit has been
developed for the high resistance, third overtone Cmode of the SC-cut resonator. It has been called a
True Bridged-Tee Oscillator (BTO) which produces
a very high operating Q at low collector current
through the use of a unique form of ALC. This
design provides the very high stability and low
phase noise required of the third overtone output.
Simultaneous
oscillation
on
the
fundamental frequency of the C-mode is sustained
by an Impedance-Inverting Colpitts Oscillator circuit
that is well suited to the low resistance of this mode.
Both oscillators operate at the series resonant
frequencies of the resonator in order to minimize
crosstalk between them.
The beat frequency, Fb, which is generated
in a digital mixer, is converted to digital number N1
in a period counter. During the initial calibration run
(which each unit undergoes), five seventh-order
polynomials are faed to both sets of frequency data
versus N1 and the coefficients stored in the
EEPROM. The microcomputer uses this polynomial
in conjunction with the N1 number to calculate and
generate the required frequency correction (dFo) via
the Direct Digital Synthesizer (DDS). This DDS
uses only the MSB bit from its adder as the dF
output. Neither sine look-up tables or the D/A
converters usually associated with DDS's are used
here.
The DDS resolution is better than 0.007 ppb
with respect to the 10 MHz output, much finer than
the repeatability of the system over temperature.
A Phase-locked Loop (PLL) is employed to lock a
VCXO to the sum of dFo and Fo and to generate
the MCXO's temperature-corrected output This
summing technique, which avoids the introduction
of digital divider noise, forces the VCXO to assume
the full stability of the summed signals within the 10
Hz. bandwidth of the PLL's low-pass filter, while
ensuring a smooth transition between DDS steps.
Above 10 Hz. however, the spectrum of the VCXO
gradually becomes independent of the summed

signals, and dependent only on the design of the
VCXO. Through careful design and control of the
power input to the VCXO, a low phase-noise
spectrum can be obtained.
The phase noise measured at 1Khz. from the 10
Mhz. carrier using the square-wave output of the
CMOS VCXO buffer is a maximum of -140 dBc. A
sine wave output alternative results in lower noise.
While some spurs are visible in the spectrum, they
are a minimum of 70 dB below the carrier and are
offset from the carrier by at least 1 kHz. They are
produced by the difference frequency between Fo
and Fout.

Mode Description and Selection
The MCXO has two operational modes: Frequency
Mode and Timina Mode. The two modes have the
foilowing characteristics:

-

Frequency Mode: The frequency mode is the full
function mode. The outputs are 10 MHz, 1 PPS
(pulse-per-second), and 4 KHz. The MCXO makes
temperature corrections every 285 milliseconds.
The 4 KHz and 1 PPS outputs are derived from the
10 MHz by dividers. Both dividers are reset during 1
PPS synchronization. The maximum input power is
75 milliwatts.
Timing Mode: In the Timing mode the maximum DC
input power is 25 milliwatts, 113 that of the
Frequency mode. The power saving is
accomplished by two means:
1. In the Timing mode, the 10 MHz output is shut
off. The overtone oscillator is turned on only for
temperature measurement. The outputs available in
the Timing mode are 4 KHz and 1 PPS.

2. In the Timing mode, the microprocessor is
allowed to power down, or "sleep", when the
ambient temperature is constant or slowly changing.
In the Timing mode, the 4 KHz is generated by the
DDS (direct digital synthesizer), and the 1 PPS by a
divide-by 4000 from the DDS. Both DDS and
divide-by-4000 are reset during 1 PPS
synchronization.
Three standard outputs are: 10 MHz, 4 KHz, and 1
PPS. All three are at CMOS levels, driven by
internal HCMOS gates.
All three outputs are available in the Frequency
mode; only the 4 KHz and 1' PPS outputs are
available in the Timing mode.

Time Domain
The DDS changes frequency to
compensate for temperature changes. The DDS
frequency steps are phase continuous. Furthermore,
the output PLL (phase-locked loop) acts as a
low-pass filter for the wrrection steps. For these
reasons, the output exhibits no phase or frequency
jumps.

it is 1 PPS, the MCXO resets all of the 1 PPS
internal divider chains (and the DDS in Timing
mode). This serves to align the output 1 PPS to the
input 1 PPS.
Synchronization will occur
continuously as long as the external 1 PPS signal is
present.

Timing Mode Outputs The timing mode outputs, 4
KHz and 1 PPS, are generated directly by the DDS.
The DDS size is 32 bits, and the DDS clock is about
200 KHz. The frequency resolution is therefore 46
micro-Hertz, or 1.2 parts in 10 at 4 KHz. The
maximum jitter on the output is equal to the period
of the DDS clock, or 5 microseconds. Since the jitter
averages out over time, it has no effect on normal
timing applications. It does require long counts (>lo
minutes) to accurately measure frequency.

Specifications Summary

Status output A status signal is used to indicate
various MCXO conditions.
Aging Correction
Aging refers to the slow
frequency drift of a crystal over time. In the MCXO,
the aging effect can become a significant portion of
the total frequency accuracy after several months.
This frequency shift can be removed in the field by
the application of an exliemal reference frequency to
pin 10. This process is cailecl aging correction.

When the external reference signal is applied to pin
10, the MCXO senses its presence, and begins an
automatic aging correction which takes 102 to 104
seconds. The MCXO compares the external
reference frequency to the MCXO's internal
frequency, measures the error, and adds or
subtracts to the constant term of the
frequency-temperature wrrection curve, stored in
an EEPROM.
If for any reason the measurement process
produces an out-of-limit result, the correction cycle
is abandoned, no correction is made, and the status
pin is set.

Outputs:
Frequency mode: 10 MHz, 4 KHz, 1 PPS.
CMOS
Timing mode : 4 KHz, 1 PPS
Both modes
: Status output
Frequency Stability -- Temperature
+I- 3 x lo-' from -55OC. to +85 O C.
Aging standard
5 x 10 -10 per day, initial aging
Phase noise:
-145 dBC @ 1 KHz offset, 10 MHz CMOS output
Power consumption, @ 5 Volts DC.
Frequency mode: 75 milliwatts, average,
100 milliwatts peak.
Timing mode: 25 milliwatts, average,
50 milliwatts peak.
Start-up time:
10 seconds.
Inputs:
Aging correction reference signal at 10 MHz (or
customer specified frequency)
1 PPS synchrohization - at 1 PPS
Aging correction:
Automatic, upon sensing external reference.
Time required 102 to 104 seconds. An error
aborts the correction and sets the status flag.

-

-

-

Connections and Interface

MCXO connections are made by 10 feed-through
pins. The pin connections are :
Pin Connections

1

+5V DC power input

2

DC power return. Circuit ground.

3

10 MHz CMOS square wave output

4

1 PPS CMOS square wave output

5

4 KHz CMOS square wave output

6

Reserved (serial port)

Synchronization

The MCXO 1 PPS output can be synchronized to an
external 1 PPS signal. This is accomplished by
applying the 1 PPS signal to the reference input, pin
10. This is the same pin that is used for the 10 MHz
reference input for aging correction. The MCXO
automatically detects the presence of a signal on
that pin, and determines if it is 10 MHz or 1 PPS. If

Reserved (serial port)

Crystal Testing

8

Mode select input

9

Status output

10

Reference input, aging correction
(10 MHz) or 1 PPS sync.

Several hundred crystals have been tested as part
of the MCXO program. The individual crystals are
installed in a small PC board which has a
dual-mode oscillator circuit on it. 32 of these test
boards are mounted on a frame, and installed in a
computer-controlled oven. The outputs Fo and Ff,
from each board, are multiplexed into two
HP53131
frequency
counters,
also
computer-controlled. Sets of data are taken and the
curve fits are generated by a special program. The
crystals are conditioned by repeated cycling until
they are ready to be installed in MCXOs.

TESTING AND PERFORMANCE
As the MCXO
project advanced from the
development stage to pre-production, a number of
test techniques were developed. Since the 3rd
overtone 9.999 MHz SC-cut crystal is the key to
performance, methods of measuring the crystal's
hysterisis and residuals, before installation into the
MCXO were needed.
MCXO Hysteresis and Residual Errors
The Q-Tech MCXO system described in this paper
now provides sufficient precision to reveal the
limitations inherent in the resonator itself. Although
crystal oscillators have been operated over wide
temperature ranges for many decades, it was not
possible to examine their performance with
sufficient precision until the advent of the
dual-mode oscillator, which now makes it possible
to measure SC-cut crystal temperatures with high
accuracy. The level of testing undertaken during
the design and calibration of the MCXO has
revealed the true hysteresis of the resonators that
were tested, as well as the magnitude
of the
residuals that remain affer (5) seventh-order
least-squares fit to fo vs. N1 data.
These
characteristics can be observed in Figure 2, where
the open-loop of the "round trip" calibration
indicates the degree of hysteresis, while the erratic
deviations from the straight line are the residuals
caused by the limitations of curve fitting.
The magnitude of both hysteresis and residuals is
influenced by the crystal fabrication process, since
each process shows a distinct "signature" on the
crystal groups that have been tested.

MCXO Testing

The completed MCXOs are tested in a setup almost
identical to that used for crystal test. 80 MCXOs are
now in a long term aging test. A result of burn-in
testing for 5 weeks is illustrated in figure 2.
ADVANCED DEVELOPMENT
Advanced MCXO for Satellite Terminals
Q-Tech has completed a design and breadboard
demonstration of a version of the MCXO suitable for
satellite
terminal
frequency
and
timing
requirements. This contract was done in cooperation
with MIT 1 Lincoln Laboratories. The objective of the
contract is to develop the hardware and software for
a miniature low power oscillator which will meet the
frequency and timing requirements for a satellite
terminal. The objective of the second phase of the
contract will be to develop a miniature package for
the unit.
The starting point for this design is the existing
Q-Tech MCXO. The changes and additions to the
performance of the QT2001 that were made for the
this program are as follows:
1. Outputs at 200 MHz, 100 MHz, and 50 MHz.
2. Reduction in output spectrum spurious frequency
levels to -70 dBC @ 200 MHz
3. A time-of-day (TOD) interface to the system
computer ("real time clock")
4. An ultra low-power, 5 milliwatt, "Watch" Mode.

The complete specifications are shown in Table 1 200 MHz MCXO - Specifications
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.
TABLE I . Specifications for a 200 MHz MCXO
Outputs:

1.)
2.)
3.)
4.)

200 MHz primary, frequency mode only
100 MHz auxiliary, frequency mode only
50 MHz auxiliary, frequency mode only
Time-of-day : IPPS

DC Power Consumption:
0.5 mW to 2 mW
Watch Mode:
250 mW
Frequency Mode:
5V
DC Supply Voltage
Over full temperature range, including hysteresis
Frequency Stability vs.
Temperature
< k 5 x lo-' to f 2 x I04, user selectable
Watch Mode:
c&3x104
Frequency Mode:
< & 5 x 10-81 year (see Note 3)
Frequency Accuracy vs.
(Aging correction can be done automatically at the depot
Time
(Aging and Temperature) level)
@ 200 MHz Output
Phase Noise
Unspecified
10 Hz offset:
I00 Hz offset:
Unspecified
Unspecified
1 kHz offset:
3 kHz offset:
< -1 14 dBc/Hz
> 50 kHz offset:
< -155 dBc/Hz
< -70 dBc @ > 1 kHz offset
Spurious Signals: 200
MHz
-35°C to + 65°C
Temperature Range:
< 0.7" height, minimize volume, hybrid or MCM package
Packaging and Size:
< 1 ounce
Weight:

(I) S. Schodowski, 1989, "Resonator Self-Temperature Sensing Using a Dual-HarmonioMode Crystal
Oscillator," in Proceedinas of the 43rd Freauencv Control Svmoosium 2-7
(2) R. Filler and J. Vig,l989, "Resonators for the Microcomputer Compensated Crystal Oscillator," in
Proceedinas of the 43rd Freauencv Control Svm~osium8-15
(3) A. Benjaminson and 6 . Rose, 1991, "Performance tests on an MCXO Combining ASIC and Hybrid
Construction.", in Proceedinas of the 45th Freauencv Control Svm~osium393-397

A SPECIFIC LSIC INTENDED FOR SYNTHESIZER-PIPE

DTCXO

Anatoly V. Kosykh, Boris P. lonov

Omsk State Engineering University, Russia

SUMMARY
Thermocompensated crystal oscillators are widely
used in cases when high frequency stability, low
power consumption and short time of coming into
readiness are needed. Digital methods of frequency
compensation provide the highest frequency stability
parameters. Popular as they are digital thermocompensated oscillators have the stability that usually
does not surpass f 5 ~ 1 0in
- ~a wide temperature interval.
Much higher frequency stability can be achieved
in a DTCXO of a synthesizer type (DSTCXO). As a
matter of fact DSTCXO is a digital frequency synthesizer with thermocontrolled commutations. Taking into consideration that besides the synthesizer
itself there are also a temperature meter and a nonlinear code converter in the DSTCXO circuit, the
complexity of this technical solution becomes evident.
Several tens of microcircuit packages would be
needed in order to construct a DSTCXO using discrete components. With the purpose of DSTCXO
dimensions minimization a specific LSIC has been
developed comprising nearly all oscillator elements.
The microcircuit was intended for interaction with
frequency sensor of temperature. The resolution of
synthesizer is 10 ppb. When a double mode quartz
oscillator is used temperature stability comes as high
as f 3 ppb.
INTRODUCTION
Digital compensation oscillators stand out against a
background of thermocompensated quartz oscillators (TCXOs). Higher thermocompensation accuracy and the possibility of completely automatic
tuning are their indisputable qualities. Digital thermocompensation quartz oscillator usually comprises
an analog thermosensor (thermoresistor or diode),
an analog - to - digital converter (ADC), a nonlinear code transformer (ROM or micro-processor)
and a digital - to - analog converter (DAC) controlling the oscillator frequency by varicap capacity
variation. Sometimes frequency transducer are used
in this circuit and then a pulse counter is applied as
an ADC. Such converter is easier to realize by means
of integration technology. There are two imperfections in the traditional circuit:
- thermocompensation accuracy dependence on the
reference voltage stability of the ADC and DAC;
- higher aging of resonator quartz plates (to obtain
wide frequency shift resonators are usually excited
at the l-st harmonics).

New quality level in frequency stabilization can be
achieved if digital frequency synthesis method are
applied. A simplified circuit-diagram of such oscillator is given in Fig. 1.
Reference
oscillator

I

1Control codes

Sensor

r

I

Fig. 1.
In this case there is no frequency change of the reference oscillator, but its output frequency Fref is varied
in temperature interval in according with its own
f-T curve. The output frequency Fout is correlated
with the reference frequency according to the following expression
Fout = K(T).Fref

(1)

where K(T) - synthesizer conversion ratio
dependent on temperature T
The K(T) functional dependence is selected so that
Fout value would tend to constant. The nonlinear
transducer transforms thermosensor signal into
codes controlling the synthesizer. In general case the
transducer dependence on temperature is nonlinear.
Several approaches to the synthesizer design are
possible. The most suitable for LSI implementation
are digital synthesizer based on the PLL principle.
THERMOCOMPENSATION SYSTEM
The thermocompensation system is intended to
process a signal from the thermosensor and to form
controlling codes for the synthesizer. As our aim was
to develop a microcircuit for high stability oscillator
the compensation system should be acting with frequency transducers (thermosensive quartz resonator
or dual mode resonator). In this case a thermosensor
signal converter into a code is essentially a frequency
meter.
Functional code conversion for high stability oscillators can be performed either by a statistical piecewise
Or
micro~rOcessorL21. (Stepfunction transformation would need too much space
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of the ROM and instrumentation piece-wise transformation would need too high hardware cost). Both
ways had been investigated during microcircuit design and implementation.

and, possibly, dynamic correction forming [4].
Really, we have used piecewise-linear interpolation.

The processors available in Russia by the project
beginning (80C48 and 80C51 Russian analogs) had
rather large dimensions and power consumption
therefore the version of piece-wise statistical interpolator was considered as basic one. The detailed description of this interpolator was given in so only
aspects significant for microcircuit design will be
explained here.
They are follows:
1. A temperature meter (frequency relation meter)
should be realized in such a way that a "dead time"
would be an integral quantity of measured pulses.
2. Every temperature measurement reading should
be processed. Missing of readings can result in a
statistic violation and the method failure. This item
puts rigorous limitations on the synthesizer circuit.
Calculation of pulses and synthesizer control should
take place synchro. In particular, the well known
synthesizer version [3] in this case turn out to be
inapplicable.
3. The counter calculation time n,thermosensor
transconductance af ,temperature range AT and
counter length "n" turn out to be related with the
following expressions

The solution presented in [3] was chosen as a starting
point for construction of the SDTCXO: Its schematic diagram is given in Fig. 3.

n

2,

Ftermo

ROM power

1

Mixer

Fout

VCO
a

Phase
detector

-

T

LPF
w

Controling code Frequency devider
by N(T)
Fig. 3.
The stationary condition equation for this synthesizer is describe as follows:
Fref - Fout = FoutM(T)
where N(T) - frequency divider variable ratio.

N

I

'~eference Fref
oscillator

= 2" /afAT

A schematic diagram of the frequency ratio meter is
given in Fig. 2.

I

FREQUENCY SYNTHESIZER

7 tlo~~t

' 1

Synchronizer

There are several imperfections in such schematic
diagram:
- nonlinear (hyperbolic) dependence of output
frequency on the controlling code which lowers the
accuracy;
- the phase detector performs at a variable frequency
that can be very low and difficult for signal
filtration;
- poor matching with a piecewise linear statistical
interpolator which was chosen by the authors as a
base for a nonlinear functional converter.
Instead of an integral ratio frequency divider we
used a divider with fractional division ratio [5]. The
circuit diagram is given in Fig. 4.
Fsynt
Fref

The inclusion of the synchronizer into the schematic
diagram is obligatory. This little complication (2-3
triggers) pennits to realize both statistical interpolation method and to interact with a microprocessor.
While operating with a processor an accurate temperature value is obtained as a result of digital filtration of the flow of roughly estimated readings.
More precise (corrected value comes out after every
256 cycles in this case. Further temperature signal
processing must include nonlinear transformation

DqI?Il,

1

t

T&

Timer

4:Nx I
Start
Fig. 4.
The divider principle of operation was based on
cutting out definte number of pulses per period from

periodic sequence which results in slight medium
frequency lowering. The output frequency Fsynt at
the output of the frequency divider is defined by the
expression:

100 ppm/"C) is attained by variation of the frequency division ratios of the reference and thermosensitiv oscillators.
When microprocessor configuration is operational a
mode of self-tuning is actuated. A simplified circuitdiagram for this mode operation is given in Fig. 6.
Rehence
odator

Where Nx - controlling code incoming from the
compensation system output.
The absence of skipped pulses results in phase front
jitter in the output signal Fsynt. The higher is the
division ratio of the N2 divider the less will be the
effect of jitter.
While operating with a microprocessor the synthesizer circuit may be altered. Synchronous action on
synthesizer at the end of every temperature measurement cycle is not needed now. Low frequency
synthesizer circuit diagram is given in Fig.
5.
Fsynt
I

I
Fref

Int

LR

,C

Frequency
devider

R T

?
Fig. 5

Digital frequency synthesizer forms a signal of synthesized frequency Fsynt out of a pulse sequence of
Fref frequency. This means that every frequency
Fsynt period includes an integral number of frequency Fref periods. Multiple-fractional frequency
division is performed by means of information accumulation on signal Fsynt phase error in the microprocessor. This type of synthesizer was named in
Russia "digital phase".
MICROCIRCUIT
At the stage of microcircuit design it was decided to
combine n one chip the possibilities of operation
both with a ROM and with a microprocessor. The
1-st version was intended for construction of medium temperature stability oscillators (up to 10 ppb),
but having high radiation tolerance. The second
version was intended for construction of high stability self-tuning systems. The choice of a configuration
is performed with an external signal ROMIMP. The
possibility of operation with thermosensor of different transconductance values (from 20 pprn/"C to

Fref

Mixer

External
reference

I

I

sensitive

I G

Bus

1

External Upr

Fig. 6
When communication into self-tuning mode is performed a reference frequency from external source is
fed at the oscillator output connector. Two counters
perform calculation of the frequency ratios
Fref/Ftemp and Fi/(Fref -Fi), where Fi input external
reference frequency. The microprocessor handles
these frequencies ratio and calculates transformation
coefficient of transformation coefficient of the frequency synthesizer relevant to a given temperature.
Running the oscillator in the temperature interval a
table of ROM threading is obtained. ROM programming can be fulfilled even in a sealed oscillator
which is very suitable for production. Triggers of the
frequency synthesizer are used for the second counter
realization. The complete block-diagram of LSIC is
given in Fig. 7.

A 16-bit synthesizer permits to set the frequency with
accuracy of not less than 1 ppb. A phase detector
has a characteristics with saturation and thus, can
provide a wide domain of phase locking. The output
of the detector has three states. 60% of the chip surface had to be occupied for the circuit realization.
The chip comprises 3000 gates. The number of operational microcircuit outputs is 62.

began in 1993 but positive results were obtained only
in 1995. Such slow progress was due to the profound crisis raging in Russia's science and industry
then. Many engineering solutions could be done now
in another way and better, but the strength of mind
has already exhausted and there are no customers
for such high technology production in Russia now.
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ADDRESS

In all three oscillators internal invertors serve as
active parts. Only small number of elements is used
as an external frame. It was shown in experiments
that with proper thermal coupling between reference
and thermosensitive oscillators a stability of f 0.2
ppm can be achieved in the temperature interval
of -60°C... +85"C.
More complex circuit (with microprocessor and
double-mode oscillators) have not yet been tested,
through their prototypes using small-scale integration devices showed very good results for that time
[6]. One can be confident that large-scale integration
will not deteriorate oscillator characteristic.
CONCLUSION
Basic principles of microcircuit construction were
put forth as far back as in 1989-91. Their realization

5. Patent Ns1659972Al (USSR) "Pulse oscillator",
Bagaev V, Kosykh A, Lepetaev A, Ionov B. Published
in Bulletin NQ 24, 1991.
6. Kosykh A, Bagaev V, Ionov B, Lepetaev A, Zavialov S. "The new method of statistic piecewiselinear interpolation and its application to DTCXO
creation". Proc. 1993 IEEE International Frequency
Control Symposium. p. 687-697.
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Abstract

1 Introduction

The Precise Range And Bange-Rate Equipment
PRARE is a new space-borne microwave satellite
tracking system, which is operational since end of
April 1995 in redundant configuration onboard the
European remote sensing satellite ERS-2. For
system function verification, an identical flight
model had been tested between February 1994 and
September 1995 onboard the Russian meteorological satellite Meteor-317.

The PRARE system has been developed during the
last ten years on behalf of the German Space
Agency D A M GmbH by the GeoForschungsZentrum Potsdam and the Stuttgart University's
Institute of Navigation [2]. Its original main
purposes were highly precise geodetic and
geodynamic applications. The system works with
low power microwave signals which are structured
as a combination of high frequency carriers (X-/
S-band), specific pn-codes (1011 Mcpsls), and
spread-spectrum binary data (412 kbitsls, fig. 1).

The system's primary function is to measure very
precisely range and range-rate between the space
segment and dedicated PRARE ground-station
transponders which are distributed around the
Earth. From these basic measurements, which
have a precision below 3 cm and 0.1 mm/s
respectively, several higher level products are
derived, such as precise orbits, Earth rotation and
gravity field parameters, and clock synchronization quantities [I].
The measurement signals are basically derived
from one central oscillator inside the space
segment. Analyses of the long-time behaviour of
the two instruments' oscillators, which are
generated on a routine basis at the PRARE Master
Station Oberpfaffenhofen, the accurate modelling
of their UTC-related time scales, and results of
occasional remote clock synchronization experiments are presented. The excellent suitability of
the system for alternative usage as for example
highly precise time transfer between remote
atomic standards becomes obvious.

The measurement signals are generated inside the
space segment and disseminated permanently to
ground; any PRARE ground station in sight of the
satellite receives the signals, and up to four
preselected stations transmit the downconverted
X-band signal simultaneously back to the space
segment.
The four receiver channels of the space segment
track the selected stations independently with an
average duration of about 600 to 800 seconds and
carry out autonomously the precise ranging (cf.
signal travel time) and range-rate (cf. carrier
doppler) measurements. Every second, one
averaged two-way range and one two-way
doppler value for each of the tracked ground
stations is recorded.
Additional information is gained by individual
ground station measurements of the ionospheric
delay of the coherent X- and the S-band signals
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PRARE space segment (20 kg, 0.025 m3)
with central oscillator (presently: VCXO)

8.489 GHz (X-band) carrier
10 Mcpsls pn-code
2/4 kbitsls binary data
2.248 GHz (S-band) carrier
1 Mcpsts pwcode
2/4 kbitsls binary data "'
7.225 GHz (X-band) carrier
10 Mcps/s pn-code
8 bitsls binary data

transportable PRARE
ground station (80 kg),
automated operation

Figure 1: The PRARE two-way measurement principle.

and by periodically closed internal transponder
loops inside each ground station as well as inside
the space segment for hardware delay calibration.
Moreover, meteorological measurements are
acquired at most of the ground station sites for an
a-posteriori tropospheric signal refraction correction. These data are specifically coded and
modulated onto the uplink signal to be received by
the space segment.
All data are stored highly condensed in the space
segment memory. During visibility of the satellite
over the ground control segment in Germany, the
data are dumped down in a compressed format by
modulating the pn-code. This is initiated upon
telecommand and controlled during transmission
by the Monitoring and System Command Station
Stuttgart.

2 PRARE System Accuracy
The space segment measurement signals themselves as well as the replica signals which are used

for correlation of the transmitted with the received
signals after their two-way travel, are derived fully
coherently from one ultra-stable 5 MHz-oscillator
inside the space segment. This is the fundamental
reason for the unique measurement precision of the
system.
Therefore, the monitoring of the frequency
stability of this central oscillator and the
evaluation of its time correlation with UTC to time
tag the measurement data is crucial. It is done at the
PRARE Master Station Oberpfaffenhofen, which
operates a DCF77-disciplined Rb-clock as
system reference side by side with a high quality
time interval measurement equipment.
The timing equipment compares routinely the
1-pps codes contained in the PRARE tracking
signal against the time information received from
the GPS satellites (fig. 2). The derived software
clock model "PRARE time vs. UTC(USN0)" is
the basis for the ensuing preprocessing of the
measurement and the housekeeping data, which is
a major tasks of the Master Station.

Figure 2: Time System of the PRARE Master Station Oberpfaffenhofen.

3 Master Clock Performance

4 Space Segment Oscillators

The output oscillation of the Rb-normal operated
at the PRARE Master Station is controlled by a
periodic correction of its internal C-field to keep
the time offset within several microseconds close
to UTC(PTB). Under normal operation conditions, this is fulfilled by permanent reception of
DCF-77 time signals and internal computation of
a correction value which introduces a forced time
drift every three days.

By combination of the computed Rb-clock model
parameters with the received PRARE space
segment 1-pps signals, a continuous PRARE
clock model is generated. It includes permanently
updated coefficients for time offset co, time
drifttfrequency offset cl , and frequency drift c2
(2nd degree polynominal) of the space segment
oscillator [3]:
tUTc = T,,,

An evaluation of the clock data accumulated since
beginning of operation of the time system (August
1993) is sketched in fig. 3. With the clock offset
never exceeding 5 p referenced to UTC(PTB), the
initial intention of the time system to have a
reliable short and long time stability performance
is reached. This could be fulfilled by the
combination of a Rb-normal in permanent
phase-lock (short time stability) with the
superposed UTC(PTB) signal reception (long time
stability of PTB Cs-standards).

+ co + clAT + C ~ A T ~

This is achieved by reducing the 1-pps signals
with individual their travel times, which are
computed by an orbit prediction software in
combination with several constant delays (atmosphere, hardware, etc.). Through this approach,
the total accuracy of the model "PRARE time vs.
UTC(USN0)" is around 1 p,which is by far
enough for the geodetic purposes of the system.
Evaluation of the long term frequency offset

(Febr. 1996)

-5

1

Figure 3: Long term evaluation of the PRARE Master Clock Time Offset (Rb with drift control).

developments of the space segment oscillators
PRAREtMeteor-317 and PRAREIERS-2 are
shown in fig. 4 (Meteor-317 mission operation
period: one and a half years) and fig. 5 (ERS-2
operation up to now: nearly one year). For
PRAREIMeteor-317 there is a drift stabilization
observable after first switch-on. After that period,
the frequency drift is around -4 . lo-" Hziday
(referenced to the nominal operating frequency

8.489 GHz). For PRAREiERS-2, this parameter
is with a computed value of around -2.5 . lo-"
Hzlday slightly better.

During operation, each space segment had to be
switched-off several times due to diverse reasons.
This always causes a several days period of
frequency instability, what becomes apparent in
the periods with slightly higher data noise.

-
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(Sept. 1995)

Figure 4: Long term evaluation of the PRARUMeteor-3/7 oscillator frequency offset.

-

Figure 5: Long term evaluation of the PRAREIERS-2 oscillator frequency offset.

Due to the different orbital parameters of the
satellites (Meteor-317: orbit height 1200 krn,
inclination 82.5 degrees; ERS-2: orbit height 780
km,inclination 98.5 degrees, sun-synchronous),
the oscillators are exposed to differing space
environments.
A special influence has the Earth's magnetic field
with its regions of high dose energetic radiation in
the VanAllen belts. Above the Earth's poles, the
inner one of these belts crosses the satellites' high
inclination orbits, which is decisive for the
oscillators' performance.
Although this radiation environment was even
more unfavourable for PRARElMeteor-317, no
unexpected performance degradation could be
identified during the one and a half years operation
time. For further analysis, yet a longer lasting
observation is necessary, which should be
achieved for PRAREIERS-2 (expected mission
duration: 4 years).

and GPS-disciplined Rb-normal as master
reference, has led to evaluation of cross-correlation values for the the oscillators' characteristic
parameters.
These are mainly dependent on the differing space
environments and gravity potentials the instruments are exposed to. It could be shown that the
oscillators are well inside their stability specification requirements. Short-time fluctuations are
modelled precisely by a dedicated clock modelling
algorithm, which is operated at the Master Station
on a routine basis.
Oscillator noise has been proven to be very low,
and the PRARE signal transmission and correlation technique is adding no further noise.
Moreover, the two-way principle allows to
synchronize the involved clocks without knowledge of orbital and ground station position
informations and vice versa [4]. In view of these
facts, the system seems to have the potential to
play a central role in a future ultra-precise satellite
time transfer concept [ 5 , 6 ] .

5 Discussion and Conclusion
The availability of long-term PRARE oscillator
data, observed at the PRARE Master Station
Oberpfaffenhofen for PRARElMeteor-317 and
PRAREIERS-2, which are based on a DCM7-
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DELAY STABILITY MEASUREMENTS MADE WITHIN A TWO-WAY TIME TRANSFER SYSTEM
USING SATELLITE RANGING FROM SEVERAL LOCATIONS.
J A Davis.

Centre for Electromagnetic and Time Metrology, National Physical Laboratory,
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ABSTRACT
A method is developed to study the stability of a TwoWay Satellite Time and Frequency Transfer (TWSTFT)
system during regular operations. Four or more earth
stations simultaneously determine the range of the
geostationary satellite. The redundant information
obtained from the over determination of the satellite's
position is used to estimate the delay stability of
individual TWSTFT links.

1) INTRODUCTION
Two-Way Satellite Time and Frequency Transfer
(TWSTFT) is being developed as a high-precision
method for both time and frequency transfer (Kirchner
(1)) (Davis et a1 (2)). The accuracy of the TWSTFT
method is however limited by delay instabilities within
the satellite earth station instrumentation. Recent
experiments suggest that these instabilities may vary
from 200 picoseconds up to several nanoseconds (3)
(Kirchner et a1 (4)). To obtain the best possible
performance from the TWSTFT system, it is important
to study the delay stability of the earth station
instrumentation.
Several methods have been used to study the delay
stability of both the earth station instrumentation and the
complete TWSTFT system. Time transfers have been
performed between distant laboratories over extended
periods of several hours. When commercial caesium
clocks are compared, for example the HP5071A, the
instabilities of the caesium clocks are relatively large.
After only a few minutes averaging the time transfer ox
is dominated by clock noise (2). With active hydrogen
masers operating at both timing laboratories, the transfer
a, is dominated by instabilities in the TWSTFT system.
This is the case for averaging times of up to several days.
These Hydrogen maser comparisons provide a good test
of the TWSTFT system, however active hydrogen
masers are available at only a relatively few laboratories.
The use of colocated earth stations has provided valuable
information on the delay stability of the TWSTFT earth
station instrumentation (3). The construction of two or
more TWSTFT earth stations at a single location is still
relatively expensive, and any delay instabilities due to
ionospheric and tropospheric delays will cancel due to
the presence of a common atmosphere. More recently,
satellite simulators have been successfully used to
determine both the absolute delay asymmetry and the
stability of the earth station instrumentation (Kirchner et

a1 (4)) (De Jong (5)).
During 1994 and 1995 six European primary timing
laboratories have been performing TWSTFT experiments
using the Intelsat satellite at 307"E (2). A single satellite
transponder was used to carry all the time transfer links.
Under these circumstances the earth stations have the
capability to range the satellite simultaneously. By
ranging the satellite from three locations, and knowing
the earth station and transponder delays, the satellite's
position may be determined. When four or more stations
range the satellite, the satellite's position is overdetermined. The information resulting from this
redundancy may be used to provide information on the
delay stability of the TWSTFT system. An initial study
of the delay stability of the TWSTFT system, obtained
by using ranging data is presented here.
In this paper the results of two experiments are reported.
In the first, ranging measurements of five minutes
duration are made during measurement sessions
occurring three times per week, over a period of 18
months. In the second experiment, all six laboratories
range the satellite simultaneously for a period of
approximately eight hours. Linear combinations of
ranging data are formed, the delays of these
combinations are shown to a frst approximation to be
independent of the residual motion of the geostationary
satellite (Davis and Pearce (6)).Any long term changes
in these delays is due principally to the delay changes in
the earth station instrumentation.
2) EUROPEAN TWSTFT EXPERIMENT
Six laboratories have been participating in the European
TWSTFT experiment using the Intelsat satellite at
307"E. The characteristics of both the TWSTFT earth
stations and atomic clocks have been given previously
(2). A description of the TWSTFT method is given in
(1). Regular time transfer sessions were performed three
times per week starting at 10:OO UTC. Each session
consisted of a series of five-minute time transfers made
between each pair of European laboratories. The satellite
ranging measurements are performed at the start of each
session. Ranging data used in this work has been
contributed by the Technical University of Graz (TUG),
National Physical Laboratory (NPL), Van Swinden
(VSL),
Forschungs-und
Laboratorium
Technologiezentrum, (FTZ) and the PhysikalischTechnische Bundesanstalt (PTB).
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along with the free space speed of light c. Using earthcentred spherical polar coordinates (r,8,4), fixed with
ect to the earth's surface, the total path delay
2

2

P,=2cl (~&rp0p+~)-(~A(rA,8,,+~)
I =2c(rs-rA
-2rfA(Sin0$in0ACos(0s- 0,) +Cos0Fos0,

)I0 ' (2)

where R, and R, are the position vectors of the satellite
and earth station.

Figure I : Ranging data measured at TUG
3) STUDY OF TWSTFT RANGING DATA
Long term variations of TWSTFT ranging measurements
are shown in Figure 1. The mean values of the ranging
data collected between 10:OO and 10:05 UTC on three
occasions per week is plotted over a period of 18
months. Variations in the ranging delay measurements of
150 microseconds peak to peak are observed. These
variations are almost completely due to the residual
motion of the near-geostationary satellite. Delay
stabilities better than one nanosecond have been obtained
using the TWSTFT instrumentation (3). In order to
successfully use ranging data to obtain measurements of
the delay stability of the TWSTFT earth station
instrumentation, the effects of residual motion of the
satellite must be almost completely eliminated.

4) LINEAR COMBINATIONS OF RANGING
DATA
The following method may be used to obtain information
of the delay stability of the TWSTFT system fiom the
ranging data collected during the experiments. Consider
ranging measurements made at four distant locations, A,
B, c and D. Following the terminology given in (I),
(Davis et a1 (7)) and (Davis (g)), the counter timer
readings recorded at station A when ranging the satellite
is given by AT, where:
T

X

R

r

A T A = ~ u + ~ +MT

U

D

S

~ + T ~ + ' F ~

A similar method has been used previously to eliminate
the effects of satellite longitudinal drift from time
transfers made using the common view of Direct
Broadcasting Satellites (6).
Linear combination were formed from the ranging data
obtained from four locations where:

The following constraints were applied when choosing
the coefficients a,, g,a, and a,.

~AYAA+
~BYBB+~cI(~CC+~DK+DD=O
(5a)
aAK6AA+

aBK8BB+aCKeCC+cl&DD=0

(5b)

a,&M+ aBKbBB+acKbcc+aDKbDD=o( 5 ~ )

(1)

TX
RZ
where A
'
and A
'
are the up-1i* and down-1ink
earth station instrumentation dela s. Thes; may be
Y
'
arethe
determinedas describedin(5). 'A4 and A
up and down ath components of the ranging delay of
station A. T,B is the satellite transponder delay. The
is defined as the sum of
total rangingpath delaz
the path delays and (T,+T,)
.

$

and
changes,
the
path
may be
in terms
coordinates of both the earth station and the satellite,

a

Due to the limited motion of the near geostationary
satellite, small changes in the total path delay 6 r L are
assumed to depend linearly on the associated small
changes in the components of the satellite's position
6Rs(r,8,4). The validity of this approximation is
discussed later. The constants of proportionali. Y,,
&
,, and K+, are obtained by differentiating
with
respect to the components of the satellite's position:

The last constraint was chosen so that the linear
combination of ranging data,,
C
would be calculated
from the same total instrumentation delay as a two-way
time transfer. Under these constraints, to a first
approximation:

dc,cdm;

= 0, dc,ddO,

= o,

dC,cddds

=0

(6)

The delay of the linear combination C,
is
independent of small &anges in the satellite's position.
From equations (I) and (4)
neglecting ionospheric
tropospheric

From geo~etry, the sum of the satellite
+ a ,be~ shown to
delays a l , t l l + a P ~ + a 3 3 t ~ 3may
approximate to zero. The sum of the propagation delays
has been shown to a first approximation to be constant.
Therefore neglecting tropospheric and ionospheric
, ,C
effects, delay changes of the linear combination
are to a first approximation due only to delay changes in
the earth station instrumentation.

Figure 2: Linear combination of ranging data
0.198TUG + 0.217VSL-0.500FTZ+O.O85PTB

observed. This scatter corresponds to the maximum
possible instrumentation delay instabilities effecting the
two-way time transfers. This is because other effects, for
example tropospheric delay changes or residual satellite
motion may have been contributing to the scatter on the
linear combinations C,,.. The weighting factors a, of
the stations was much higher for those near the
geographic centre of the group. In Figure 2 discrete delay
steps have been observed on MJD 49543 and MJD
49630. By examining several different linear
combinations, these delay changes were found to have
occurred within the earth station instrumentation located
at FTZ. A similar delay step occurring in Figure 3 has
been removed by eliminating the effected data, in order
to reveal the scatter on the major portion of the data.
Standard deviations of 1.3 nanoseconds were determined
for the delay spread of these linear combinations, after
removing the data effected by the major delay step.
Values of),C
,(,o
have been calculated for z = 2, 5
and 7 days, these are shown in Table 1. Values of
),,C
(,o
,
have been compared against o, values obtained
from TWSTFT made over several days. The PTB-NPL,
PTB-TUG and NPL-TUG time transfer was chosen for
comparisons because there are high quality clocks used
at each location, an active Hydrogen maser at NPL, a
primary caesiurn clock at PTB, and a high quality
commercial cesium clock at TUG. Values of a, obtained
fiom the time transfers are higher than those obtained
from the combinations of ranging data. This suggests that
clock noise is making a significant contribution to the
transfer a, calculated from the time transfers.

Assuming no correlation between the delay stabilities of
the earth station instrumentation at different locations
then:

with similar expressions for o2CM& . Using five or
more earth stations, a series of linear combinations
, ,C
may be formed. Using these combinations estimates of
O ,n
, ( T~r~ +orT ~U) ~n( Z rtr
R ( +may
T ~be
) made for the
delay stability of the earth station instrumentation of
stations with the higher weighting a,.
5) EXPERIMENTAL RESULTS
Linear combinations of ranging data have been formed
from regular measurements made three times per week,
during an 18 month period. The values of
, ,C
have
been optimised by adjusting the weighting factors a,.
This was performed to minimise the scatter on the data,
and reduce effects due to errors in the earth station
coordinates and linearization approximation. Examples
are shown in Figures 2 and 3 for the TUG-VSL-FTZPTB and TUG-NPL-FTZ-PTB linear combination. A
typical peak to peak scatter of four nanoseconds was

Figure 3: Linear combination of ranging data
0.189TUG+O.102NPL-0.50OFTZ+0.209PTB
Linear combinations were formed £?om eight hours of
ranging data. An example is shown in Figure 4 for the
TUG-NPL-FTZ-PTB combination. Each point has been
calculated fiom the mean of 60 measurements. A
standard deviations of 0.32 nanoseconds was obtained
over the eight hours of measurements, with peak to peak
scatter of two nanoseconds. This is comparable to the
delay stability obtained fiom co-located common clock
measurements made individually at each of these sites.
The ranging results may also be compared with time
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Figure 5: Plots of log,,(^)^ against Log,,(.z) calculated
from linear combinations of ranging data.

1.3x10'14

Table 1: Comparison of o, values calculated from linear
combinations of ranging data and time transfers.
transfers made over extended periods (2), including those
made between NPL and the United States Naval
Observatory in Washington USA, where active hydrogen
masers were used at each location. These time transfers
show a peak to peak scatter of 1.5 ns over a period of 5
hours. Plots of Log,,(oX)against Log,,(t) are shown for
several combinations in Figure 5. Curves show a
minimum when .z = 300 seconds. These results show
good agreement with plots of Log,,(u,) against Log,,(z)
obtained fiom TWSTFT made over extended periods (2)'
including transatlantic time transfers. The principle cause
of delay instability in the measurements made over
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Figure 4: Linear combination of ranging data
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extended periods up to eight hours appears to originate
within the TWSTFT earth station instrumentation.
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Figure 6: Changes in the longitude component of the
satellite's orbit calculated from two combinations of
ranging data (arbitrary offset).
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Figure 7: Changes in the radius component of the
satellite's orbit calculated fiom two combinations of
ranging data (arbitrary offset).

Plots of the variation of the components of the satellite's
position at 10:OO UTC, over a period of 18 months are
shown in Figures 6, 7 and 8. The satellite's positions
have been determined using linear combinations of
ranging data obtained from three locations. These
combinations were constructed to be insensitive to
variations in two components of the satellite's position.
The components of the satellite's position were
determined from two different linear combinations. The
comparison of Figures 6, 7 and 8 with Figures 2 and 3
demonstrated that there is no observable correlation
between changes in the satellite's position and the delay
changes of the linear combinations of ranging data
C,,.
This suggests that the residual motion of the near
geostationary satellite is not contributing significantly to
the delay instability of the linear combinations C,,.

49300 49400 49500 49600 49700 49800
MJD
,
PTB NF'L TUG ,
PTB FTZ NPL

Figure 8: Changes in the latitude component of the
satellite's orbit calculated from two combinations of
ranging data (arbitrary offset).
6) LIMITATIONS OF THE LINEARIZATION
APPROXIMATION
In the present analysis the changes in the ranging delays
are to a first approximation assumed to vary linearly with
changes in the satellite's position. The variation in the
satellite's position may induce delay changes of typically
50-100 microseconds into the ranging data. In contrast
the delays of the linear combinations of ranging data are
required to be independent of satellite position at the
nanosecond level. In the analysis described here the
constants ,&
, &
,, and KgAA
are assumed to have fixed
values. In reality these terms are dependent on the
position of the satellite and may be determined from
equations (2) and (3). Values have been calculated for
changes of up to rtO.1° in the satellite's longitude and
latitude, and up to h20 km change in the orbit radius.
These changes correspond to the maximum permitted
station keeping manoeuvers of the Intelsat (VA-F 13)
satellite. The variation of the delay of the linear
combination C,
with satellite orbit radius has been
calculated fiom equation (9) below. Similar expressions
were used to determine the changes of the linear
combinations resulting from changes of satellite

longitude and latitude:

The values of dzC,,,/d?,
d2C,cD/d02, d2C,CD/d@2
remain almost constant over the distances involved in
station keeping manoeuvers. By integrating these
changes between the limits of the permitted station
keeping it is possible to calculate the changes of the
ranging delay 6C,,
for small variations of satellite
orbit components (6rs,68,,6@,) where:

for small changes in radius, latitude and longitude
respectively. An example of the expected delay changes
of the linear combinations ABCD with satellite orbit
latitude is shown in Figure (9). Between the stationkeeping limits variations of satellite latitude introduce
the greatest changes to the delays of the linear
combinations. In contrast the delays of the linear
combinations are almost insensitive to changes in
satellite orbit radius. In practice the observed changes in
satellite latitude and longitude are only a fraction of their
station keeping limits. In this study satellite longitude
and latitude changed by only h0.03" from a nominal
position (Figure 6,7 and 8). Under these circumstances
the delay variation may amount to one nanosecond (peak
to peak) in the most extreme cases. In the majority of
cases it will be much less. The delay changes introduced
by satellite position variation are close to the acceptable
limits. If an inclined orbit satellite is used in these
measurements , or the earth stations were located further
apart, then the satellite position variations would
introduce significant delay changes into the linear
It is possible to calculate correction
combination C,.
terms for the variation of the satellite from its nominal
position.
7) TROPOSPHERIC DELAY CHANGES
Tropospheric delays of electromagnetic signals are
independent of the signal propagation frequencies.
These delays will cancel when calculating a two-way
time transfer. In contrast, tropospheric delays do not
cancel when calculating ranging delays. Tropospheric
delays of up to nine nanoseconds may occur when
making transmissions to a satellite directly overhead
(Kirchner at a1 (9)). Ranging measurements involve
transmitting a signal through the troposphere twice. For
satellites with inclination angles of approximately 10",
that is typical for the present European Intelsat
experiment, the total troposphere delay may be as much
as 60 ns. Variations of the troposphere delay may

significantly change the ranging measurements and
The
hence the value of the linear combination C,,.
occurrence of common weather patterns over Europe
may act to reduce any seasonal troposphere effects.
Further work is however required in this area, modelling
the troposphere delay changes during a campaign of
ranging measurements would improve the accuracy of
the ranging method.
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Introduction
Trapped 171Yb+ions have been under investigation as a
microwave frequency standard for a number of years
(1,2,3,4,5). At the CSIRO National Measurement
Laboratory (NML) two prototype frequency standards,
IT- 1 and IT-2, based on buffer gas cooled 171yb+ ions
confined in a linear Paul trap have demonstrated
promising stability and accuracy characteristics (4,5,6).

In this paper we report briefly on the performance of the
prototype microwave frequency standards, and discuss
some of the issues concerning the accuracy of the
standards.

The linear Paul trap (fig. 2) has also been described in
detail previously (4). The stability results reported in
this paper were obtained with 250 Vp-p at 510 kHz
applied to the RF electrodes, and +10 V applied to the
DC end-electrodes. Under these operating conditions the
trap holds a cloud of radius 2 mm and length 10 rnm,
consisting of lo5 ions. In the transverse direction, the
RF pseudopotential of the empty trap is harmonic to a
very good approximation over the region occupied by
the ion cloud. The harmonic pseudopotential is
characterised by the angular frequency as = 21c x 19.8
kHz of the transverse thermal harmonic motion executed
by the confined ions when the trap is close to empty.

RF electrodes (x 4)
Z

\

Operational Details

The principles of operation of the NML trapped ion
standard have been described previously (4), and will be
only briefly covered here.
The energy levels relevant to the NML trapped ion
standard are shown in fig. 1. The standard operates by
stabilising the frequency of a 12.6 GHz microwave
source to the ground state hyperfine transition (the
'clock' transition) of
Y b + ions. When the
microwave source is tuned precisely to the clock
transition, the ions fluoresce under illumination by a
369.5 nm laser tuned to one of the hyperfine
components of the optical resonance transition.
Stabilising the frequency of the microwave source
therefore involves, in principle, adjusting its frequency
so as to maximise this fluorescence.

Figure 1: Partial energy level diagram of 171Yb+ ions.

Figure 2: Schematic electrode structure of the linear ion
traps IT-I and IT-2. In this paper we refer to motion in
the x-z plane as transverse, and motion along the y axis
as longitudinal. The diameter of the RF electrodes is
2.3 mm. The RF voltage is applied to the electrodes
such that adjacent electrodes are a out of phase, and
diagonally opposite electrodes are in phase. The
resulting oscillating electric field has a node along the
trap's longitudinal axis, and increases in amplitude away
from the axis. This jield exerts a ponderomotive force
on ions towards the trap axis. The DC end electrodes,
separated by 7 cm, prevent escape of the ions along the
axis.

The vacuum system had a base pressure of 4 x
Pa.
In operation, helium was admitted on a continuous flow
basis through an electrically-heated quartz leak valve,
and was pumped away by a partially baffled turbomolecular pump. The He pressure was maintained at
2.3 kO.1 x
Pa.
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separated from the peak of the central fringe by + A f ~ / 2
and - A f ~ / 2(4).

Stability Performance
The stability, characterised by the Allan deviation. of
the resulting corrected clock frequency compared with a
hydrogen maser (NML-Maser 2) is shown in fig. 4.
/
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Figure 3: Schematic diagram of the ion trap system
NML-IT-2. a ) Trap RF electrodes, b ) Fluorescence
focussing lens, c ) Photomultiplier tube, d ) Magnetic
shielding, e) Helmholtz coils, f) Microwave horn, g)
Outer magnetic shield, h) Turbo-molecularpump,
i) Electrical vacuumfeed throughs.

The ion trap was enclosed in 5 layers of magnetic
shielding (fig. 3). Helmholtz coils maintained a
magnetic field of 56 mG in the region of the ion cloud.
The ions were interrogated by a 12.6 GHz local
oscillator (LO) microwave signal, synthesised from a
superconducting cryogenic sapphire resonator (7), using
Rarnsey's method of separated oscillatory fields. A pair
of n/2 pulses of 1.6 s duration with pulse centres
separated by 50 s yielded approximately sinusoidal
Ramsey fringes separated by A ~ R
=(50 s)-I = 20 mHz ,
corresponding to a Q factor of 1.3 x 1012. Population
of the F=l ground state hyperfine component was
monitored after each Ramsey pulse sequence by
detecting the 369.5 nm fluorescence signal resulting
from illumination of the ions with 369.5 nm light
generated by a frequency-doubled titanium:sapphire laser
tuned to the F=l -+ F=O 'cyclic' optical transition. At
the end of each interrogation sequence the laser was
tuned to resonance with the F=l + F=l optical
transition to reset the ion population to the F=O ground
state hyperfine level in preparation for the next
sequence. Typically 30,000 fluorescence photons were
counted per measurement sequence, plus a background
signal of approximately 5000 photons.
The frequency of the LO was locked to the centre
Ramsey fringe using an error signal generated by
consecutive interrogation sequences at frequencies

Figure 4: Fractional Allan deviation of IT2 with respect
to NML-Maser 2. Routine monitoring of the two
masers over the last 12 months has shown that the
performance of Maser 2 is superior to that of Maser 1.

The shot noise-limited performance of IT-2 is equal to
or better than oy(z)=6 x 10-l4 r 1 I 2 over averaging
times .t up to 1000 s. Beyond 1000 s the measured
performance may be limited by that of Maser 2;
however confirmation of this must await the completion
of refurbishments to a second and similar ion trap
system, IT- 1.

Clock frequency offsets
The environment within the ion trap results in a
frequency offset of approximately 8 parts in 1013
between the observed clock Erequency, and the clock
frequency of a hypothetical single 171Yb+ion in a fieldfree vacuum. The offset consists of a number of
contributions, as shown in fig. 5. The contributions fall
into two classes; those that require a model of the
spatial density dependence of the ion cloud (Magnetic
inhomogeneity correction to second-order Zeeman shift,
Stark shift and the second order Doppler shift) and those
that do not (He pressure shift). The shifts which require
a model of the ion cloud are not measured directly, but
are calculated from measurements of the conditions
experienced by the ion cloud. Consequently it is not
easy to prove that the assumptions on which the
calculations are based are correct. However, an indication
of the validity of the calculated shifts may be obtained
by varying the trap conditions, and comparing the
observed clock frequencies, as corrected for the known

frequency offsets. In this section we briefly explain the
calculation of each shift, and present the results of a
preliminary investigation of the validity of the model
upon which our calculation of the largest frequency

repulsion of the ions. For ion clouds of low density the
Coulomb repulsion between the ions does not influence
the cloud size, which is then determined purely by the
confining potential and is independent of the ion
density. The radial density profile of the ion cloud is
then Gaussian (8). In this case, conservation of energy
in the transverse dimensions requires that
( v L ,,,,cro) =
y.,),
where the triangular
brackets denote averaging over all ions in the cloud.
Since the RF pseudopotential provides confinement
only in the two transverse dimensions, we have

(vh

so that

In practice, due to signal-to-noise considerations, it is
advantageous to operate a trapped ion microwave
frequency standard with a relatively high density of ions
such that their mutual Coulomb repulsion results in a
larger cloud than would be expected from temperature
considerations alone. This larger cloud results in
equation 4 underestimating the second order Doppler
shift, due to the larger number of ions at a greater radius
from the trap axis where the amplitude, and
consequently the velocity, of the micro-motion is
greater. This expansion of the cloud is modelled by
including the potential due to the space-charge of the ion
cloud to the RF pseudopotential, to give the total
confining potential. One effect of the expansion of the
ion cloud is that the observed transverse secular
frequency decreases as the density of ions in the trap
increases (fig. 6).

Figure 5: Magnitudes of the known frequency offsets
due to the environment of the trapped ions, with the
exception of the homogeneous second-order Zeemun
shift (0.988 Hz). These offsets correspond to the trap
conditions under which the data shown in fig. 4 was
taken.

He Pressure shift. This is determined by
extrapolating the He pressure dependence of the clock
frequency to zero He pressure (4).
Second order Doppler shift. The second order
Doppler shift A ~ D
results from relativistic time dilation
in the reference frame of each ion due to its motion with
respect to the laboratory;

Here v is the velocity of the ion, c is the speed of light
and fo is the unshifted frequency of the clock transition.
There are two contributions to the second order Doppler
shift, one from the thermal, or secular motion of the
ions, and one from the micromotion of the ions at the
trap RF frequency (510 kHz), so that in equation 1,
v ~ = v ~ ~Assuming
~ ~ thermal
~ ~ equilibrium
~ ~ +
between the three degrees of freedom of the secular
motion, the secular contribution is obtained from the
mean square speed of the ions;
3 kT
2
fo secular =--- mc2
where T is the temperature of the ion cloud, k is
Boltzmann's constant and m is the mass of a 171yb+
ion.
The size of the ion cloud in the trap is determined by the
mean energy of the ions, characterised by the
temperature T of the cloud, and the mutual Coulomb
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Frequency (kHz - 12 642 812.12)
Fig. 6: Spectrum obtained by monitoring the laserinduced fluorescence at 369 nm from the trapped ions as
the microwave frequency is scanned through resonance
with the clock transition. Peaks due to microwave
phase modulation resulting from the ions' secular
motion in the longitudinal and transverse directions are
marked. The other peaks visible are the sum and
differencefrequencies arising from nonlinear mixing.

If the confining potential, as modified by the spacecharge of the ions, is assumed to remain harmonic then
equation 4 becomes (85)

where we now distinguish between the transverse secular
frequencies osand
of the near-empty trap and loaded
trap respectively.
In order to test the applicability of equation 5 to the
conditions of the 171Yb+ frequency standard, the clock
frequency was monitored as the number of ions in the
trap was reduced to approximately 10% of normal. The
corresponding trap-loaded secular frequencies o,were
recorded, and the corrections due to the second order
Doppler shift were calculated. The results, plotted in fig
7, support the validity of equation 5, since the corrected
clock frequencies are reasonably independent of the
number of ions in the trap.

At end electrode voltages above 10 V, there is a marked
increase in the clock frequency corrected for the secondorder Doppler shift. Numerical calculations show that at
end electrode voltages above 10 V, the central ion
density increases such that the total radial confining
potential differs significantly from the harmonic form
assumed by equation 5 (6). This may be at least partly
responsible for the deviation evident in fig. 8, however
to take this matter further a full numerical calculation of
the radial and longitudinal dependence of the ion density
will be required. Until the results of that calculation are
available, the present data indicates that it would be
prudent to assign an extra uncertainty o f f 1 mHz to the
second order Doppler shift calculated according to
equation 5, for the case where the end electrode voltage
is 10 V or less, and f 2 mHz otherwise. This extra
uncertainty is in addition to the effects of uncertainty in
the experimental parameters inserted into equation 5.
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Figure 7: Dependence of the 12.6 GHz clock frequency
on the number of ions in the trap, with and without
correction for the second-order Doppler shift calculated
according to equation 5. Here 100% contents represents
the number of ions in the trap (- lo5) corresponding to
the data shown in figs. 4 and 5. The end electrode
voltage was 10 V. The data in this figure andfigure 8
are not corrected for the magnetic inhomogeneity shifi,
and the correction for the frequency of the reference
frequency standard vs TAZ is only approximate since the
relevant TAZ data is not available at the time of writing.
The
the
corrected
according to equation 5 on the voltage applied to the end
electrodes is shown in fig. 8. Increasing the voltage on
the end e l e c ~ e fmm
s
1.5 V '0 25 V shortens the cloud
from approximately 20 mm to 6 mm (approximate
cloud lengths inferred from longitudinal secular
frequencies), and monitoring of the fluorescence signal
from the ion trap indicates that the number of ions in
the trap remains constant within approximately 10 %.
Thus, increasing the end electrode voltage 'squeezes' the
cylindrical cloud into a shorter and fatter shape, and
increases the ion density.
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Figure 8: Dependence of the 12.6 GHz clock frequency
on the voltage applied to the end electrodes, with and
without correction for the second-order Doppler shift
calculated according to equation 5. At low end electrode
voltages the increased uncertainty in the frequencies
arises from increased uncertainty in the measurement of
the Larmor frequency, due to inhomogeneity of the
magneticfield along the longitudinal trap axis.

Second order Zeeman shift. The second order
Zeeman shift of the clock transition due to a magnetic
field of strength B is (9)
4f2, = -310.8 ( B ~ )
(6)
where the triangular brackets denote averaging over the
ion cloud, and B is expressed in units of lo-4 T.
Measurement of the frequency difference (the Larmor
frequency) fL between the F=OMF=O F=l MFO and
p=0 M ~ = O
-+ ~ =~~~1
l
transitions yields a value for
<B>;
+

f I.
(*) = 1.401x lo6 '

(7)

where f~ is expressed in Hz. A complication arises (9)
, equality only being
in that in general < B ~ > # < B > ~the
true for perfectly spatially homogeneous magnetic
fields. This introduces a correction AVM. Inh, due to
magnetic inhomogeneity, to the second order Zeeman
shift,

2

At2, = -310.8

+ + f ~ . w (8)

We refer to the first term in equation 8 as the
homogeneous second order Zeeman shift. The magnetic
inhomogeneity correction A ~ M~. .is1given by

Gaussian radial dependence has not yet been investigated
due to the small magnitude (0.15 mHz) of 4.

Conclusion
The performance, as characterised by the Allan
deviation, of the trapped 171yb+ ion frequency standard
NML-IT-2 is equal to o r better than
by(f)=6 x 10-l4 f-lt2, for averaging times less than
1000 s. There is evidence that the measured performance
is limited both in the short and medium (f>1000 s)
term by the stability of the hydrogen maser used as a
fhquency reference.

where n(x,y,z) is the spatially dependent number density
of the ion cloud and the integrals are taken over the
volume V of the ion cloud.
The spatial dependence of the magnetic field was
measured by monitoring the Larmor frequency as the ion
cloud was displaced in the two transverse dimensions by
DC biases applied to the trap RF electrodes. The
dependence in longitudinal direction was then obtained
from Maxwell's equations.
Assuming an ion cloud with a Gaussian density profile,
consistent with the assumption that the space chargemodified confining potential remains harmonic as
required by equation 5, yields the correction (0.77 mHz)
shown in fig. 5. Violation of this assumption will
result in the calculated value for A ~ M~. n hbeing in
error, in a similar manner to the calculated value for the
second order Doppler shift. However, due to the
magnitude of A~M.I& being small compared with the
second order Doppler shift, the error so introduced has
not yet been investigated in detail.
The magnetic inhomogeneity shift was inadvertently
overlooked in reference (5).

Stark shift. The Stark shift fvs due to the timeaveraged RF electric field EA, maintained by the
trapping electrodes is given by
2

~ ~ n ( x , y , z ) l ~ ~ ( x . yhdyd.2
.z)~
=-2x10-~'

"

(10)
/ f l n ( ~ . y , z ) hdy&

l the value for the
where EA" is expressed in ~ m - and
numerical coefficient is given in reference (3).
As in the case of the magnetic inhomogeneity shift, the
effect of deviation of n(x,y,z) from a cylinder with

A preliminary investigation of the dependence of the
observed clock frequency corrected for the calculated
second order Doppler shift on the trap conditions has
yielded an approximate set of confidence limits on the
calculated values of the second order Doppler shift.
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ABSTRACT
Most of the frequency shifts which limit the accuracy of cesium atomic frequency standards are
considerably reduced when using ulta-cold atoms and long interrogation times in a Ramsey geometry. These
shifts are also more easily evaluated than in traditionnal cesium beam standards. Most of these shifts are
reduced to 1 0 ' h r less and can be calculated accurately such as relativistic shifts, cavity pulling, Rabi
pulling ... Other effects have to be directly measured, for example cold collisions, residual first order Doppler
shift, quadratic Zeeman shift...
At present, the accuracy of the fountain is estimated at 3 10"'. A second fountain, using velocity selective
Raman transitions in two dimensions, is being built leading to a potential improvement of a factor 10 of the
fountain'accuracy evaluation.

1. Introduction.
The feasibility of Zacharias' proposal of an
atomic fountain was demonstrated a few years ago
using laser cooled sodium' and cesium2 atoms.
Cesium atoms can now be cooled to a few
microKelvin (vR,,=1.2cm/s) by sub-Doppler
cooling mechanisms in a low-pressure cell, near
room temperature using only commercially
available laser diodes. In a fountain geometry, the
atoms follow a parabolic flight, passing twice
through a single microwave cavity. The long time
between the two interactions leads to a sub-Hertz
Ramsey resonance, 100 times narrower than the
Ramsey fringes obtained in conventional Cs
frequency standards. The nearly monokinetic
velocity distribution of the atoms and the pulsed
character of our fountain simplify considerably the
evaluation of its accuracy and allow us to perform
tests and measurements that could not be realized
with a continuous atomic fountain.
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2. Experimental apparatus.
The scheme of our pulsed fountain prototype is
shown in Fig. 1, this apparatus has been described in
detail in reference 3.
Six independent laser beams (4 = 2cm), t ~ n e d
to the red of the cyclic F=4-F'=5 transition capture
and cool zitOms in a low Pressure Cs
cell
Pa ). A Few 10' atoms can be cooled in
(=
0.3s when using a magneto-optical trap (MOT) and
typically 10 times fewer when using Lin I Lin

Fig. 1: The atomic fountain.

optical molasses. The moving molasses method is
used to launch atoms, In the C-field region, a highly
homogeneous static magnetic field is produced by a
solenoid. Three y-metal magnetic shields surround
the C-field region. Additional compensation coils
between the magnetic shields are used to improve

European Frequency Time Forum, 5-7 March 1996 Conference Publication No 418 O IEE 1996

the magnetic field continuity along the atoms' path.
The whole setup is surrounded by a fourth magnetic
shield.
After the launching, the atoms pass through a
cylindrical TE,,,, cavity with a loaded Q factor of
lo4. The cavity is situated 33cm above the cooling
region. This new cavity has been designed to reduce
microwave leakage.
Less than 10% of the atoms pass two times
through the microwave cavity because of the
thermal expansion of the atomic cloud. The
populations of both hyperfine levels F=3 and F=4
are independently measured by fluorescence. About
100 photons per atom are detected by a large area
low noise photodiode, during the transit time of the
atoms through the probe beams. The TOF signals
are sampled, digitized and analyzed by a personal
computer. The microwave resonance is then
obtained by dividing the F=4 level population by the
total atom number (F=3+F=4). This normalization
procedure reduces the signal fluctuations due to
shot-to-shot atom number fluctuations which are
typically 1% r.m.s. When the atoms are prepared in
a mF=O state, this measurement is equivalent to a
measurement of the microwave transition
probability. Uncorrelated fluctuations from the two
detection channels come mainly from the detection
noise and from the fluorescence light of the weak
diffusive atomic beam coming from the low
pressure Cs loading zone. These two fluctuations
limit the signal-to-noise ratio to 700.

-80
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40

obtained with a flight time of 500ms above the
microwave cavity. The near monokinetic velocity
distribution of the atoms is responsible for the large
number of fringes. The width of the narrowest
achievable fringe in our system is 700mHz.

3. Frequency stability.
When the peak to peak frequency modulation of
the interrogation signal is equal to the fringe width,
the two sample Allan fractional frequency stability

where v is the clock frequency, 6v is the width of
0
the Rarnsey fringe, T, is the cycle time, Z is the
integration time and o, is the standard deviation
between successive measurements of the transition
probability. For a large number of detected photons
per atom, the measurement is in principle limited by
the atomic projection noise5". In this case, we have
o,=l/,/=
where N, is the number of detected
atoms. At present when we operate the fountain
using molasses, we have about 105atomsdetected in
mF=O,indicating that a stability of 8 . 1 0 - ~ ~ 2could
""
be obtained. We find that 0,-2.10'~ for lo5 atoms
detected in mF=O. Taking into account these two
noise contributions should lead to a fractional
frequency stability of 1 . 1 0 " ~'In, ~ whereas we only
- ' ~ for a large number of
measured ~ . I O - ' ~ Z(even
atoms).
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Fig.2: The Ramsey fringes

In order to compare the central fringe to the Hmaser frequency or to record the Ramsey resonance
pattern, a low noise multiplication chain using a
BVA quartz oscillator is weakly locked to the Hmaser4. Fig 2 shows the Ramsey fringes which are

Fig.3: The fountain fractional frequency stability.

As pointed out by G. J. ~ i c k ' ,the high frequency
noise of the local oscillator is down converted by an
aliening phenomenon under pulsed operation. This
degradation is directly related to the unavoidable

dead time between two successive cycles, due to
the loading time, the detection, etc. Typically, we
have 500ms of ballistic flight above the microwave
cavity and 1.2s for the cycle time. An improvement
of a factor two can probably be achieved by using
the best SC-cut BVA quartz oscillators. Another
way to reduce the contribution of the local oscillator
frequency noise to the fountain standard stability is
to use a multi-pulse fountain as proposed by
S.Ohschima et a18.
Nevertheless, the stability obtained is three times
better than the best obtained with atomic beam
standards. For integration time longer than 104s,the
measured stability is limited by the H-maser
reference.

4. Frequency shifts.

When using cold atoms and long interrogation
times, most of the frequency shifts which limit the
accuracy of conventional Cs frequency standards are
considerably reduced. Here, we will discuss the
evaluation of some of them. For instance, the second
order Doppler shift can be determined to within 10'18
and the gravitational red shift is known to 10'16if the
altitude of the standard with respect to the reference
geoid is determined with l m accuracy.
Cavity pulling, which depends on the width of
the central Ramsey fringe, is considerably reduced.
With a low atom number (lo6) and a microwave
cavity with a loaded quality factor Qav of lo4 we are
far from maser oscillation and the shift can be
calculated as in a passive cesium beam standard:

where Av is the cavity detuning and Q, the atomic
quality factor. With a detuning of 100kHz (which
can be easily obtained by controlling the cavity
temperature to 0.5K) and Qal=lO'O,we have a shift of
only 10.".
With a fountain geometry, the residual first order
Doppler effect is only due to the transverse phase
distribution of the microwave field resulting from
the losses in the copper walls. When using
monokinetic atoms, this effect becomes independent
of the microwave power. This effect can be
calculated as:

where @, and 0,are the phases seen by the atoms
during the two microwave interactions. For the
second passage, the standard deviation C J ~ of the
atomic cloud distribution is much larger than the
cavity aperture radius (R=Smm). Using a 2D model,
A. De Marchi and coworkers have calculated the
phase distribution of the microwave field in a high
Q TE,,, copper cavityg . Using these results and
allowing for a possible lmrd vertical misalignment
of the launching direction, we have calculated an
average phase difference of 4 p rd leading to a first
order Doppler shift of about 10.''. This result is
probably too optimistic because the phase
distribution also depends on the cavity end caps
losses and on the effective conductance of the
copper walls. From the same work, it seems possible
to reduce the phase gradient by feeding the
microwave cavity
symmetrically. In our
experimental setup, both microwave couplings can
be used.
At present, we have only done some preliminary
tests to estimate the maximum shift due to the
residual first order Doppler effect. To increase the
sensitivity to the phase distribution, these
measurements have been performed using the MOT
as a cold atom source. In this case, the atom
distribution during the first pass through the cavity
is much narrower than R (oi=2mm). We verified
that when the cavity is symmetrically or
asymmetrically fed, the fountain frequency does not
vary by more than + 2 . 1 0 - ~(which
~
is the resolution
of the measurement due to the H-maser frequency
instability).

Fig. 4:The partial microwave
spectrum

A second, more important, test is performed by
partially blocking the detection beams in order to
preferentially detect atoms that have crossed the
cavity (during their second pass) in a given place.
The maximum frequency shift observed in this

experiment is -3-4.10"~when the central part of the
detection beam is blocked so that only 50% of the
atoms are detected.
From these measurements, we can safely deduce
that the maximum shift is less than 10'15.
A much
better frequency resolution is required to really
obtain a map of the transverse phase distribution of
the microwave field.
As a consequence of the narrow linewidth, the Cfield in a fountain can be small compared to that in a
thermal beam device, leading to a reduction of the
sensitivity to magnetic field fluctuations and
inhomogeneities. A field of 1.7mG (40 times less
than in conventional Cs atomic beam standards) is
largely sufficient to completely resolve the field
sensitive transitions (see fig.4). In the same figure,
we can see that the contrast of the fringes for
magnetic field sensitive transitions is better than
80%. This demonstrates that the average magnetic
field for different atomic trajectories differs by
-1pG.
A further advantage of the pulsed fountain is the
possibility of mapping the static magnetic field by
using the atoms as a probe. This can be done by
measuring the frequency of the first order field
sensitive transitions for different launching heights
(when using only this method, it is sometimes
difficult to identify confidently the central fringe).
This method can be accompanied by an
unambiguous technique to measure the local
magnetic field. A microwave pulse of -10ms
duration is applied (with an antenna) when the
atoms are at their apogee. Then, the frequency
difference between the F=3,mF=0 ==t. F=4,mF=0
transition and a field sensitive transition is
measured. A resolution of about 0.1 p G is obtained
when using this method (the present resolution is
only limited by magnetic field fluctuations). By
launching to different heights, we can record the
magnetic map B(z) with a very high resolution. The
Ramsey fringes have been recalculated by averaging
the transition probability over several atomic
trajectories because of transverse inhomogeneities
estimated at about 1.2p G. Thus, we can evaluate
the quantity

EZ=

B~ ( t ) d t where T is the time of

flight above the cavity. The maximum uncertainty in
determining this quantity is 2BoB where o, is the
resolution of the measurement. Thus, we could in
principle obtain an uncertainty of -10"~.
Actually, we have observed slow fluctuations of
the magnetic field homogeneity, particularly when
the MOT is used. To be cautious, an uncertainty of
5.10-'9s applied to the Zeeman correction. Of

course, this result can be improved 2 or 3 fold by
simply reducing the field value.
The black body shift, due to the AC Stark shift
induced by the thermal radiation, is 1.76 l0'I4 in our
device. Because of the uncertainty (few %) of the
DC Stark shift determination which is used in the
calculation of ref.9 and our imperfect knowledge of
the effective radiation temperature in the microwave
region, we consider that the total uncertainty in this
correction is 1.5 10"'.
Currently, the spin exchange collisional shift is
expected to be one of the limiting factors for the
accuracy of the pulsed atomic fountain. Calculations
made by B. J. Verhaar and coworkers estimate this
shift at l@22atoms/cm3
lo. For s scattering waves, the
shift is independent of the temperature of the atoms.
For a tall fountain and a nearly point-like cold atom
source (MOT), this shift can be approximately
written as:

-

where n is the average density if of>>o,and
of>>R, N, is the initial atom number, oiand ofare
respectively the initial and final rms atom cloud
sizes in the cavity and R is the radius of the holes in
the cavity. With our geometry, when using the
MOT, only s scattering waves are expected to
contribute. The average density
that can be
obtained by using pure optical molasses is too low
to allow an accurate measurement of this shift; thus,
we used the MOT as a cold atom source. The
density is varied by changing the loading time of the
trap and by changing the Cs pressure in the cell.
Atoms are prepared in F=3 (the Zeeman
sublevels being nearly equally populated) by a pulse
of light resonant with the F=4=bF'=4 transition.
To prepare atoms in the mF=Osublevel, just after the
launching phase, we apply a microwave 7t pulse
resonant with the F=4, mF=O=bF=3, mF=O
transition; then, the atoms remaining in the F=4
level are pushed away as in the previous case. In
this way at least 97% of the atoms are in the m,=O
sublevel (see fig.5). The absolute uncertainty of
these measurements is not better than 50% due to
the density determination. Nevertheless, an
extrapolation to zero density, with 10% uncertainty
can be performed since only relative uncertainties
are relevant in this case. In typical molasses
operation, we have an average density (for atoms in
mF=O only) of-5.10~ atoms/cm3 for -lo5 detected
atoms. The collisional frequency shift is then only

n

-10-'5, for which we carefully consider a 5.10."
uncertainty. With this number of atoms and a very
good local oscillator, it will be possible to obtain a
short term frequency stability better than 1 0 . ~ ~'In 2
and a long term stability of lo-'' limited by
fluctuations (10%) of the atomic density. By
modifying the geometry of the molasses or the trap,
a significant reduction of this shift could be
obtained. Another way to reduce the collisional shift
is to use 2D transverse Raman cooling or selectionI3.
We have also evaluated the frequency shift due to
a spurious line in the microwave spectrum. From the
measured spectrum of the microwave generator, we
conclude that the maximum frequency shift due to
spectral impurities is 2.5 10-16.
The presence of other transitions near the clock
transition or nonadiabatic transitions between
Zeeman sublevels can induce frequency shifts. They
are called Rabi pulling, Ramsey pulling and pulling
due to Majorana transitions. All these shifts depend
on the line Q and on the ratio Rabi
frequencylzeeman frequency, these two factors are
more favorable in our fountain than in conventional
Cs beams. In addition, when the atoms are prepared
only in the m,=O level, the populations of the
m,=f 1 sublevels are very small (-0.4%, see Fig.5).
In the same figure, we can also see that A mF=l
transitions are also very weak (50.5%) at optimum
power. With these conditions, the Rabi pulling is
negligible (10"'). The Ramsey pulling and the
pulling due to Majorana transitions are more
difficult to evaluate; a very preliminary estimate
gives a maximum shift of -5.10'16 for both effects
when atoms are prepared in the mF=Osublevel.
As a consequence, we can operate the fountain
with very high microwave power, without large loss
of signal. Since these two shifts are functions of the
microwave power, we can try to evaluate their order
of magnitude by measuring the frequency variation
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Fig.5: Microwave spectrum when atoms are prepared
in m,=O.

of the standard when the microwave power is
changed. The maximum measured power shift is
4 . 1 0 - ~ 9 ~ /(where
~ ~ , , , Pop,is the microwave power to
obtain a X I 2 pulse). Of course, other shifts also
depend on the microwave power level: microwave
leakage, spectral impurities, etc. Most of these can
be independently evaluated, For instance, to
evaluate the shift due to the microwave leakage,
from the cavity or from the feeding circuitry, we can
take advantage of the pulsed operation of the
fountain to feed the cavity with a very high power
(90dB more than the optimum power) when atoms
are outside the cavity (no shift is observed in this
case with our present resolution).
The summary of these preliminary evaluations is
shown in table I. The present uncertainty of our
fountain standard, -3.10"5, is much better than that
obtained with traditional Cs beam tubes. This
evaluation is mainly limited by hydrogen maser
frequency instabilities.

5. Conclusion.

Our recent results, obtained with the laser cooled
fountain standard, demonstrate that this new type of
device is working reliably, allowing very accurate
measurements to be made. The frequency stability is
2 . 1 0 . ' ~-'I2,
~ limited by the frequency noise of the
local oscillator. It is at least 3 times better than the
stability obtained with the best conventional cesium
standard. A long term stability of lo-", limited by
atomic density and magnetic field fluctuations,
seems realistic. Our preliminary accuracy, 3. 10-l5, is
also much better than the accuracy of any other
frequency standard. A second fountain, which is
being built, will substantially improve the resolution
of our measurements and future accuracy
evaluations. At present, it seems difficult to predict
which physical effect will be the limiting one for a
room temperature fountain. During the evaluation,
we have compared the fountain frequency with the
frequency of some Cs clocks determining the TAI
frequency. No effective frequency difference larger
than the uncertainties has been observed.

Table I: Error budget in molasses operation with
atoms prepared in m,=O.

1

Physical effect:

I

Uncertainty x I@".

I

5I

First order Doppler
effect:
Black body radiation
effect:
Magnetic field
inhomogeneities:
Electronics :

I
I

11.5

< 0.5
I

10.5

Cold collisions:
I

Pulling due to other
levels:
Microwave spectral
impurities:
Microwave leakage:
Background gases:
I

Total shift

I

5 0.5
5 0.25

< 0.2
5 0.5
53
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CONTINUOUS EXTRACTION MECHANISMS FROM A C s
MAGNETO-OPTICAL TRAP
N Sagna, G Dudle, P Berthoud and P Tliomann
Observatoire Cantonal, Rue de l'observatoire 58, CjH-2000 Neuchatel

Abstract
Atomic clocks based on a continuous beam of cold
atoms are a promising alternative to fountains mainly
because the low atomic density of a beam would reduce collisional shifts to a negligible level; in addition dead times can be suppressed or greatly reduced.
Several mechanisms allowing to continuously extract
cold atoms from an anisotropic trap will be discussed,
in particular atomic drift induced by a constant magnetic field and laser beam imbalance. Experimental
results of trap loading times and time-of-flight measurements will be presented to asses the potential
of these methods for the production of a continuous
beam of cold atoms.

1

INTRODUCTION

Motivation for a continuous beam of cold atoms
Cold atoms may lead t o considerable improvements
in both the accuracy and short term stability of atomic
frequency standards. One sp~c-ificrequirement of frequency standards is that cold atoms must be carried
into - and out of - the microwave resonator, whose
geometry does not allow on-site cooling or on-site
detection of the resonance. In presently realized Cesium standards, the cooling and trapping laser beams
are periodically shut off to allow launching of the
cold sample in a vertical ballistic trajectory (atomic
fountain). Although this method already has shown
its potential for accuracy [I] other approaches are
worth investigating: one alternative approach would
c-onsist in extracting atoms continuously from the
trap. This would basically have two advantages over
a pulsed extraction: first, assuming the same average atomic flux on the detector, the average atomic
density would be reduced by a factor equal to the inverse of the duty cycle in pulsed operation, typically
100. This would reduce the collisional shift [l, 21 in
the same proportion. Second, the continuous atomic
beam would suppress the short-term stability limitation [3] which results from the intermittent generation of an error signal in the servo-loop that controls
the local oscillator. Another way of drastically reducing both the collisional shift and the short-term
stability limitation would be a quasi-continuous operation where the cold atom source is pulsed at a

frequency such that at least one cold cloud is in the
microwave resonator at any given time [4]. A continuous source of (.old atoms wolild also be an extremely
valuable tool for the development of compact atornic
frequency standards as well as in other fields such as
atom optics, atomic interferometry, collision studies
and high resolution spectroscopy.

Light shift The light shift is an obvious drawback
of a continuous or quasi-continuous beam scheme
since laser light scattered from the trap and from
imperfections of the optical elements can reach the
microwave cavity while atoms are being interrogated.
The light shift sensitivity of the IF = 4, niF = 0)
state of Cs for a-polarized light tuned 2.5 natural
widths (13 MHz) to the red of the IF = 4) + IF' =
5) transition is 7.6 kHz m"W. A dark channel [5]
capable of producing a useful flux of lo6 atomsls
is estimated to produce a fluorescenc.e intensity in
W l m G a n g e in a microwave cavity, placed
the
0.25 m away from the trap, resulting in a potential
light shift of the order of lo-''. The lO%ed~iction
needed to bring the bias down to 10-l5 range can be
obtained by placing a velocity selector (cf. [6]) on
the way between source and cavity and between ravity and detection zone; the selector will absorb most
scattered photons and deflect the remaining part into
a light trap, while introducing only a weak and fast
,modulation of the atomic beam.
At least four mechanismes can be used to extract
atoms continuously from an anisotropic trap: a static
magnetic field, intensity imbalance, frequency shift
and dark channel structures [5]. The purpose of this
paper is the study of two of these mechanisms - a
static magnetic field and an intensity imbalance both along the vertical z-axis.

2

MEASURING METHODS

An important feature of our magneto-optical trap is
the structure for the magnetic gradient. It consists
of two ensembles of four straight conductors respectively parallel to the z-axis and t h y-axis
~
producing
each a quadrupole field. With this set-up, isotropic
and anisotropic traps can be studied [7]. The trap
is irradiated by two laser beams in the horizontal
plane and four laser beams at 45' to the vertical z-
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axis. All beams are circularly polarized according to
the requirements of a magneto-optical trap. A calibrated photodiode monitors the number of atoms in
the trap. An additional laser beam locked to the 4
+ 5' transition analyses the falling atoms 29 cm below the trap. Two coils in Helmholtz position allow
to add a constant magnetic field in the z-direction.
For the intensity imbalance we change the distribution between the up- and downgoing beams. The
imbalance parameter w is defined by:

w = Iup - Idown
]up
Idown

+

We study the drift velocities of cold atoms in both
an isotropic 3D molasses and an anisotropic 2D trap.

Time of flight technique To investigate the influence of a static magnetic field or an intensity imbalance between u p and downgoing beams on a 3D
molasses we use the tzme of flight technique (TOF):
in a first step atoms are captured in an isotropic
magneto-optical trap; lo7 - lo8 atoms are charged
in a loading time of about 1 s. In a second step the
gradients of the trap are switched off (10 ms) and
the atoms thermalize in the optical molasses for an
additional 5 ms. If a static magnetic field or an intensity imbalance is present along the vertical z-axis,
the atoms thermalize around a velocity vd # 0. Finally, we cut off the cooling laser by a mechanical
shutter. The falling time of the laser intensity has
been measured to be less than 100 ps. By measuring
the TOF signal dN/dt one can calculate the initial
distribution of velocity dN/dvo along Oz:

In this equation we use the fact that in the range of
drift velocity we consider, the initial velocity vo of
an atom is related to the arrival time t in the probe
beam by the relation:

vo = g x (t - to)

- 0 4 -03 -02 -01

(1)

(3)

where t o = 242 ms is the time of free fall for atoms
when vo = 0. The arrival time changes by 1 ms for
an initial velocity of 1 cm/s. We define an average
drift velocity of the atoms by:

0
W

01

02

03

04

Figure 1: The drift velocity us. intensity imbalance
between u p and down-going beams. White circles
represent the results of a 2D-trap (loading time measurement), black triangles stand for the T O F measurements in a JD-molasses. The laser detuning and
intensity are given by: 6 = -3r and I = 2 1 , .

Loading time In the anisotropic situation only
the vertical structure of the magnetic gradients is
supplied, leading to cooling and trapping forces in
the horizontal ( r y ) plane and an optical molasses
(without trapping forces) in the z-direction. While
in a trap without extraction mechanisms the loss rate
r is governed by the collision rate r,, r is modified
if the atoms of the trap have a drift velocity vd:

where L is the length of the anistropic cold cloud.
By measuring the loading time one can deduce the
average drift velocity vd. We obtain the loading time
T = l / F from a fitting of the signal of the photodiode
with (1- exp [-tlr]).

3

EXPERIMENTAL RESULTS

Intensity imbalance We measured the velocity
\
of the drift induced by an intensity imbalance between up- and downgoing beams, in a 2-D trap and
a 3-D optical molasses. We ensured that the static
magnetic field was zero in the trapping zone. The
results (see Fig.1) show a good agreement between
these two velocities. Let us point out that this agreement is quite remarkable: it shows that as far as an
intensity imbalance along Oz is concerned, the z-axis
- free of trapping - of the 2-D trap is equivalent to
that of a 3-D optical molasses. The presence of the
transverse magnetic gradient does not alter the effect of an intensity imbalance along 0%.Besides,
this figure shows that the drift velocity is very small
(vd 5 2 cm/s) for a wide range of imbalance. Such an

-0.3

-0.2

-0.1
0
0.1
Imbalance w

0.2

0.3

Figure 2: The integral of the T O F signal of an 3D optical molasses us. intensity imbalance between
up- and down-going beams. The laser detuning and
intensity are given by: 6 = -3r and I = 21,.
insensitivity to imbalance was known to be characteristic of sub-Doppler optical molasses [8]. Our measurements show that the transverse magnetic field
in the 2-D trap does not change the drift velocity
induced by an intensity imbalance. In addition to
that, the drift induced in a 2-D trap exihibits a double slope that could be interpreted as Doppler and
sub-Doppler behaviour. This double slope could not
be observed in a 3-D molasses because of the important decrease of the T O F signals that we observed
for JwI > 0.3.
To evaluate the potential in extracting atoms with
an intensity imbalance, we represent in Fig. 2 the
total number of atoms that cross the probe beam,
when they are pushed away from the 3-D molasses.
This number corresponds to the integral of the TOF
signal. One can see that the total number decreases
very quickly with the imbalance w . By measuring
the number of trapped atoms, we found that the loss
of signal is almost entirely due to the decrease of the
capture process efficiency induced by the intensity
imbalance. Besides, the TOF signals do not show
any broadening and are only slightly distorted for
the extreme values of w .
M a g n e t i c field We also measured the drift velocity along the z-axis as a function of the static
magnetic field. We found that the 2-D trap and
the molasses show different behaviours. For the molasses, the TOF signals show that the drift velocity varies linearly with the magnetic field ( v d / B , E
18 c.m s-I G-l). However, as shown in Fig. 3,
the TOF signals are not only shifted along the time
axis, they are also distorted and reduced in amplitude (see Fig. 4 ) . Contrary to the case of the intensity imbalance, the loss of signal shown in Fig. 4
can not be attributed to a decrease of the capture
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Figure 3: TOF signals for different static magnetic.
fields along the vertical z-axis. The signal for B, = 0
is divided by a factor 2. The arrival time of atoms
having an initial velocity vo = 0 G is 242 ms. By
1 cm/s of initial velocity the arrival time changes by
1 ms. The laser detuning and intensity are given by:
6 = - 3 r and I = YI,.
process efficiency: for lB,l =1.5 Ci, the number of
trapped atoms is only 30% smaller than the number
at B, =O G. This shows that the drift velocity of
the atoms also has non-vertical components. These
effects already occur for very small values of the mag0.2 G ) . Although it is dif3.c-ult to
netic field (B,
define a width and extract a temperature from the
distorted TOF signals, the total TOF spread is too
small to suggest the onset of a Doppler regime.
Contrary to the case of a 3-D molasses, the drift
velocity in a 2-D trap is not linear with respect to the
magnetic field. First, as shown in Fig. 5, the curve
of the 2-D trap presents an asymmetry with regard
to B, =O G. This asymmetry could be explained
as follows: the atoms that are pushed towards SF',
are not lost by the 2-D trap. Under the gravity they
stay suspended at the upper edge of the cold column.
Therefore the loading time method does not show
any drift towards +TZ. Secondly, for an extraction
towards -e;, there is a threshold for the drift: for
B, > -0.8 G the magnetic field induces a negligible
drift on the trapped atoms and for B, < -0.8 G the
atoms drift away from the trap with a velocity of
v d = 35 cm s-I G - l .

-

4

DISCUSSION

Theoretical predictions In order to understand
qualitatively our experimental results, we developed
a theoretical 1-D model using the transition J =
1 + 2 to study the effect of both intensity imbalance and longitudinal magnetic field on a a+ - amolasses. We are aware that our experimental situation can not be fully described by this simple 1-D

where g , = 0.25 is the Land4 factor of the C:s groiind
state, p ~ is the Bohr magneton and I" is the rate
of optical pumping.This is the sub-Doppler regime
for our cooling parameters, the velocities of the drift
induced by an intensity imbalance w and a magnetic
field B are then given by:

Figure 4: The integral of the T O F signal of an 3-D
optical molasses vs. vertical magnetic field B , . The
laser detuning and intensity are given by: d = - 3 r
and I = 21,.

where k , 6, I are respectively the wave number, the
detuning and the intensity of the cooling beams; I, =
2.2 mW.cm-2 is the intensity for which the Rabi
angular frequency is equal to for the IF = 4, mg =
4 >+ IF' = 5,me = 6 > transition. Besides, for
higher values of the imbalance (w > 0.3) and the
magnetic field ( p B g g B> fir') the regime becomes
Doppler and the drift velocities are then given by:

where g , = 0.4 is the Land4 factor of the C:s excited
state. Let us also point out that for intermediate
values of the intensity imbalance (w 0.3) and the
magnetic field ( p B g g B fir'),the force vanishes for
three different values of the velocity. By solving the
corresponding Fokker-Planck equation, one can show
[lo, 111, that the velocity distribution is no longer
gaussian: it becomes a distribution with two peaks
more or less resolved.
However, it is difficult to compare quantitatively the
predictions of the model with the experimental results. Indeed our model is one-dimensional and it
uses the transition J = 1 + 2. For weak intensity
imbalances (w << I ) , Werner et nl. [lo] calculated
that the drift velocity using a F = 4 -, 5 transition
is eight times smaller than that given by eqnation
(6). We use this factor to obtain the imbalance drift
coefficient in the second line of Table 1 from the first
line. Our model is also unable to predict the boundaries of the Doppler and sub-Doppler regime as w
and B vary.
As mentioned by Steane e t a1 [12] and Werner r t
ad. [lo] a more complete description requires the
consideration of the three-dimensional character of
the cooling and that of the real atomic transition
involved (i.e F = 4 + 5). A model that considers these two points was developed by Castin r t nl.
[13]. 1Jsing the so-called Monte-Carlo wave-function
technique, Y. Cjastin [14] calculated the effect of an
intensity imbalance and a static magnetic field on a

-

Figure 5: The drift velocitiy vs. the static magnetic field B, . White circles represent the results
of a 2D-trap (loading time measurment), black triangles stands for the T O F measurements in a 3Dmolasses. The laser detuning and intensity are given
by: 6 = -3r'and I = 21,.
model. Our purpose, here, is to point out among all
the experimental features those which can be easily
understood. IJsing the procedure described by Dalibard e t al. [9], we calculate the cooling force at small
laser intensity for any value of the atomic velocity,
while taking into account the modifications in the
atomic density matrix induced simultaneously by an
intensity imbalance or a magnetic field. As already
predicted by Werner et a2. [lo] for an intensity imbalance and by Walhout et al. [ l l ] for the magnetic
field, we found that the net effect of such a perturbation is to shift the velocity to a non-zero value
for which the force vanishes. This model allows to
distinguish two different regimes of drift. The first
one corresponds to small values of intensity imbalance (w << 1) and magnetic field ( p B g g B<< fir'),

(v~)B

SubDoppler ID-Model
J=1+,J1=2
s = - 3 r , I = 21,
SubDoppler ID-Model
F=4+F1=5
6 = - 3 r , I = 21,
2D quantum Model
F=4+F1=5
6=-3r,I=I,
Experiment 3D
S = -3r, I = 21,
Experiment 2D
s = - 3 r , I = 21,

(v~)w

29

87.4

29

11

18

21

18

9

>-OSG
0
< -0.8 G
35

(WI

9
e 0.25

Table 1: Summary of the theoretical and experimental results. Numerical values are in cm s-' G-l (first
data column) cm s-' w-' (second data column)
2-D optical molasses. This fully quantum mechanical calculations were made with cooling parameters
(6 = - 3 r , I = I,) close to our experimental conditions. Its results are shown in the third line of Table
1.

Effect of an intensity imbalance From Fig. 1
and the last column of Table 1 we deduce that for
smallintensity imbalances (lwl < 0.25) the drift along
O r induced in both an optical molasses and a 2D trap matches the theoretical predictions of a 1D sub-Doppler model. In addition, we verified experimentally that, as described by equation (6), the
drift coefficient decreases with the saturation parameter s (same definition as in [9]) of the laser beams.
The small drift coefficient (- 9 cm s-' w-l) that
we measured is an obstacle to using this method as
an extraction mechanism from a 2-D trap. Besides,
for 1w) > 0.25 the drift velocity in the 2-D trap increases rapidly. The velocities are still too small t o
result from Doppler processes, but the behaviour of
the curve suggests the onset of such a regime. The
range of w values where the transition from subDoppler to Doppler regimes takes place is consistent
with numerical calculations made (for 6 = -4r and
I = I,/&, however) by Werner et al. [lo] on the
F = 4 + 5 Cs transition.
Effect of the magnetic field As shown in Table
1, the experimental drift velocity (18 cm s-' G-')
induced by a vertical magne'tic field on an optical
molasses is significantly lower than predicted by the

1-D sub-Doppler model [Is]. This discrepan(-y can
be explained by the effect of additional laser Learns
which carry other polarisation components than the
a+-a- configuration of the 1-D model. This reduc-es
the anisotropy created by the optical pumping which
is at the origin of theorientational cooling me(-hanism
191. The fully quantum mechanical computation of
Y. Castin [14] indeed predic-ts such a reduction (see
the third line of Table 1).
Besides, 1-D models of magnetic induced drift predict as in the case of an intensity imbalanc-el a doublepeaked velocity distribution in the intermediate range
of magnetic field. The distorted velocity distribution
emphasized by the TOF signals of Fig. :Z can not be
explained in such terms: as mentioned previously,
the full spread is to small to originate from Doppler
processes. In addition, comparison with experimental results on the effect of a longitudinal magnetic
field on a 1-D molasses [15] show that, in the range of
magnetic field considered in our experiment, the drift
velocity arises exclusively from sub-Doppler me(-hanisms. We believe that the distortion of the T O F signals is mainly due t o the fact that the magnetic field
forms an angle of 45' with the up- and down-going
laser beams. With respect to the wave vectors of the
two pairs of beams along the Oyt plane, the magnetic field has a non-zero transverse component. As
calculated by Van der Straten et al. [16], in the pres~ fir',
ence of a transverse field BT such as p B g g B >>
the atoms are cooled towards five resonant velocities
v , = n p ~ g , B ~ / 2 t i k( n = 0, f1, f2) along the propagation axis of the beams. In our complex configuration, the effects of transverse magnetic fields may be
expected to be as important as those of longitudinal
fields. We therefore expect an important perturbation of the velocity distribution in the Oyr plane.
This could also account for the rapid signal decrease
(see Fig. 4): the magnetic field B, could indeed induce a drift that has also non-vertical components.
Similarly, one-dimensional models clearly can not account for the complex configuration of the 2-D trap
with an axial field in which the full curve in Fig, 5
was obtained. The transverse trapping field varie's
between zero and approximatively 0.5 C; across the
diameter of the elongated cloud. We believe that
this transverse magnetic gradient is responsible for
the discrepancy between the 2-D trap and the 5-D
molasses, pointed out in Fig. 5. Indeed, the average
drift coefficient in the 2-D trap is very weak (< 5 cm
s-l G") in the low-field range ( ( B ,I < 0.8 G) where
the longitudinal magnetic field is comparable to the
transverse field. For higher values of the vertical
magnetic field, the drift of atoms towards -c: appears to be much more efficient (- 35 cm s-I G-l).
As far as the continuous extraction of atoms is concerned, our measurements indicate that the drift obtained by applying a vertical magnetic field to two

pairs of beams at 45' with respect to the z-axis, does
not depend in such a simple way on the magnetic field
as in the 1-D configuration where the applied field is
parallel to the pair of laser beams. One would still
need to measure the vertical velocity distribution of
atoms in the 2-D trap configuration before concluding on the usefulness of such a simple method to
extract atoms continuously from the trap.

5

CONCLUSION

Two-dimensional magneto-optical traps are being investigated as possible sources of continuous beams of
cold C:s atoms. Extraction of atoms by intensity imbalance or magnetic field has been studied in detail.
We demonstrated that atoms can be pushed out of
the 2-D trap using these two methods. However the
insensitivity of sub-Doppler molasses to intensity imbalances and the complexity of our magneto-optical
configuration yield some obstacles to be overcome to
get a continlious beam of cold atoms. Other extraction mechanisms such as moving molasses and dark
channels are still under study.
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INTRODUCTION

ABSTRACT
Last year we presented a proposal for the generation of a
continuous beam of cold atoms as a new alternative to
improve the performance of Caesium fiequency
standards. The starting point of our continuous beam
realisation is a two-dimensional magneto-optical trap
(2D MOT): the assembling of three counter-propagating
circularly polarised laser beams and of two magnetic
field gradients along the horizontal axes leads to a
transverse cooling and trapping, whereas in the vertical
z-direction the atoms are only cooled and not trapped
because of the zero magnetic field in this direction. To
launch the cold atoms in the z-direction it is planned to
use two different techniques. We intend either to create a
1D moving molasses by a proper detuning of the
frequencies of the vertical laser beams or either to apply
a static magnetic field along the z-direction in order to
imbalance the interaction of the atoms with the
counterpropagating vertical laser beams.

In order to predict the characteristics of the beam of cold
atoms, we have done a simulation of the atomic
trajectories by using a two-dimensional model OF
Doppler cooling and magneto-optical trapping. We will
also present a calculation of the velocity distribution of
the atoms, which, due to the trapping and cooling
process, enter the zone, where they are launched. This
work might help us to understand the results of future
experimental measurements on the cold beam. In the
meantime, we are adding several laser beams to the twodimensional MOT, which will be used for the analysis
of the main beam characteristics: the atomic flux, its
angular dispersion, and its velocity distribution.
These experiments are a burning issue for the generation
of a continuous beam of cold atoms and the
development of a new design for future atomic clocks.

The advantages of cold atoms for primary fiequency
standards are now well admitted (Clairon et al, (1)). At
the present time, most of the research on fiequency
standards using cold atoms are based on pulsed
operation. One ball containing about one million cold
atoms is launched every second through a microwave
cavity. This functioning has some disadvantages. For
example, the principle of a pulsed interrogation in the
microwave cavity leads to a degradation of the shortterm stability due to the low duty cycle of the
interrogation (Santarelli et a1 (2)).
The creation of a continuous beam of cold atoms might
lead to a new generation of Caesium fiequency
standards. It is based on a simultaneous cooling and
launching of the atoms. Several advantages make it very
interesting for primary fiequency standards. For
example, it should release us fiom the collisional effects.
Indeed, for the same number of atoms launched in one
second, the atomic density is much lower with a
continuous beam where the atoms are distributed all
along the atomic path. One may also use the properties
of the cold atoms to shorten the interrogation cavity
size, while keeping the atomic clock stability to a level
similar to the best Caesium thermal beam fieqpency
standards, so as to lead to a compact and transportable
fiequency standard. For this, a continuous beam of
Caesium atoms with an axial mean velocity between 1
and 10 rnls and axial and transversal velocity
dispersions less than 10 c d s is necessary.
We expound here the experimental set-up that has been
built up at L.H.A. for trapping the atoms in an
anisotropic magneto-optical trap (2D MOT). We
consider launching the atoms using two methods: the
moving molasses technique and the magneto-optical
train. We finally present some numerical simulations we
did with a very simple theoretical model based on a
Monte-Carlo approach in order to predict the
characteristics of the future beam of laser cooled atoms.
THE %-DIMENSIONALMAGNETO-OPTICAL
TRAP (2D MOT)
The 2D MOT works on the principle of a cooling and
trapping of the atoms along the horizontal (Ox) and (Oy)
axes, while only cooling, with no trapping occurs in the
vertical (Oz) direction. Horizontal trapping results h m
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two pairs of circularly polarised counter-propagating
laser waves and two magnetic field gradients. Vertical
cooling results from two counter-propagating laser
waves with no magnetic gradient along (Oz) axis. The
total magnetic field is produced in our case by two pairs
of anti-Helmholtz coils. We will launch the atoms
vertically, because they can easily leak from the MOT in
this direction. Figure 1 shows the experimental set-up.
The atomic beam must be free of any laser light, so the
vertical cooling laser beam was split into two thin
beams making a slight angle (14') with the vertical
axis.

configuration, and we hope to perform worthwhile
complementary experiments.
We are at the moment installing a system for the
detection and analysis of the fiture beam of cold atoms.
A pencil of resonant light located about 50 cm below
the 2D MOT allows the detection of atoms falling
across it through their fluorescence light. In order to
measure the angular dispersion of the laser cooled
atomic beam, we shall observe the light spot made by
the atoms falling through the analysis laser beam with
the aid of an ultra-sensitive CCD camera (see Figure 2).

;
--

1 Analvsis

Figure 2: Measurement of the beam divergence.

Figure 1: Experimental set-up.
EXPERIMENTAL SET-UP FOR LAUNCHING
THE ATOMS

The present set-up allows us to launch the atoms using
two different methods.
The first one, called " moving molasses ", consists in
applying a slight positive frequency shift to the forward
cooling laser beam, and the same negative frequency
shift to the backward laser beam. The atoms are cooled
in a moving b e , which velocity is in direct
proportion to the applied frequency shift.
The second method, called " magneto-optical train ",
consists in applying a static magnetic field B in the
vertical direction, with circularly polarised laser beams
in this direction. The atomic Zeeman sublevels are
split, thus modifying the resonance conditions
depending on the laser light polarisation. As a result of
this, the atoms are cooled in a moving b e , which
velocity is in direct proportion to the magnetic field B.
This extraction mechanism is also being studied by
Sagna et a1 (3) at Observatoire de Neuchatel
(Switzerland) in a different light and magnetic

The time of flight technique is the most usual method
for the determination of velocity distributions in a MOT
or in an optical molasses. A ball of cold atoms is
created. At the instant t = 0, the laser light and if needed
the magnetic gradients are switched off. The atoms fall
under the gravitational force. One detects them when
they cross an analysis laser beam located a h v
centimetres below the cooling area. The vertical velocity
component of the atoms is deduced from the time of
flight signal.

( 2D MOT
Ejecting
laser beam

I

T

Figure 3: Measurement of the atomic axial velocity
distribution. Time of flight technique.
Since our experiment shall lead to a continuous
extraction of the atoms from the 2D MOT, we cannot
use this method in the usual way. An addicted
progressive laser wave is located a few centimetres

underneath the 2D MOT so as to switch on or off the
atomic beam (see Figure 3). At an instant t = 0, this
laser beam is switched on, it ejects the atoms falling
across it out of their vertical path. As for a usual time d
flight technique, one deduces the axial velocity
distribution of the atomic beam from the time evolution
of the light emitted by the atoms as they cross the
analysis laser beam. The mean velocity is proportional
to the time of flight tflight, while the velocity dispersion
is related to the characteristic duration Atfllghtof the
fluorescence time evolution.
NUMERICAL SIMULATIONS

Using a two-dimensional model of Doppler radiative
cooling and magneto-optical trapping, we performed
numerical simulations of the atoms interacting with
laser light in the following configuration (see Figure 4).
The position (res. velocity) of the atom is described by
its components on the horizontal and vertical axes: x
and z (res. vx and vz). In an area corresponding to
Ixl<xtrapand Izl<ztraP,the atom undergoes a ID MOT
created by a magnetic field gradient and an adequately
polarised standing wave. For lxI<~iaunchingand lzl<zt,,, a
perpendicular 1D moving molasses performing its
launching in the -z direction is superimposed on the
previous 1D MOT.

and s is the total saturation parameter (equation (2)).
S = Sleft

Sright + Slow + Sup
for I X I< xlaunchingand I Z I< Ztrap

f

s = sleft + sright
for Xlaunching<I X I< Xtrap and I 2 I< Ztrap
eq. (2)
Where the saturation parameters fiom the left, right,
low, and up light waves ( s ~ s",ht,
,
SIO,, and sup)are
hctions of the laser light intensity and fiequency d
each laser wave, and of the position and velocity
components of the atom.

si =

i = left, right, low, up

r2
Ai2 +4

with
Aleft = @at - @cooling + klaser .vx + Ir
Aright = @at -@cooling

- klaser evx

.x

P~armor

'

Alow = @at - mcooling + klaser .vz + dm
A up = mat

- @cooling- klaser .vz - d@
eq. (3)

Where a, is the atomic frequency, !Aa,,, is the Rabi
fiequency of the laser wave, k~,,,, is the laser wave
vector, COcrnling is the cooling frequency of the laser light,
F~armoris a coefficient related to the Zeeman shift of the
dw
atomic levels, and df = is either the additional
0Lib

Figure 4: Scheme of the different interaction areas for
the numerical simulations.
Simulation of the atomic paths
We depict the trajectories of some atoms in this device
for various initial positions and velocity directions,
using a Monte-Carlo approach (Grison (4)). The photonatom interaction is modelled as following. The photon
absorptionlemission cycle is described by Bloch's
optical equations under weak light intensity (total
saturation parameter s << 1). The transition probability
from the ground level to an excited level in a short-time
duration dt is given by equation (1).

Where J7 is the spontaneous deexcitation rate,

frequency detuning of the vertical laser beams in case ct
the moving molasses launching technique, or the
Zeeman fiequency shift of the atomic level; due to the
vertical magnetic field in case of the magneto-optical
train launching method.

Each time the atom absorbs a photon from one of the
laser beams, its velocity vector is modified by the
photon recoil quantity:

Where h is Planck constant, M is the atomic mass, and
u is the incident photon direction. The emission process
is described by a similar approach. The new atomic
position and velocity are calculated after each
absorption-emission cycle, until the atom gets out of the
interaction area. Figure 5 shows an example of such
trajectories for an initial atomic velocity value of 5 m/s.

The program performs this calculation for some 10'
atoms and presents the velocity distribution f i ) cf
atoms crossing the sections defined by x =
(atoms entering the central area), as well as the velocity
distribution f(vb) of atoms crossing the z = -z,~,, section
(atoms being launched downwards).

Figure 5: Typical atomic trajectories.
Ilaser= 1 mW/cm2
Atoms initial velocity: 5 d s
Additional vertical frequency detuning: df = k1.2 MHz
Simulation of the velocity distribution in the cold
atoms beam
It is possible to calculate the velocity distribution of the
atoms passing through a given surface of the interaction
area. The code we conceived calculates the evolution cf
the atom in the interaction area with a model of average
radiation forces:

Some preliminary results of this calculation are
presented Figure 6 for a laser power of 1 mw/cm2 in
each beam, and a cooling flequency shift CO,,-w,,,ling
equal to -3r. This work shall help us in predicting the
angular dispersion and temperature of the cold atoms
beam.
CONCLUSION
We are studying a configuration of 2D MOT allowing
the simultaneous trapping, cooling and launching of the
atoms, which is now in operation at L.H.A. We intend
to demonstrate experimentally the feasibility of a
continuous beam of laser cooled atoms in a near future.
We performed numerical simulations so as to predict the
characteristics of the future atomic beam. Nevertheless,
this prediction has to be compared with experiment
measurements, which may reveal sub-Doppler cooling
mechanisms, that are not included in our calculation.
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ABSTRACT
The static Co and motional Cn capacitance.
of the .electrical equivalent circuit of the
AT- and BT-cut quartz resonators are
computed. Another one comparation is
done for infinitely large planparallel plate,
for planparallel energy traped resonator by
considering the mass loading of electrodes
and for the energy traped resonator by
considering the mass loading of electrodes
and the spherically contoured surface of the
plate. The calculated values are compared
also with the measured one.

are compared. The attention will be also
given to the non-uniform distribution of the
motion mentioned by Kosinski et a1 (4).
QUANTITIES CoAND Ch
The static capacitance Coand the motional
capacitance Cn of the piezoelectric resonators vibrated in the thickness mode with the
thickness of the plate 2ho and with the area
of the electrodes A, can be expressed by the
relations

INTRODUCTION
The exact values of the parameters of
the electrical equivalent circuit of the
piezoelectric resonators are very important
for the design and realization of the wave
filters. The parameters are functions not
only of the plate and electrodes dimensions
and elastic, piezoelectric and dielectric
properties of the plate but they depend also
on the piezoelectric stiffening, electrode mass
loading, energy trapping and the flatness
(curvature) of the surface of the plate in the
paper. The attention will be given to the
electrical equivalent circuit parameters of the
thickness vibration of the AT- and BT-cut
quartz plates. The computed and measured
values of the motional capacitance of the
infinite flat plate (by using of the relations
given by Yamada and Niizeki (I)), flat energy
traped resonators (by using of the relations
given by Tiersten (2)) and the contoured
trapped energy resonators (by using of the
relations given by Tiersten and Smithe (3))

where €22 is the permitivity component in
the thickness direction of the plate, kz6 is the
coefficient of the electromechanical coupling

is the elastic stiffnes component, e26 is
the piezoelectric coefficient, ke and kc are
coefficients which depend on the shape of the
piezoelectric plate and the mass loading of
electrodes.
~6

1. For the infinitely large planparallel plate
the coefficiens

ke = 1,

kc = 1.

(4)

2. For the planparallel energy trapped resonator by considering the mass loading R
of electrodes the value of the coefficient kc
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follows from the relations given by Tiersten
(2)

from the relations given by Tiersten and
Smithe (3)

where the wave numbers tnv
and vnTin the X I
and 2 3 directions are given by the relations

where for m, p = 0,2,4

+ 4 ( f 6 6 - %6)(~22f+

+

cos2(vnyb)
T
" n ~

(I+

+cos2(tnU
I)
(b+
ttu

cot ( t l c n * )
~ 1 2 )

C22 K n r

sin (2tn, 1)
%nu

(11)

Mn n and r are given by the relations (11)
and (12) and

)+

sin (2vnTb)
I+
2vnr
RESULTS

The coefficients kc computed for the A T ~ C U ~
quartz plate with the square electrodes as a
function of the length of square (21 = 2b) and
mass loading R are given in Fig. 1.

3. For the energy trapped resonator by
considering the mass loading R of electrodes
and the spherically contoured surface of the
plate given by the radius R of the curvature
the values of the coefficients k, a.nd kc follows

The static and motional capacitances were
computed for all three considered types of
resonators. The koefficients k, and kc were
computed for the resonators with the square
electrodes. The coefficients can be also used
for the circular electrodes with diameter 21 if
the area of electrodes A, in equations ( 1 ) and
( 2 ) are multiplied by the correction factor
*/4.
The computed static capacitances Co and
motional capacitances Cl are given in
TABLE 1. The diameters of circula,r electrodes were 8 mm. The thicknesses of the

blanks 2ho were 0.1658 mm for AT-cut and
0.2554 mm for BT-cut resonators.
It is clear from the TABLE 1 that the
influence of the mass-loading of electrodes on
the static and motional capacitances is much
smaller (especially for the large electrodes)
then the influence of the curvature of the
plate surface.
The measured static and motional capacitances of the AT- and BT-cut are given
in TABLE 2. The blanks had a shape of
the square 15 x 15 mm and the thicknesses
0.1658 rnrn and 0.2554 mm. The Ag electrodes had the diameter 8 mm and the
thickness corresponds to the mass loading
R 0.02305 for AT-cut and 0.01578 for BTcut. The difference between the measured
and computed motional capacitance for
resonators of type I1 is smaller then 7 % for
AT-cut and 3 % for BT-cut. The measured
static capacitances are greater then the
computed one as the measured static
capacitances include also the capacitances of
the resonator holder.
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Fig. 1 The dependence of the coefficient
kc on the mass loading R and the ratio of
the half lengths I of electrodes and the half
thickness ho of the plate.
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TABLE 1 Calculated static CO and motional Cn capacitances of AT- and BT- quartz rezonators.
The circular electrodes have the diameter 8 mm (Ae= 50,265 mm2).
Cut

AT

Resonators
type 1

k

Co

Cn

[pFl

[@I

12.18

76.32

Resonators
type 11

0.0050
0.0100
0.0200
0.0230

Resonators
type I11

Co

Cn

[PFI

[fFl

12.18
12.18
12.18
12.18

61.76
60.32
58.52
58.15

8
0.0050
0.0100
0.0200
0.0231

R

Co

cn

[mm]

[PFI

[fFl

20000
20000
20000
20000

12.197
12.197
12.197
12.197

71.03
71.16
71.41
71.48

TABLE 2 - Measured static Co and motional Cn
capacitances of AT- and BT-cut quartz planparallel
square resonators. The circular Ag electrodes have the
diameter 8 mm.
Cut

AT
BT

Resonant
frequency
[kHz1

A

9769.8
9771.8

0.02305
0.01578

Co

cn

[PFI

[fFl

15.77
9.88

62.15
16.28

DOUBLE-MODE EXCITATIOH OF QUARTZ CRYSTALS WITHOUT DIPS OF
ACTIVITY ON THE C AND B MODES

I. Abramson
Omslc Research Instrumentation Institute, P.O. Box 7357,
644020 OmsK, Russla
Doubly-rotated cut quartz resonators exclted on the maln C-mode
and the thermosensltlve B-mode simultaneously loo^ as the most
Promlslng way for essentlal improvement of the baslc Performances
of the M C X O ~and the temperature sensors. Nevetheless the doublemode resonators have not found wlde aPPllcatlon tlll now due to
unacceptale fluctuations and even "dlpsW of actlvltr suffered b r
the B-mode wlthln a wlde temperature ranse.
Present WorB 1s almed at elucldatlon of phvslcal origins of the
Phenomena as well as at search for effective method of designing
the well-o~eratlnethe double-mode resonators,
Careful emloration of the frequency spectrum of the fundamental
mode and the 3d overtone SC-cut crystals Whlle amblent temperature changes allowed to Identify spurious modes interacting with
the B-mode, Furthermare,a dependence of the lnteractlon lntensltr
on the "enerer trapPlngm in the crystal Plate has been revealed
and cx~lalned.

on

the lnvestlsatlons the SC-cut 10 MHZ fundamental mode and
3d overtone crystals have been developed.
The C-mode actlvltr
showed no noticeable fluctuations wlthln (-40 +701°C temperature
ranse, whlle the B-mode actlvltr devlated wlthin 30 per cent fcr
the fundamental mode and wlthln 10 per cent for the 3d overtone
crystals.
Although Present Work was concentrated on the SC-cut crystals
developed method can be applied to other doubly-rotated cut crrstals whlch may occur preferable In use due to more convenlent the
modes actlvltr ratlo or the frequency versus temperature form,
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SC-CUT RESONATOR OPERATING IN ANHARMONIC MODES
WITH B-MODE REDUCTION

R. BOUROUIN, B. DULMET, J.J. BOY
ECOLE NATIONALE SUPERIEURE DE MECANIQUE ET DES MICROTECHNIQUES
Labomtoire de ChronomCtrie, Electronique et PiCzo6lectricit6
26 Chemin de 1'Epitaphe
25030 BESANCON CEDEX FRANCE
I1

- MODES OF VIBRATION LN DOUBLY
ROTATED CONTOURED QUARTZ
RESONATORS

ABSTRACT

The design of a SC-cut resonator for which the
C-mode has a lower resistance than the B-mode (typical
ratio 1.5) is presented. This result is obtained by using an
antisymmetric anharmonic mode with a particular
geometry and connection of the electrodes. Experimental
results (motional resistance, thermal behaviour) are given
for a third overtone, 10 MHz, resonator.

I- INTRODUCTION

In usual SC-cut resonators, the B-mode exhibits
a lower motional resistance than the C-mode for which
the resonator is designed. This fact comes from low
acoustic attenuation and high electromechanical coupling
factor of the B-mode when the driving electric field is
normal to the plate of the resonator.

In a doubly rotated quartz resonator, the
mechanical displacement associated with each mode (A, B
or C) has three components Ak which are the components
of the eigenvectors of the Christoffel's tensor Tik (Auld
PI).
--

each eigenvector A:') being associated with the
corresponding eigenvalue, or effective elastic coefficient
-(I)
c . The superscript (i) denotes the solution for the
particular mode A, B or C. In general, all the quantities in
(1) are expressed in the usual orthogonal system (XI, x2,
xg) of a doubly rotated cut (IEEE Standards [61) for which
the normal to the surface of the plate is oriented along x2.
The components of the mechanical displacement and the
effective elastic coefficient for the three modes of a typical
SC-cut (9= 22'45', 8 = 34') are given in the table I.
Table I : Eigenvectors and eigenvalues of the
three modes in SC-cut.

Until now, reduction of the electrical response of
the B-mode has only been obtained by using lateral field
excitation (Smythe [I], Masiukiewicz and al. [2]). This
way suffers the disadvantage of increasing the motional
resistance of the C-mode by an order of magnitude.
We propose an alternative way to obtain SC-cut
resonators for which the B-mode resistance is 50 percent
higher than this of the C-mode. This ratio is sufficient to
insure that an oscillator will be able to oscillate at the
right frequency without the help of any selective circuit.
Contoured quartz resonators have many modes of
vibration other than usual mode. These other modes,
namely anharmonic modes, present different distributions
of the mechanical displacement in the plane of the
resonator, with nodal lines (Spencer [3], Dulmet and
Bourquin [4]), the orientation of which are depending on
the mode family (A, B or C) and on the overtone number.
They exhibit the same Q-factor than the usual mode if the
trapping of the vibration in the resonator is sufficient.
They can be excited by using a proper design of the
geometry of the electrodes. If the resonator operates on the
third overtone, it is possible to find anharmonic of Cmode for which the motional resistance will be the
lowest.

-c ( N / ~ ~ )

Mode

A1

A2

A3

A

0.229

0.967

0.112

120.6 lo9

B

0.189

0.068

-0.980

41.7 lo9

C

0.955

-0.245

0.167

34.6 lo9

i

In the case of a bounded plate, the mechanical
displacement can be expressed as :

'

uf = &z'(

( x l ,x, ) sin

12 nx2

~Li).~j*mp'

(2)

2h

where 2h is the total thickness of the plate and n the
overtone number. The indices m, p label the different
mode shapes in the plane of the plate and onmpis the
corresponding resonant frequency. We now consider a
plano-convex resonator with a thickness at its center equal
to 2h, and a radius of curvature of the spherical face R. If
the trapping of the vibration is sufficiently strong so that
the lateral boundaries have no effect on the vibration, the
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mode shape unmp in the plane of the resonator, is given
by Stevens and Tiersten [7] :
(i)
' '
~ n m (pX Ir ~3 ) =

o

The motional resistance

Hm,Hp are Hermite polynomials. (xi, x i ) is a second
coordinate System obtained by a rotation of V:' about
the x2 axis. This rotation is fonction of the mode family
and of the overtone number n.

(5)

X

1
R, = - of a

Qc1~

resonator having two pairs of electrodes is obtained from
its motional capacitance (Lewis [8], Stevens and Tiersten
[71) :

where

and

Ln, = n 2"rn! 2 P p! ( a ; ) p ~ ~ ) )(8)- " ~
The (+) sign in (6) stands when the same
driving voltage V is applied on both pairs of electrodes of
area S1 and S2, the (-) sign when opposite voltages +V
and -V are applied on S1 and S2. e g i take into account
the direction of vibration of the mode.

Fig. 1: Anharmonic mode in SC-cut
(C-mode, 3rd Overtone, m = 0, p = 1)
The figure 1 shows the in-plane distribution of
the vibration for the C-301 mode (m=O, p=l) of the Cfamily, third overtone. The usual mode, or metrological
mode, corresponds to m = p = 0. When, at least, one
indice m or p is non-zero, the mode is called anharmonic.
The constSlnts anand pn govern the mode shape. They are
related to the dimensions of the resonator and to the
constant of dispersion M: and P,' expressed in the
(xi, x i ) frame :

Q ( ~denotes
)
the Q factor of the mode.
111- CHOICE OF THE MODE

Table I1 gives the values of Mi and P,' from the
fondamental mode up to the seventh overtone calculated
from Steven and Tiersten's formulas [7] and the
corresponding angle of orientation of the modal figure
V;(i)

Low values of Mi and P,' indicates a strong
trapping. To be able to increase the motional resistance of
the B-mode it is necessary to choose an overtone for
which the mode-shapes are as different as possible.
Stevens and Tiersten [7] have given an analytical
expressions for the constants Mi and P,'. They depend, of
course, of the mode-family.
The corresponding resonant frequency of the
mode is :

IV EXPERIMENTAL RESULTS
Table I1 : Dispersion constants (in lo9 ~ / r n ~ )
and orientation angle of mode-shape
The fabricated resonators are BVA-type, SC-cut
for SC-Cut
3rd overtone. Their thickness is adjusted so that the C-301
mode has a frequency of 10 MHz. The frequency of the
overtone n
Mi
P,'
V/,
usual C-300 mode is then 9.922 Mhz. The active part of
the resonator has a diameter of 10.2 mm. The radius of
1
61.78
130.41
4'
curvator of 200 mm is slightly smaller than this of a
classic resonator to keep quite the same trapping.
67.49
28.35
32'
3
B-mode
The figure 3 shows the resonant frequencies
51.27
71.62
-37.5'
5
when the electrodes are connected to drive the antisymmetric modes. For this record, they were orientated in
66.08
48.68
37'
7
the -y direction ( a = 81'). Obviously, the C-300 usual
mode, like the other symmetric modes, does not appear.
1
96.72
56.92
6"
When both half electrodes of a face are connected together,
21'
53.14
63.29
3
the symmetric modes are excited. We then observe the
C-mode
usual resonances for this resonator (fig. 4).
71.02
78.16
28.5'
5

-

7

57.68

110.74

12'

The third overtone of the B-mode presents a
higher trapping in the
-direction than in the xi direction because
is the half of Mi. For the same
overtone, the trapping of the C-mode is quite the same in
both directions. Furthermore, the angle of orientation of
the modal figures of the two modes differs by a value of
about ten degrees. So, it is possible to $rive preferentially
the C-301 mode by using electrodes configuration such as
presented on figure 2. The electrodes are connected
together to obtain the electric fields of opposite signs
under each parts of them. The orientation a and the
dimensions of the electrodes must be determined to obtain
the best ratio between the motional resistances of the B
and C-modes. The x-axis indicated on figure 2 is in fact
defined as the normal to the intersection between the plane
of the plate and the X-face of the crystal bar from which
the plate is made.

<

Fig. 3 : Resonant frequencies of
anti-symmetric modes

Fig. 4 : Resonant frequencies of
symmetric modes
These data enable us to check the theoretical
values of Mi and P; for the B and C-modes. A plot of
2
Amp
is shown on the figure 5 for m or p equal to zero. It
is in accordance with (5). In the case of the C-mode, the
following values are deduced :

These values are in good agreement with those
of table 11. For the B-mode the values are :

Fig. 2 : Electrodes configuration

which are slightly different than computed values.

After several experiments we have found that

a = 36" provides with a good compromise between
optimisation of C-mode resistance and increase of B-mode
one. In this case, the table I11 summarizes the measured
motional resistances. For a gap equal to 1.2 mm the
resonators have a typical resistance of 95 Ohm for the Cmode and 150 Ohm for the B-mode. This ratio is
sufficient to insure a good use in an oscillator. We may
note that the same resonator with conventional electrodes
(diameter 4.3 rnm) has resistances of 97 Ohm for the Cmode and 75 Ohm for the B-mode. An increase of the
resistance ratio can be obtained by using a larger gap at
the expense of an increase of the C-mode resistance.
Table I11 : Motional resistances (in 0 )
of resonators for a = 36"
Resonator

N"
Fig. 5 : Plot of ff,

- fJo

P
when m or p = 0

C-mode
f=9.998 MHz

B-mode
f=10.900 MHz

Gap

(mm)

(in M&)

A preceeding experimental study of mode
patterns in SC-cut (Dulmet and Bourquin [4]) has given
the values of 36" and 48" for the orientation of the nodal
lines for B and C-modes respectively. In the case of the 3rd overtone, the motional resistances R1 have been
computed with these values from (6) for the B-301 and C301 modes. The diameter of the electrodes (fig. 2) was
fixed at 6 mm and the gap between the half-electrodes at
0.8 and 1.2 mm. The used Q-factors are 1.2 lo6 for the
C-mode and 1.4 lo6 for the B-mode. The results are
plotted on the figure 6, together with experimental values
obtained with a resonator having a gap of 0.8 mm.

The frequency vs. temperature curve of such a
resonator operating on the (2-301 mode is depicted on the
figure 7. It is, of course, similar to the corresponding
curve of the C-300 mode. The turnover point is located at
63°C. The same resonator, with electrodes connected to
drive the C-300 mode, has then a turnover point at 71°C.
This lowering of the turnover point is in accordance with
the thermal behaviour predicted from the expression (5) of
the plano-convexe resonator frequencies.

Fig. 7 : Frequency vs. temperature curve for
resonator operating in C-301 mode.
Fig. 6 : R 1 (in 0 ) versus orientation
a (in degrees) of the electrodes.
Experimental data are for a gap of 0.8 mm
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PHASE COHERENT FREQUENCY MEASUREMENT OF VISIBLE RADIATION

H.Schnatz, B. Lipphardt, J.Helmcke, F. Riehle, G.Zinner

-

Physikalisch Technische Bundesanstalt ( PTB )
Bundesallee 100
D-38116 Braunschweig

ABSTRACT
Recently the Cornit6 International des Poids et Mesures ( CIPM ) has recommended the frequency of
the Ca- intercombination line 'P~-'sofor the realization of the Metre to be v = 455 986 240,5 MHz
with a standard uncertainty of 200 kHz ( Avlv = 4,5 -10'" ) [I]. Up to now this fiequency has been

determined by an interferometric wavelength intercomparison [2,3]. To take full advantage of its
potential as a precise optical frequency I wavelength standard, we have measured this fiequency with
respect to the frequency of the primary standard of time and frequency, the Cs- clock. We have used
the existing frequency chain at PTB to the infrared [4] and extended it to a Ca stabilized dye laser.
We have perfomed the first phase coherent frequency measurement of visible radiation referenced to
the Cs clock and determined the absolute fiequency of this transition with a relative standard
The mean of the high and low- frequency recoil components of the Ca atoms
uncertainty of 9.10'~~.
stored in a magneto- optical trap is 455 986 240 493.95 kHz,with an estimated standard uncertainty
of 420 Hz.
The Ca stabilized laser now represents the optical frequency standard with the lowest uncertainty
being more than an order of magnitude smaller than that of the iodine stabiied HeNe laser at h=
633 nm.The current status and prospects will be reported at the conference.
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M. Bahoura, Ph. Laurent, G. Santarelli, S. Ghezali and A. Clairon
BNMLaboratoire Primaire du Temps et des FrBquences,
Observatoire de Paris, 61, Av. de I'Observatoire, 75014 Paris, France
E-mail: Messaoud.Bahoura@obspm.fr
N. Dimarcq
Laboratoire de 1'Horloge Atomique, Unit6 Propre du CNRS associ6e B 1'UniversitBde Paris Sud, Bat. 221,
Universit6 de Paris Sud, 91405 Orsay CBdex, France

ABSTRACT
We have studied the properties of a noisy laser diode
light tuned near the D2 line of Cesium (Cs) resonance
transition after passing through an atomic-cesium vapour
cell.
We have found that the transmitted beam acquires
excess noise. This noise depends on the laser linewidth,
laser detuning, intensity, and Fourier frequency.

of this work is to show how the modulation frequency
used in FM spectroscopy for frequency
stabilisation can be adequately chosen since the excess
noise extends as far as Doppler absorption profile.
Our experiment is concerned mainly with absorption
in Doppler-broadened transition.
We have observed that the frequency noise inherent
in a beam from a diode laser is converted into amplitude
fluctuations after it passes through an atomic vapour.
The measurements are performed in terms of laser
linewidth, intensity, detuning, and Fourier frequency.

INTRODUCTION
Advances in diode lasers from the visible to the near
infrared have opened the way to important developments
in frequency standards and atomic spectroscopy. The
frequency performance of such optical standards
critically depends on the quality of the optical reference
signal which may be an absorption signal or a laser
induced fluorescence signal.
The laser frequency noise plays an important role in
an optical frequency standard. It contributes to the
system's short term instability directly, and it also
degrades the long term stability since it may broaden the
apparent linewidth in the atomic reference transition and
adds excess noise to the detection signal.
Recent experiments [1,2] have found that saturated
absorption is a real process for the generation of excess
noise. By modelling the atomic vapour as a saturable
absorber, it has been shown that a strongly saturating
beam acquires less excess noise than a weaker beam for
the same distance of propagation. Using a phasediffusion model for nonsaturating laser field, McIntyre
et al. [2] have shown the utility of diode-laser noise in
spectroscopy. A forward four wave mixing theory [3]
attributes the excess noise to the amplification of the
vacuum side modes of the laser. In a study of laser
induced fluorescence emitted by an atomic beam, it has
been demonstrated [4] that the frequency noise of the
diode laser degrades the signal-to-noise ratio of the
signal with which we detect the atomic resonance and
consequently the frequency stability of the locked laser.
In this paper, a semiconductor-laser noise properties
of a beam propagating through a resonant medium is
described by a phase-diffusion model. The main purpose

THEORY
Diode lasers are inherently noisy devices. In
particular, both the phase and amplitude can fluctuate
and consequently there are many different statistical
models to describe laser fields. In laser diodes, the
amplitude fluctuations are relatively small above
threshold [5]. It has been demonstrated [5] that the
dominant noise mechanism in semiconductor lasers is
the phase-diffusion noise caused by spontaneous
emission. We have adopted the phase-diffusion model to
describe the laser diode field. This model supposes that
the magnitude of the field is constant and that the phase
can change by any value with continuous random walk.
For our theoretical model we assume that the
incident laser field has a constant electric field
amplitude Eo, and a mean angular frequency w

where q(t) is the phase, which is assumed
stochastically varying, and obeys the Langevin equation

where w(t) is the stochastic part of the laser frequency
and f(t) is a random Gaussian force with correlation
function
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(f (t)f (I))) = 2f126(t - t )
(3)
The laser frequency is a Gaussian random variable
with the correlation function [6]

According to Eq. (8), at zero we have E, (0, t ) = 0,
Eq. (9) can be
in integral form as

0

where yj3 is the variance of the frequency fluctuations,
and P-' is the correlation time of the frequency
fluctuations. The spectrum of the laser light with phase
fluctuations is given by the Fourier transform of the
correlation function

-

The phase-diffusion model corresponds to the case
such that the frequency fluctuations become
with a
of 2 ~giving
$
the
laser Lorentzian spectral profile.
We consider the interaction of a phase fluctuating
field with an atomic vapour, which is assumed to be a
two-level system (Fig. 1)
of

p+

1-1

white frequency noise
laser beam

excess noise oo
transmitted beam

-

D~~~~~~~

Since P depends on E, via the density matrix
equations, the laser field after traversing the cell of
length and for
is

where CX is the absorption coefficient, r is the natural
linewidth ( m H ~ ) , = - oo- K. c is the detuning
from resonance for an atom with velocity a, and the
brackets represent an average over the velocity
distribution.
The incident field interferes with the emitted field to
yield an heterodyne beat signal
~ ( t=) ~ ( t ) ~ * ( t )

(12)

The power spectrum of this heterodyne signal is
obtained by a Fourier transformation of the two-time
correlation function
Fig. 1. Noise properties of a beam after passing
through an atomic vapour
The incident field induces
polarisation in the resonant medium

a

macroscopic

where CP(z,t) is slowly varying. The induced
polarisation re-radiates an em field which, in the slowlyvarying field-envelope approximation, obeys the
Maxwell-Bloch propagation equation
(;+:&),(z,

2xio
t)=TCP(z,t)

(7)

Within the resonant medium, the field E can be
written in the form
E(z, t) = E i (z, t) + E, (z, t)

(8)

where
E, (z, t) = Re(€, (z, t)e -i(wt-kz+cp(t)) )
is the field re-radiated by the induced polarisation.

(9)

7

I D (o) = Re (1(t)1(t + z))eimdz

(13)

0

The fourth-order correlation functions of Eq. (13)
are well-known for the phase-diffusion fields.
Theoretical prediction we present further has been
extended to the saturation case.

EXPERIMENT
The experimental set-up used to measure the noise of
the transmitted beam is shown in (Fig. 2).
The experiment is performed with two commercial
laser diodes (LD), a single-mode GaAlAs diode (Hitachi
HL8314E) and a DBR diode (SDL 5712H1), both
emitting at 852 nrn. The laser linewidth is 20 MHz for
the Hitachi diode and from 3 MHz to 10 MHz for the
DBR diode, varied by changing its injection current.
These linewidths are measured by observation of the
beat note between the output of these lasers and a
narrow-linewidth (100 &z) extended cavity laser
(ECL).

Fig.2. Experimental setup used to measure the signal-to-noise (Sm)of the transmitted laser beam. LD: laser diode,
ELC: extended cavity laser, AP: anamorphic prisms, 01: optical isolator, PBS:polariser beamsplitter, SF: spatial
filtering, BS: beam splitter, D: detector, A: amplfter.
The entire laser mount is placed inside two foamlined containers which provides thermal and acoustical
isolation. The output of the LD is passed through a
Faraday isolator with 40 dB isolation to prevent
unwanted light returning to the diode. The laser beam is
linearly polarised and its intensity is controlled with a
half-wave plate and a polariser beam splitter (PBS). In
order to have the same Gaussian beam shape for the two
laser diodes the laser beams are spatially filtered by the
same set-up (SF).
A small amount (10 %) of the light emitted from the
laser is reflected by a beam splitter (BS1) in order to
produce saturated absorption for frequency calibration.
The remaining light is transmitted through a 3 cm Cs
absorption cell at room temperature. The cesium cell is
surrounded by a magnetic shield in order to avoid
frequency instabilities due to the fluctuations of the
magnetic field.
The output of the cell is focused onto a fast (dc to
15 GHz ) silicon photodiode (model Ford 4502). The
DC part of the detector output is sent to a digital
oscilloscope to measure the absorption signal, while the
AC part, after amplification, is sent to a spectrum
analyzer (HP 70004A) to record noise spectra.
Two complementary measurements are performed:
1) recording the noise of the transmitted beam as a
function of laser detuning from resonance.
2) recording the noise at a fixed laser detuning.
The noise spectra I D (a) are measured in terms of
laser linewidth y , laser intensity, detuning A , and
Fourier frequency o .
Measurements of the first type are presented in
(Fig. 3), which shows the noise spectral density at two
different laser linewidths under the same conditions of

absorption signal and intensity in terms of laser
frequency detunings versus Fourier frequency.

I

see

I

I

I

I

I

HHZ

Fig. 3. Noise spectrum in Doppler absorption versus
Fourier frequency for various laser frequency
detunings :(a) to the blue slope side of resonance, (b)
to resonance, (c) to the red slope side of resonance, and
(d) off resonance. (e) is the detection noise. Laser
linewidths are (A) 3 MHz, and (B) 10 MHz. For both
spectra the laser intensity is 100 mw/cm2 .

The two spectra have the same behaviour but we
notice that when the laser linewidth is increased, the
noise increases. On the same spectrum, noises of the
various detunings fall off differently, can cross each
other, and depend on the Fourier frequency. The
important observation is that the excess noise extends as
far as Doppler absorption linewidth (500MHz).
Measurements of the second type are presented in
(Fig. 4), which shows the excess noise intensity at two
different Fourier frequencies under the same conditions
of laser linewidth and intensity when the laser frequency
is scanned over the atomic resonance.

This can be attributed to the correlated amplitude and
phase noise in laser diode.
To compare our experimental results with the
theoretical model, we have studied the dependencies of
the signal-to-noise (S/N) of the resonance detection in
terms of laser linewidth, intensity, and detuning versus
Fourier frequency.
The signal (S) is taken as the absorption signal. The
noise (N) is defined as the root square of the spectral
density.
Theoretical and experimental results are each scaled
to unity at their respective maximum values for
comparison.
The variations of (S/N) as a function of Fourier
frequency are depicted in (Fig. 5.A). for various values
of the laser linewidth at a constant intensity and
detuning. Theoretical predictions, with the same
experimental parameters, are in good agreement with
experimental results. We can notice that the (SN) varies
as y-I ( y is the laser linewidth).

Experiment

Theory

laser linewidth of 3 MHz and laser intensity of I
mw/cm2 versus laser detuning .
We observe that the noise exhibits a double peaked
profile and it is maximum when the laser frequency is
tuned to the side of the absorption profile, and is
minimum when the laser is tuned to resonance. Similar
spectra are predicted [7] for the case of FM
spectroscopy when only the AC power of the transmitted
signal, at the modulation frequency, is measured.
For high frequencies, the noisy laser spectrum can be
thought of as laser field modulated by white frequency
noise with continuum sidebands rather a single
sinusoidal frequency in FM spectroscopy. So we have to
consider the contribution of different components at
different Fourier frequencies for the transmitted signal.
The asymmetry on the double peaked resonances is
believed to be due to the optical pumping existing on the
red side of resonance, diminishing the noise.
It is noteworthy that at resonance the noise do not
dip to exact zero in contrast with pure FM spectroscopy.
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Fig. 5. Experimental measurements and theoretical
predictions of the signal-to-noise of the transmitted
laser beam in terms of (A) laser linewidth, ( B ) laser
intensity, and (c)laser detuning,

(Fig. 5.B). presents the (S/N) dependence in terms of
laser intensity at a fixed laser linewidth and detuning
versus Fourier frequency. We notice that the (SIN)
decreases when the laser intensity increases. This can be
understood as with increasing laser intensity the signal
saturates while the noise increases. A slight discrepancy
with theoretical predictions is due to the limitations of
theoretical model. These limitations come from the
contribution of the amplitude noise, even small, on the
noise spectra. Also from the fact that we have assumed
Cs atom as a two-level system while optical pumping
may modified the observed spectra.
The dependence of the (S/N) in terms of laser
detuning versus Fourier frequency when the laser
linewidth and intensity are constant is shown on (Fig.
5.C). The (S/N) is greater at resonance than at the side
of resonance. In (Fig. 4.D), we can see a broad
background noise spectral density. This noise was found
to extend over the Doppler absorption profile even
where there is no absorption. Then a simple
interpretation that the laser noise is demodulated by the
atomic resonance is no longer valid.
From these results we can see that at typical
experimental conditions using DBR laser diode
(yDBR (r)and for saturation intensity, the excess noise
is not negligible.
One do not expect to improve the signal-to-noise by
taking a long vapour cell. This is because both the signal
and the noise are increased when a long vapour cell is
used.
We have used saturated absorption to obtain a
narrow resonance feature. A typical probe spectral
density noise is shown on (Fig. 6)

CONCLUSION
In summary, a significant amount of excess noise is
acquired by a laser diode beam after passing through
atomic-cesium vapor. The nature of this noise depends,
besides technical noise of the laser, on the dynamics of
the resonant medium. Since the excess noise is smaller
at high Fourier frequencies, the modulation frequency of
FM spectroscopy for laser stabilisation, has to be greater
than Doppler linewidth.
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ABSTRACT
Spectral lines in the 1.55 ym region are of interest as
frequency standards for optical communication because
they are in the gain region of the erbium-fibre amplifier.
Using diode lasers locked to the respective spectral lines,
heterodyne frequency measurements have been made
between the CO R(20) line at 1.56 pm and the HI P(3)
was 9277.0(3.6) MHz, and
line, for which f,,-f,,
between the Kr optogalvanic line at 1.548 ym and the
HI R(0) 512-512 component, for which f,,-f,, was
25014.5(6.4) MHz. The HI R(0) line was split by
nuclear quadrupole effects into two components, the
lower frequency one containing only the 512-512
transition. The latter was used for measurement, and the
splitting between the two components was 438(19) MHz.
A result for the Kr line frequency obtained via larnbdameter ratios against the CO R(20) line was
193 686 109 (45) MHz. The value used here for the CO
R(20) locked-laser frequency was
192 068 038(31) MHz, and was derived from earlier
measurements against the CO R(21) line2 and from
additional lambda-meter measurements.

1. INTRODUCTION
Spectral lines near 1.55 ym are of interest as potential
frequency standards for optical fibre communication
systems. The spectrum of HI in the 1.5-pm region has
been surveyed with a diode-laser spectrometer and the
centre frequencies measured by lambda meter'. Two of
the HI lines are close to lines respectively in CO and Kr,
of which the absolute frequencies have been measured
at the National Physical Laboratory (NPL)2,3.This paper
reports heterodyne frequency measurements between the
NPL-measured lines and the two nearby HI lines, made
with a diode laser spectrometer at NPL. The objectives
were (a) to measure more precisely the frequencies of
the coinciding HI lines, and (b) to improve frequency

measurement across the 1.5 ym optical-fibre
communication band, from the already-measured CO
R(21) line at 1.560500 ym2.4to the Kr optogalvanic line
at 1.548 pm, which is the subject of
and of a
submission to the ITU7. Both these frequencies fall
within the amplification band of the Er-fibre amplifier,
which at present is a key element of coherent
communication systems. HI has a strong, well-spaced
and regular spectrum in the 1.5 pm region8, comprising
the lines from the 3-0 roto-vibrational overtone bands'^^.
There is apparently a practical difficulty in that HI
dissociates at low pressures in gas cells over a period of
weeks to months".
2. APPARATUS

The apparatus for these experiments was similar to that
developed in the initial diode-laser spectrometer4, and
the CO-locked laser system has been described2. There
are two independent stabilised diode laser systems,
which can be connected together to a photodiode for
heterodyne mixing, or, individually, to a vacuum lambda
meter for wavelength measurement. The connections are
in single-mode fibre, except for free-space beams
through the gas cells. Figure 1 shows schematically the
connections set up for the first measurement. Heterodyne
measurements were made using an InGaAsAnP
photodiode of bandwidth about 20 GHz, and extendedcavity diode lasers, one being locked to an NPLmeasured spectral line and the other to the HI line.
The lasers were locked to the lines by a first-derivative
method similar to that described before2. A new NPLdesigned lock box with 500 Hz modulation frequency
was used to lock to CO. The earlier system with 87 Hz
modulation was used to lock to HI.
In the CO system, the laser mode tuning range without
mode-hop was only a few linewidths, as a result of a
failure of 1 of 3 piezoelectric transducers (PZTs) on the

grating. Careful mechanical and electrical adjustment
was needed to compensate for this. Near the mode hops,
which were typically of 20 or 100 nm, the intensity of
the laser varied more strongly. In the HI system, the
laser used had a flat power output with frequency, but
background slope occurred in early use of the HI cell,
possibly from effects in the non-optically-flat ends of the
cell. This was much reduced by using a lens in front of
the detector. To obtain adequate absorption the cell was
finally set up for 6 passes before reaching the detector,
the length being 10 cm and the pressure 30 ton.
The krypton-stabilized laser system was located 90 m
away from the frequency mixing laboratory, and was
connected via a single-mode fibre about 100 m long. An
extended-cavity oscillator without amplifier was used to
interrogate a commercial sealed hollow-cathode dc
discharge tube, focussing the beam through the hollow
cathode and anode on the cell optical axis. The tube was
filled with pure krypton at 4.5 tom, and was operated at
a low current, about 20 pA, to optimise the optogalvanic
signal. The laser was locked to the Kr transition via the
optogalvanic signal by a first-derivative system. The
lock loop did not at the time of the HI measurements
have an integrator, so that the error signal was
monitored to determine the oscillator offset from the
peak. Good temperature control in the room ensured
adequate stability for the measurements. The FWHM of
the Kr optogalvanic signal was estimated from line plots
to be about 650(100) MHz.

3. METHOD
The laboratory frequency measurements were made in a
period of about three weeks. Initial measurements were
made on the difference frequency between the CO 3-0
R(20) line and the HI 3-0 P(3) line, both of which were
single and reasonably symmetrical. The scheme of the
apparatus is shown in Figure 1. However, the HI 3-0
R(0) line near the Kr frequency proved to be split into
two components. This was similar to that found by
Strow for the 1-0 P(l) line at 4.5 pmg, which he
attributed to nuclear hyperfine quadrupole structure. The
weaker component was a symmetrical line, identified
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Figure 1: Scheme of CO R(20) HI P(3) heterodyne frequency measurement

using Strow's work as containing only the 512-512
transition, and the stronger component was asymmetrical
and contained the other two unresolved transitions. The
weak single line was used for all measurements, apart
from measurements of the splitting itself, although its
dip was only about 1.7%, compared with 2.3% for the
stronger component and with 6.3% for the P(3) line.
To check for background slope & other offsets, firstderivative, as well as dip, graphical plots were taken for
the HI lines during measurement. Dip plots were taken
for the CO line, and signal plots and lock monitor
records were taken for the Kr system. Fabry-Perot
fringes, with about 40 MHz period, were encountered,
particularly on the first-derivative plots. These arose
from reflections in the fibre system, and were rninimised
as far as possible by cleaning the fibre ends at the
connectors.
The heterodyne beats were measured on a spectrum
analyser, in the presence of up to 260-MHz peak-peak
fm on the signal, by the "max-hold" method developed
for the CO R(21) line frequency measurement2. The
edge frequencies of the approximately square-edged beat
scan were recorded after 10s, and again after 4 5 , the
mean centre comprising 1 result. System checks were
made at about every 10 readings. FET preamplifiers
were used to overcome the noise figure of the spectrum
analyser. A model HP 8566B (0-22 GHz) was used at
9 GHz, and a 7000-series HP system was used at
25 GHz. The spectrum analyser was typically set up
with a 500 MHz span, 1-MHz rf bandwidth, 0.1-MHz
video bandwidth and a 20-ms scan time, accumulating
the scans under "max hold". The signal was displayed at
10 dBIdivision, and had a typical signallnoise ratio of
14-20 dB. If fallen the beat sln could usually be restored
by rotating the polarisation of one optical input.
Lambda-meter measurements were made with the
Burleigh vacuum lambda meter, which has been
'~.
investigated in previous e ~ ~ e r i m e n t s ~Repeated
readings of the last digit in the picometre place were
averaged to interpolate the relative frequency to about
30 MHz. Measurements in turn on two 1.55-1.56 pm
lines were used to obtain a ratio between the two
frequencies, which then allowed one frequency to be
measured from the other, amounting to a differencefrequency measurement in which the systematic offsets
largely cancel. This cancellation should be more
complete, the closer the frequencies, as in the difference
between the peaks of the split HI R(0) line. The internal
633-nm He-Ne laser reference was thus used only as a
short-term transfer standard.
4. RESULTS

For the frequency difference between the CO R(20) line
and the HI P(3) line, see Figure 1, data was taken over

attributable to the laser and lock loop thus tended to
cancel. The measurements were spread over three days,
and comprise 3 sets taken by the lambda-meter method,
and 2 sets taken by the heterodyne method. The HI
differential background slope correction was taken from
graph plots across the HI absorption dips. The Kr line
offset, for the heterodyne results, was taken from records
of the lock-loop feedback signal. The first result has a
larger uncertainty and was taken whilst setting up. Using
uncorrected results, the best value is obtained from the
unweighted mean of the 4 later measurements,
205 215 p5 235 245 255 265 275 285 295 305 315 325 335 345
(df-9000)IMHz
437(9) MHz. Note that the lambda-meter and frequency
dayl-35
methods agree. After correcting all results, the best
[4 m.i 9.e 3.5 2.:o: 3.5 2 . t E . i 4.0
z . 7 3.9
combination is the weighted mean of all 5 results:
Figure 2: CO HI difference frequency measurements at 192.06 THz 438.3(5.9) MHz. The agreement of the two means shows
that the net effect of correction is small, except to
four days. The results, corrected for background-slope
reduce the uncertainty.
offsets, measured from plots taken during the runs, are
shown as a composite histogram in Figure 2. Five
The 25 GHz difference frequency between the HI R(0)
measurements were rejected from a low group on day 3,
512-512 component and the Kr line at 1.548 pm was
as being outside the set after correction, and these
measured with the apparatus shown in Figure 3. Data
corresponded to irregular behaviour of the CO laser
was taken on 3 days, and the typical signallnoise ratio
before and after the low group of measurements. The
was 14dB. The corrected results are shown as a
corrected histogram, is approximately Gaussian, and it is
histogram in Figure 4. Each day's data is corrected for
background slope offset of the HI locked laser, and for
valid to adopt the standard error of the mean of the 109
results, 1.3 MHz, as the statistical uncertainty, a
lock-loop offset of the krypton-locked laser. The total
reduction of a factor 8 on the uncorrected histogram.
% 1E3B6100 MHz
The corrections on two of the days were of the order of
"lmR a e
fm-70 MHz p p
d M e laser
20 MHz. The effect of correction on the final mean
result was a shift of about 10 MHz.
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The measurements of the splitting of the HI R(0) line at
1.548 pm are shown in Table 1, together with the
statistical part of the uncertainties. For these, the same
laser was locked to each component of the line in turn,
and differential measurements were made, either by
lambda meter, or by heterodyning against the laser
locked to the Kr line, see Figure 3 and below. Offsets
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Figure 3: Scheme of Kr (0.g.) - HI R(0) heterodyne frequency measurement
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Figure 4: Kr HI difference frequency measurement at 193.6 THz

correction is of the order of 10 MHz, half that of the
f,,-f,
beat, but it brings the 3 daily means into
coincidence and provides a near-Gaussian histogram
shown in Figure 4. The mean and standard error of the
mean of the 64 result histogram, 25014.5(1.7) MHz,
provide the result and statistical uncertainty respectively.

TAB1.E 3- suninivry of nbwlutc frequencies and links
Med\uren~ent\u\lng IcxLcd Irtrr\, heterodyne heat\ and 1nieter
- -

- -- -

-.-.- -- - -- --

-

-

ltnc

Upni

l~nk
type value

from (laser)

Kr (0.g.)

1.547826

1

25015(6) MHz

HI R(0) 5/2-50

193 686 109 (45)

HI ROmain

1.548023

I,A

438(19) MHz

HI R(0) 5/2-50

193 661 532 (50)

mean+

193 661 094 (45).
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Uncertainty budgets
The statistical and estimated uncertainties for the various
measurements are gathered into Table 2. The statistical,
Type A, components are already discussed. The
estimated, Type B, components arise broadly from the
overall contributions of corrections applied already,
before compiling the days' results into the histograms
and table. The estimated components are 1-sigma
equivalent values (uncertainty +-30%) so that the
uncertainties can be combined as root sum of squares.
Further contributions are given for the lambda-meter
measurements, which are described below.
TABLE 2- frequency measurement uncertainty contributions
--

Meas.t

Type of uncertainty

contribution

amount: l a /

i MHz
fco-f,,,

A, statistical

A: corrected histogram, n=109

1.3

B, estimated

B 1 : Wground slope,pressure
B2:electronic offsets,shifts
Total B:

3

Total (A'
f,,-f,,

A, statistical

1.5
3.4

A:corrected data, 5 meas.ts

5.9

B1: fibre Fabry-Perot fringes
5
B2: main peak asym.:5%FWHM 17
Total B:
17.7
Total (A2 + B2)ln:

f,-f,,,

18.7

A, statistical

A: corrected histogram, n=64

B, estimated

B 1: laser offset & b/slope.press. 5.0
3.5
B2: HI fibre F-P fringes
Total B:
6.1
Total (A2

+ B2)ln:

1.7

6.4

--

p
p

h meter(typ.)

A, statistical

B, estimated

CO R(21)

1.560501

f

f chain

Rb M

192 113 068 (4)

CO R(2O)

1.560867

1

2 sets

CO R(21)

192 068 038 (31).

HI P(3)

1.560941

f,A

9277(4) MHz

CO R(20)

192 058 761 (31)

Notes
-

1. The envies are in order of absolute frequency, the highest at the top.
2. The uncerlaintics of the measurements are explained in Table 2. Uncertaintiesof the steps
to the derived absolute frequencies are combined as the root sum of squares.
3. The spectral line parameters for these frequency measurements are collected together in
Table 4.
#: Statistical uncertainty component, of ratio of 2 pairs of measurements. The estimated
component of 29 MHz (lambda meter, Table 2) and the CO R(20) uncertainty. 31 MHz, are
summed with it to obtain the uncertainty at the right.

*. Main 1-meter mea\urcments from wh~chthe derived absolute frequencies in the table are
taken.

t:Arithmetic mean, with

statistical component of uncertainty usually appropriate to the
weighted mean. The weighled mean is not used because the time and route separation of the
two results averages over several types of systematic error, and weighting by the statistical
uncertainty would defeat this. The same procedure was used to combine the two
measurements of the CO R(20) line.

+ B2)IR: 3.6

--

B, estimated

I

A l : 2-meas.t statistics
B l : blslope & F-Perot fringes
82: differential h error
Total B:

18
14

25
29

Total (A2 + B2)IT?: 34

For the HI R(0) line splitting, apart from an allowance
of 5 MHz for Fabry-Perot fringe effects that could have
affected all results, a large allowance is for the "main"
R(0) component asymmetry, which at 5% of FWHM
amounts to 17 MHz. If the lineshape can be modelled
the asymmetry allowance is not required, and the
measurement to the peak of the "main" component has
a total uncertainty of f 7.7 MHz.

For the lambda-meter measurements the numbers entered
are appropriate to differential measurement of frequency
between the 193.7-THz Kr and the 192.1-THz CO
frequency regions, taking readings first of one locked
laser and then of the other, within a few minutes, under
stable laboratory conditions. The statistical component,
for two such measurements, is similar to the rounding
uncertainty in interpolating the 7th decimal place from
repeated readings of the 6 decimal place display, given
the typical number of readings taken, and is thus a lower
limit. The first estimated component of uncertainty, B1,
refers to the typical net laser offset from line centre of
the two locked lasers, from background-slope or lockloop offsets or from the effect of Fabry-Perot fringes.
Corrections for these effects were not applied. The
remaining component, B2, is to allow for wavelengthdependent changes to the wavefront and pointing of the
1.5-ym beam in the lambda meter as a result of
(i) refractive index changes in the launching optics, and
(ii) diffractive changes when different wavelengths pass
through the fixed apertures.
Absolute frequencies
The best absolute frequencies from the above heterodyne
measurements, combined with lambda-meter
measurements, all based on the CO R(21) frequency

measurement2,are shown in Table 3. The gas parameters
for which the measurements apply, e.g. pressure and
temperature, are gathered into Table 4. The uncertainties
of the absolute frequencies, at the right hand side of
Table3, include both statistical and estimated
components, and are largely made up of lambda-meter
net contributions in the measurement chain.
TABLE 4- spectral line purunlelers
as appropriate to the frequency measurements in Table 3
.--line
dip
FWHM
fm p-p path
1%
/MHz
/MHz
lnl

-.

P

T

Iton

PT

notes

HI R(0)niain 2.3(1)

32000)

130

0.57(6 pass)+ 30

20

asymmetric

HI 512-512

1.7(2)

240(60)

130

0.57(6 pass) 30

20

single

CO R(21)# 7.4(4)

585(40)

150

5.3 (2 paas) 40

94

symnicuic

CO R(20)

9.3(8)

520(40)

150

5.3 (2 pass) 40

92

symmemc

HI P(3)

6.5(2)

290(60)

110

0.5716 pass) 30

20

single

-

-

-

Notes
I. The uncerta~nticsof the dip and FWHM are statistical, except for Kr, which includes
an estlrnated component.
The uncertainty of the fm p-p value and of the gas preswre and teniperalurc is about
10%.

*: Thtr optogalvantc s~gnalI\

a Gau\rlan, Doppler-l~mited,peak. with little background
s~gnal,the path in the cell I \ glven, but the par( gcneratlng the slgnal I\ that through
the hollow cathode where the dt\charge lont\atlon lakes place

$ lOcm overall ga\ cell the e\l~matedslnglc gas path

I\

95(2) mm

5. Discussion and conclusion
The absolute frequencies of the HI lines are improved
by an order of magnitude over the previous work', and
the splitting of the 3-0 R(0) line, compared with the
splitting observed by Strow for the 1-0 P(1) line9, gives
new information12 on the vibrational dependence of the
nuclear quadrupole constant of HI. This is because the
P(1) line has the splitting of the ground state and the
R(0) line has that for the upper, v=3, state, the splitting
decreasing rapidly as J increases. The HI lines may be
useful as laboratory standards, but may not be useful in
communication systems because of decay over weeks of
the absorption in the gas cells, thought to result from
dissociation of the molecule. The uncertainty of the Kr
frequency is reduced to f 40 MHz.
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#. data from reference 121

The CO R(20) line was measured by lambda meter from
the CO R(21) line2. A valueZ appropriate to 40 ton.
pressure, 192 068 043 (21,30) MHz, was combined with
measurements taken 4 months later during this work,
comprising 5 and 6 measurements taken on the
respective lines, which had a mean result of
192 068 032 (9;30) MHz. These are combined to give
the frequency 192 068 038 (8.3,30) MHz in Table 3.
The uncertainties are shown here with separated
(statistica1,estimated) components. The R(20)
measurement lies 1-sigma from the value given by the
CO spectroscopic constants": 192 068 079.85(0.4)MHz,
-10(2.5) MHz at 40 ton., although our R(21) and R(22)
results2, the latter obtained by lambda meter, are much
closer. The reason is not known.
The frequency of the natural-isotope Kr optogalvanic
line frequency obtained in this work, Table 3, is
f, = 193 686 109 (45) MHz. This may be combined
with the value obtained independently against the CO
R(21) line by 4-laser mixing in a MIM diode3,
193 686 166 (60) MHz, to obtain a more precise value:f,, = 193 686 138 (40) MHz.
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INTRODUCTION
In the field of high resolution laser frequency
metrology, the ability to measure a laser frequency
with a high accuracy mainly depends on the existence
of a laser frequency reference with a better accuracy,
close to the unknown frequency. The reason is that the
most precise measurement techniques - based on the
frequency counting of the beat between the unknown
and the reference frequency - are limited to a frequency
difference of several Gigahertz by the available
electronic counting equipment. For this reason, it is
necessary to generate laser waves with a very accurate
frequency, as close as possible to the frequency whose
measurement is needed. It is therefore easy to measure
with a =I00 kHz accuracy laser frequencies that are
located in the vicinity of well-known calibrated
references such as He-Ne laser1, or Rb stabilized laser
diodes2. From these basic references, it is possible to
generate, by non-linear optical frequency conversion3,
some other references with almost the same accuracy.
After that, it becomes possible to measure precisely
the frequencies that are located in a narrow frequency
band centered on the "converted" reference, which is
usually quite far from the initial one. Recently, a
considerable breakthrough has been made with the use
of frequency comb generators4 which allow to
generate, from a stable reference, hundreds of related
reference frequencies with almost the same accuracy,
that extends over several terahertz around the initial
reference : these devices allow to extend by more than
two orders of magnitude the frequency band on which a
precise comparison with the reference can be made.
In the optical fiber communication bands (around 1.3
pm or 1.5 pm), the development of an accurate
frequency metrology is particularly useful to perform
frequency measurements that could be needed for
Wavelength Dense Multiplexing applications5.
However, for a long time, the most precise frequency
measurement tools in this wavelength range were
wavemeters which had an accuracy of only several
Megahertz. The reason was that most of the available
frequency references existing in these bands were not
accurate enough to provide a better measurement
accuracy. Moreover, the small number of potentially
accurate frequency markers would not have allowed to

-

measure frequencies in the whole optical
communication bands.
Our recent development6 of ultra-narrow
molecular frequency references at 1.5 pm provides a
new method to measure accurately optical frequencies
on a wide frequency band. The purpose of the present
paper is to review the work done on this subject, to add
some technical details, and to give our opinion on the
possible improvements and applications of this work.

NARROW 1.5 pm
LINES

MOLECULAR

Detection of Saturated-Absorption Lines
The main advantage of molecular absorption lines to
generate stable frequency references is that, due to their
ro-vibrational structures, these lines are split in
multiple narrow components which cover a large
wavelength band. Therefore, a unique molecule can
provide multiple frequency references spread over a
large band. In the case of the 1.5 pm region, several
molecules such as acetytlene7 in the [1510-1550 nm]
band, hydrogen cyanide8 in the [1520-1565 nm] band
or even methane9 (CHq) around 1.6 pm can provide
about 60 lines covering roughly a 30 nm wavelength
band for each isotope. In order to detect these lines, the
main problem was their rather low absorption
coefficient which comes from a low transition dipole
moment (typically p-0.01 Debye for X-H stretching
vibrations). Therefore, for a 10 cm long absorption
cells, rather high pressures (>lo Torr) were necessary
to obtain a significant absorption signal with a singlepass detection. With such a high pressure, the
saturation intensity of the transitions was always too
h i g h l 0 ? l 1 to be able to detect narrow saturatedabsorption lines with usual low-power laser diodes : an
optical power increase of about lo4 was necessary to
obtain narrow saturated-absorptionlines. The linewidth
of such frequency references was thus always Dopplerlimited to about 500 MHz, giving a rather poor
accuracy. The important problem to obtain narrow
saturated-absorption lines was thus to be able to
decrease the saturation intensity, mainly by reducing
the gas pressure, while keeping a significant Doppler-
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pressure-broadening and the power-broadening effects
have been qualitatively verified. However, the transittime spectral broadening was masking both effects in
our operating conditions : the actual limitation is thus
the transit-time broadening.

absorption by increasing the absorption length. At the
same time, increasing the optical power which
interacts with the gas allows to reach easily the
saturation intensity. We have been able to obtain the
abovementionned conditions by inserting the gas inside
a L=20 cm long high-finesse Fabry-Perot (FP) cavity
with mirror reflexion losses of er = 1% which allows
to increase by 2/&, = 200 the effective absorption
length, and by I/&,= 100 the optical power interacting
with the gas12.

Press. 40 mTor~

Experimental arrangement. The experimental
scheme is reminded in fig.1 : an extended-cavity
semiconductor laser is frequency-locked to the FPcavity using 6 MHz optical sidebands to generate the
error signal. A low-speed frequency correction is
applied through the ECSL piezoelectric translator
(PZT#l) and a high speed correction is applied through
the laser diode current control. The resulting bandwidth
is about 30 kHz, and the resulting laser linewidth is
lower than 100 kHz with a typical frequency drift of
200 kHdmn.

Fig. 2 : Typical 1 2 ~ 2 saturated-absorption
~ 2
signal
for the highest J-number (J=35) that we have detected.
S a t u r a t e d - d i s p e r s i o n . In order to estimate
experimentally the dispersive effect associated with the
saturated-absorption lines, we have used the
experimental arrangement described in fig. 3.

Fig. 1 : Experimental setup for the generation of a
stable frequency reference.
The laser frequency, which follows the FP resonance,
can thus be swept across the absorption line using
PZT#2 to record the saturated-absorption signal at the
FP output.

PBS

R
C
l
+

Detected Signals
Saturated absorption. The main features of the
saturated-absorptionspectra that we have recorded (see
fig. 2) in acetylene (l 2 ~ 2 and
~ 23
~ 2) o2 r
hydrogen cyanide ( H ~ ~ c Nat) 20-50 mTorr, are the
following :
- The saturated-absorption of rotational lines with Jnumbers up to J=25 has been easily detected, which
provides about 50 lines with a 70-80 GHz separation
for each isotope. A 10-50 % linear absorption and a
5-10 5% saturated contrast are typical for a few mW
optical power at FP input.
The saturated-absorption linewidth is on the MHz
order, with a minimum observed of 700 kHz. The

-

~

Fig. 3 : Experimental setup for the measurement of the
saturated-dispersion.
In this experiment, we use the fact that the q-th order
FP resonance frequency depends on the intra-cavity
refractive index n through :

where c the speed of light in vacuum, and L the FP
cavity length. Then, we lock the frequency of a laser
L1 to the q-th FP resonance which is perturbed by the
dispersion 6n associated to the absorption line (n =
1+6n), and another laser L2 to the following FP
resonance which is not perturbed by the line (n = 1).
The beat frequency f g between both lasers should be
equal to f g = vq+l -vq = c12L + vq 6n(vq ). When the
FP resonances are swept by Avq using a PZT driven
variation of L, the beat frequency follows :
Afg(vq) = (fg/vq)Avq + vq 6n(vq )
(2)
with a 20 cm long FP cavity, the first term leads to a
beat frequency variation of only 4 Hz for a 1 MHz
sweep of vq which will be neglected compared to the
effect of 6n. Therefore, any variation of fB is directly
linked to a refractive index variation 6n of the gas.On
fig.4, the beat frequency variations are shown when the
FP resonance vq is swept across the line P(12) of
acetylene with a gas pressure of 30 mTorr.

linear effects such as satuated-absorption, our
experimental result is remarkably consistent with (3) :
absorption measurements gave directly AK = 11 . 10-5
m-I which exactly corresponds to An = 1.3 . 10from (3).

1.5 pm FREQUENCY METROLOGY
Accurate Frequency References at 1.5 p m

In order to lock the laser frequency to the saturatedabsorption line, we have used the simplest locking
procedure : PZT#2 was slightly dithered at 1 kHz.
Since this frequency is lower than the first loop's
bandwidth, the laser frequency still follows the FP
resonance and the FP transmission will not be
amplitude-modulated at lkHz except when the laser
FM is converted to AM on the slope of the absorption
line. The AM signal, measured with a lock-in
amplifier, is thus proportional to the absorption line
derivative which nulls out at the top of the line. This
signal is integrated and fed back to the PZT#2 driver in
order to lock the laser frequency to the top of the line.
The obtained frequency stability has been measured by
the counting of the frequency beat between identically
stabilized lasers : it reaches 10-l2 for an integration
time of about Is, depending on the servo adjustments,
and the reproducibility is on the order of +lo kHz.
Such a result shows that this laser wave is a frequency
marker at 200 THz whose frequency can be defined
with a reproducibility of only 210 kHz.
Atlas of 1.5 p m Frequency References

Fig. 4 : Beat frequency measurement versus FP
resonance frequency showing the saturated-dispersion.
The slope (800 HzIMHz) can be attributed to the linear
dispersion of the line, and the small feature which
represents a 2.5 kHz peak-to-peak variation comes
from saturated-dispersion, and gives a measured peakto-peak variation of An = 1.3 . 10- .
The interpretation of these results is
straightforward with the help of Kramers-Kronig
relations from which the peak-to-peak refractive index
change An is roughly given by :
An = h147~.AK
(3)
where is AK the gas maximum absorption. Although
these relations are not strictly valid in the case of non-

After having shown that these saturated-absorption
lines are enough reproducible to be used as frequency
references, it was necessary to calibrate their
frequencies to be able to use them in frequency
comparisons. This work has been done in two steps :
- First, the frequency separation between these lines
has been measured with a urecision much better than
10 kHz, using a frequency comb generator13.
- After that, we have measured the absolute frequency
of the HCN line P(27), whose second hannonic could
be easily linked to the two-photon Rb frequency
standard at 778 nm14.
Presently, we have obtained15 an atlas of 90 acetylene
frequency references (see fig. 5) , covering the band
[1.52-1.55 pm], whose frequencies are defined with an
accuracy of
.

36 lines
54 lines
1.51

1.52

1.53 1.54 1.55
Wavelength (pm)

1.56

Fig. 5 : Frequency reference atlas at 1.5 pm. The
frequency spacing between lines is on the order of
60-80 GHz.

IMPROVEMENTS
Technical Improvements
Gas cell. In all our experiments, we have used a
glass cell with epoxy-glued mirrors and a PZT which
was also glued with epoxy. These cells suffer from
residual outgassings or micro-leakages which results in
a significant pressure increase after a few days. For
longer times, saturated-absorption signals are broadened
and lowered. A routine use of such frequency standards
will require an improvement of the cell manufacturing
technology. For instance, by using a wellmanufactured cell with Brewster windows, with
external FP mirrors, the problem could be solved at the
expense of a somewhat lower finesse, and probably a
higher sensitivity to acoustic noise. Another
possibility is to use a similar construction with an
external PZT which slightly changes the cavity length
by pressing on the end mirror. In that case, the FP
tube should be specially designed in order to allow for
some longitudinal elasticity.
Linewidth. The laser stability and reproducibility are
directly linked to the saturated-absorption linewidth.
Therefore, an obvious improvement would be to design
a FP cavity with a much wider spatial mode in order to
lower the transit-time broadening. In that case, it is
then necessary to compensate for the decrease of the
intra-cavity optical power density to keep the same
saturation conditions. Longer cavities with higher
mirror radius of curvature and reflectivities are
recommended, however, the cavity linewidth will
decrease, which imposes a better servo electronics for
the first loop.
Size reduction of the cell. As was already
demonstrated16, it is possible to use a much shorter
FP cavity with a higher finesse to obtain saturatedabsorption. A 25 mm cavity with a finesse !F>lO,OOO
filled with C2H2 provided a 2.8 MHz wide absorption
line with a large 140 mV signal corresponding to 4%
of total transmitted power. In a cell with such a small
volume, the increase of the background pressure was of

primary imprtance therefore, an optically contacted cell
construction with an external PZT would be a quite
interesting solution. With such a cell, one observed
problem is the sensitivity to the chosen gas pressure :
if it is too low, the absorption is over-saturated and
becomes weak, very distorted, and difficult to locate.
We should emphasise that we did not carry on the
experiments on compact cells only because of these
mjnor technical problems, but we are convinced that
these compact references would work remarkably well
with only a few technical improvements.
Locking method. The main improvement in the
locking method would be to get rid of the residual AM
at 1 kHz that we always obsrve : when the laser
frequency is far from the absorption line, the lock-in
amplifier's output is not exactly zero in most of the
cases : this means that a residual AM at 1 kHz is
generated at the same time as the FM and interpreted
by the detection system as an offset absorption signal.
This offset depends on many parameters such as
alignements, frequency difference of the free-running
and the FP-locked laser...and can have several origins :
- Cavity effects in the optical path which converts the
laser FM to AM. This effect can be lowered by a
careful design of the optical system.
- Since PZT#l cannot follow efficiently a 1 kHz
modulation, the first servo loop will correct the laser
frequency to keep the laser locked to the FP mainly
through a current control, which always generates AM.
This effect can be lowered by using an external EO
modulator to modulate the laser frequency, or any mean
to frequency modulate the laser at high speed without
residual AM.
Another possible detection method17 consists in
detecting directly the saturated-dispersion profile by
using another set of high-frequency FM sidebands.

MULTIFREQUENCY STANDARD
Since we have established a lot of well-calibrated
frequency references at 1.5 pm and a tunable laser, we
can imagine a "Multifrequency standard" made of this
laser whose frequency would be able to lock
automatically with a very good accuracy to a predefined
frequency reference contained in an absorption cell.
However, the resonant method used in our experiments
would always require to lock the laser to the FP which
complicates significantly the automatic locking
procedure. We propose a possible way to overcome
this problem.
Non-resonant detection method. Another way
to obtain increase the gas absorption length would be
to use a non-resonant multiple pass ce1117. However,
this improvement alone is not enough to obtain the

saturated-absorptionin good conditions : one must also
obtain a significant optical power increase. Such an
optical power increase can be obtained by using an
optical amplifier which allows to reach the 100 mW
region. With a typical 20 cm long multipass cell and a
typical fiber amplifier, it should be possible to obtain
the same conditions as in our experiments. In that
case, it would be possible to detect narrow molecular
lines without having to worry about frequency-locking
the laser to a FP cavity. From the point of view of
accuracy, improvements can be expected because the
problems related to complex interactions in a system
using a double servo loop would be absent. From the
practical point of view, it would be possible to sweep
freely the laser frequency over long ranges and lock it
easily to successive lines.

A sudden, mode hop can be seen at the beginning and
the end of the scan, and corresponds to a sudden
increase of the power because the following mode is
closer than the previous one to the top of the grating
selection curve. This behaviour can be attributed to the
large coupling between amplitude and refractive index
which is observed in laser diodes. We can conclude that
such a laser can reach without mode hops about 25
lines of acetylene, and even if there is a mode hop, the
associated power jump can be easily detected to be able
to take in account. Therefore, from the above
considerations, we think that a convenient
"multifrequency standard" could be developed in
straightforward manner using our ECSL.

CONCLUSION
ECSL tuning. A very widely tunable source would
be necessary to make such a multifrequency standard.
Since we have constructed for all experiments externalcavity lasers with a mode-hop suppression
arrangement1*, we beleive that such lasers would be
suitable, therefore we have investigated their
continuously tuning capabilities. The laser rough
frequency tuning was usually obtained with a manually
driven screw and the fine tuning with a PZT inserted
between the screw and the grating (see fig. 1). We have
replaced the manual screw by a motorized one, thus
allowing an electrically driven tuning over long ranges.
By measuring the output wavelength with a wavemeter
(straight lines on fig. 6), it was possible to follow the
laser frequency and to see clearly the mode-hops
(labeled by two dots on fig.6). At the same time, the
laser output optical power was recorded : the laser
power fluctuates with a period corresponding to the
solitary laser diode's intermode spacing, because the
laser diode acts as an internal FP etalon. In this
experiment, no mode hops are observed for a
wavelength sweep of about 15 nm, but the power is
gradually decreasing because the lasing mode is tuned
faster than the grating resonant wavelength and
gradually shifts from the top to the botom of the
grating selection curve.

In this paper, we have summarized the main results
that we have obtained about 1.5 p m frequency
references using molecular lines. We have reminded
how to detect their saturated-absorption and shown new
experimental results about their saturated-dispersion
spectra. Their great interest for high accuracy optical
frequency metrology was pointed out and illustrated.
We also tried to review the main problems that still
remain to be solved. Meanwhile, we have proposed
hints to make a compact system, and also to make a
convenient "multifrequency standard" which could
precisely and automatically lock to many reference
frequencies.
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FREQUENCY STABILITY OF 1x 10-13 IN A COMPENSATED
SAPPHIRE OSCILLATOR OPERATING ABOVE 77 K
G. John Dick, David G. Santiago, and Rabi T. Wang
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA 9 1109-8099, U.S.A.

We report on tests of a compensated sapphire oscillator (CSO) which shows frequency-stable operation
at temperatures above 77 K[l]. The frequency
stability for this oscillator shows an apparent flicker
floor of 7 . 5 ~ 1 0 "for
~ measuring times between 3 and
10 seconds, and stability better than 2xl@13for all
measuring times between 1 and 100 seconds. These
values are approximately the same as for the very
best available quartz oscillators. Previously, high
stability in sapphire oscillators had only been obtained with liquid helium cooling. Recent improvements include a more careful analysis of the ac frequency-lock 'Tound" circuitry that now enables the
oscillator to reliably attain a stability 6 million times
better than its fractional resonator linewidth.
Measurements to date have been made with a resonator quality factor ~ ~ 2 x 1 Frequency
0~.
stability of
2 x 1 ~ is' ~projected for a resonator Q of lo7, a value
about one third of the intrinsic sapphire Q at this
temperature.
Introduction
Newly developed atomic and ionic frequency standards
are presently limited in performance by available local
oscillators. Sequentially-interrogated passive standards, which include mercury ion traps and cesium
fountains, rely, on an ancillary local oscillator (L.O.)
which is periodically corrected by the atomic interrogation process[2,3]. In order for the standards to achieve
their potential performance, a local oscillator with
stability of a few times
is required.
Up to now, L.0, requirements for passive frequency
sources such as Cesium and Rubidium standards were
easily met by available quartz oscillators. The general
characteristics of quartz oscillators are an excellent
match to L.O. requirements: They are relatively inexpensive and show their best stability for measuring
times approximately equal to the required interrogation
times. However, even the best "super-quartz" oscillators with stability of approximately 1 x 1 ~do
' ~not meet
L.O. requirements for the new standards.

* This work was sponsored by and carried out in part at Jet
Propulsion Laboratory, California Institute of Technology, under a
contract with the National Aeronautics and Space Administration.

Active hydrogen masers and superconducting or sapphire oscillators cooled by liquid helium[4-61 do
achieve the desired performance, but are roughly as expensive as the standards themselves. While such a
combined standard may be very attractive when the ultimate in performance is needed, the expense is prohibitive for most applications.
A sapphire oscillator cooled by liquid nitrogen (LN2)
could be a simpler and less expensive solution. The
available quality factors (Q's) for whispering gallery
sapphire resonators at temperatures above the 77K
boiling temperature of LN2 are in fact high enough to
allow the required performance. However, thermally
induced variations of the dielectric constant are not frozen out at 77K as they are at LHe temperatures, and
prevent high stability from being attained.
We have developed a compensated sapphire resonator
that reduces the effects of thermal fluctuations. This
resonator incorporates a mechanical compensation process driven by the differen~ein expansion coefficients
for the component materials (copper and sapphire).
for the
Previously reported stability of 2-4~10-'~[7]
compensated sapphire oscillator (CSO) based on this
resonator is now substantially improved, achieving a
flicker floor of 7.5~10-14.
The presently observed ~ = 2 x 1 0 ' is very much lower
than the intrinsic value of 30 million for sapphire at
77K, and is also below the value of 20 million we observed for other, uncompensated, modes in the same
resonator. A redesign is presently underway to reduce
surface contamination of the tuning gap, where resonant electric fields are large. We project a stability of
5x10-l4or better with the improved design, and calculate a noise-limited frequency stability of 1-2x10-'~for
a resonator with Q = 10'. Based on this achieved and
projected performance, the CSO approach promises to
meet new passive standard L.O. requirements in a compact and inexpensive cryogenic package.
A detailed description and analysis of the operation of
the compensated sapphire resonator has been given
elsewhere[l,7,8]. This approach was anticipated by
Tsarapkin, et a1[9] in a room-temperature resonator
with low phase noise. Our previous work analyzes a
tuneable resonator constructed with a gap between two
sapphire parts.
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The analysis shows that, for the WGHnlImode family,
the sensitivity of resonator frequency to gap spacing is
sufficient to compensate the inherent thermal frequency
variation in the sapphire resonator at temperatures
above 77K if the parts are separated by a material such
as copper, which has a coefficient of expansion somewhat greater than that of sapphire. However, the sapphire must be made substantially reentrant, so that the
effective length of the copper spacer can be larger than
the gap separating the sapphire parts. When these
conditions are met, the difference between thermal expansion coefficients of copper and sapphire adjusts the
gap between two sapphire parts and cancels frequency
variation due to thermal expansion in the sapphire and,
more importantly, that due to temperature-induced
variation in sapphire's dielectric constant.
The sapphire-copper composite structure is shown in
Figure 1. Increasing temperature, which would tend to
decrease resonant frequency, causes the length of the
central copper post to increase, thus separating the sapphire elements, increasing the gap and thereby raising
the resonant frequency. At a certain operating temperature these effects completely cancel, and therefore compensate the resonator frequency against the effects of
temperature variation. In our tests, the WGHBllmode at
7.23 GHz is excited, and shows a frequency turn-over
temperature of 87 K in agreement with finite element
calculations[l0J.

ment allow excellent short-term temperature control of
the copper/sapphire resonating element and very low
thermal gradients.
The internal thermal time constants for the composite
resonator are < 5 seconds, allowing effective operation
of the compensation mechanism. Thermal time constants of 300 seconds and 1500 seconds isolate the sapphire element from the can, and nitrogen bath, respectively.
The design of the can thermal isolation, as shown by
the stainless steel parts identified in Figure 1, is reentrant to minimally effect the resonator's placement in
the cryostat. The original bottom plate with the copper
center that sits in the LN2 bath is spaced approximately
8 mm from the copper can, but the thermal path length
is approximately 6.5 cm. The thermal isolation stage is
composed of a stainless steel 'deep dish' in which a
copper cylinder is attached. On top of the copper cylinder is a stainless steel plate which only makes contact
to the copper can with a -0.5 cm width ring at its outer
radius. The copper cylinder has thermistors and a
heater element which allow the temperature of the stage
to be controlled.
The relatively conventional frequency lock circuitry is
shown in Figure 2. A Pound circuit locks the 100 MHz
crystal quartz VCO to the sapphire resonator. Earlier
versions used a 50-200 kHz modulation frequency injected into the VCO input. However, sufficient loop
gain could not be attained without instabilities to effectively eliminate VCO frequency fluctuations. Therefore
we modified the x72 multiplier to allow injection of a
higher 2 MHz modulation frequency into its L-band
internal power oscillator. The allowed increase in loop
gain in the frequency lock circuitry greatly improved
short-term stability performance.
Output
7.2 GHz

100 MHz
Quartz VCO

Figure 1. Compensated sapphire resonator with frequency turn-over temperature of -87K. Expansion of the
copper center post with increasing temperature increases
the gap spacing between the sapphire elements, counteracting an increase in dielectric constant in the sapphire.
Stainless steel thermal isolation assembly reduces the effect of LN2 temperature fluctuations.

Thermal integrity of the sapphire-copper-sapphire
resonator part is crucial to its frequency stability. The
copper and sapphire elements are bonded using pure
indium solder and an evaporated gold coating on the
sapphire joint surface. This, together with the very
high thermal conductivity of both sapphire and copper
at LN2 temperatures, enables a low thermal time constant. The much longer time constants for the sapphire-can mounting and the can-nitrogen bath attach-

Mixer

2 MHz Amplifier

Figure 2. Pound (frequency lock) circuit with 2
modulation frequency. Not shown is frequency offset circuitry associated with the x72 multiplier which derives
the exact resonator frequency of 7.226 GHz.

Because flicker noise in the rf system components is a
limiting factor in the system performance we employ
the lowest noise components available. Additionally,
we generally design for the shortest microwave path
lengths possible.

Experimental
A number of significant sources of frequency instability
were uncovered during the development process. Vibration sensitivity is a concern because of the multiple
element structure of the resonator. No quantitative
testing has been performed to determine vibration
sensitivity, but during initial tests the system was subjected to deliberate mechanical impulses. Several mechanical resonances were observed in the range 1 kHz
c f < 10 kHz with ringing times of a few tenths of a
second. Such resonances are unlikely to degrade frequency stability performance. In a frequency-locked
condition, the apparent sensitivity of the resonator cryostat to applied vibration and shaking was less than
that of the associated microwave components or of the
100 MHz crystal quartz oscillator.

sensitive to temperature fluctuations and in combination greatly contribute to the instability of the system.
Medium and long term performance were improved by
thermally insulating the microwave components with
foam.
An important source of instability is temperature fluctuations and gradients on the relatively long coaxial
line which feeds the resonator in the cryostat. This cable is cooled to LN2 temperature at the resonator and
held at room temperature at the cryostat's input, thus
making it sensitive to both LN2 and room temperature
fluctuations. This instability was reduced by better
isolating the line from the cryostat wall and maintaining a more stable LN2 surface temperature and level.
This improvement also contributed to the May 1995
stability in Figure 3.
By monitoring various temperatures in the system, we
found that the sapphire temperature followed the outer
can as well as showing its own temperature fluctuations. This indicated a thermal 'leak' in the resonator.
The thermal path was a combination of a small vacuum
leak and thermal radiation. Sealing the leak and adding radiation shielding significantly improved short
term stability as seen in the curve labelled current performance.
Analvsis
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Figure 3. Allan Deviation of CSO frequency stability
showing performance at various stages of development
(see text).

Early performance (June 1994 in Fig. 3) was found to
be limited by thermal stability of the resonator containment can. The copper can cavity which houses the
resonator had been well anchored to the LN2 bath.
Changes in room temperature and pressure as well as
the LN2 level affect the temperature of the liquid nitrogen bath.
First tests with a 2nd thermal stage showed greatly improved long-term performance. With the resonator operating at its turnover temperature of 87K, the new
isolation stage was a few degrees above the LN2 temperature. The stability of the current sources used to
drive the heaters was found to be poor, so they were
replaced with more stable diode-laser current supplies
for subsequent experiments.
Increasing the loop gain proved to be the most significant factor in achieving the May 1995 performance
indicated in Figure 3, but several other factors contribute to the improved stability. The resonator is the
only component of the system contained in the cryostat.
The external microwave components are exposed to the
environment of our open laboratory. These mixers, hybrids, amplifiers, connectors, and cable lengths are

Several additional improvements have been identified
as necessary to achieve the desired oscillator stability.
The resonator's thermal environment is currently free
running and not actively controlled. Addition of feedback control electronics to the heater elements of the
system with better than milliKelvin temperature resolution is required for the desired ultra-stable performance.
An important sensitivity of the flicker floor to the adjustment of the Phase Shifer identified in Figure 2
helped to identify a "false signal" in the Pound loop
and a solution to the problem that this represents. It
was found that the phase shifter was adjusted to be even
a few degrees from the peak of the response curve at the
mixer output the performance was substantially degraded. Furthermore, ultimate performance was found
to be very sensitive to the length of the Cryogenic Coaxial Line. These effects have been identified as due to
a 2 MHz signal at the output of the AM Detector which
is phase shifted by exactly 90 degrees from the true
Pound signal, and which is periodically dependent on
the length of the coaxial line.
Analysis shows that such a false signal can be expected
due to transmission line mismatches, and experiment
shows that adjusting the line length to minimize the
false signal gives the best possible stability. While to
first order the Pound methodology eliminates any dependence of oscillation frequency on coaxial line
length, the false signal represents a breakdown of the

method, being a signal that is not immune from
changes in line length. The exact 90 degree phase shift
is due to the very high Q of the resonant mode. The results indicate that caution must be observed with regard
to possible sapphire modes with moderate to high Q's
which have frequencies near the modulation sidebands.
This problem is compounded by the fact that very many
lower Q modes in the whispering gallery resonator are
coupled to the output as strongly as is the desired mode.
Features of the achieved stability are a flicker floor of
7 . 5 ~ 1 and
~ ' ~a large frequency drift of approximately
1.5x10-~/da~.
A significant improvement in stability is
expected with increased resonator Q. The resonator Q
for the compensated mode is -2 million, while other
modes in the same resonator show Q's up to 20 million.
We believe the low compensated Q is due to poor surface cleanliness of the sapphire elements, most likely in
the tuning gap where rf electric fields are large. An improved sapphire polish may allow us to achieve resonator Q's of 8 million or more. Based on our experimental results this Q would make possible a stability of
2x10-14. The large drift rate is likely due to relaxation
of the soft metal bond in the composite sapphirelcopper
resonator element. This is being addressed by an improved fabrication technique.
Conclusion
We have demonstrated a new ultra-stable oscillator capability which promises to enable improvements on the
best quartz technology in a small and inexpensive cryogenic package. Projected performance is well matched
to the requirements of new passive atomic standards.
With a 20x performance improvement over the past 18
months, continuing improvements can be expected.
~ 2x10-l3 for
Present stability ranges from 7 . 5 ~ 1 0 "to
measuring times between 1 and 100 seconds. We project a stability of 5x10-l4 or better in FY96 with a resonator designed for improved Q.
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ABSTRACT
In this paper we present details of the design
and operation of a cryogenic Sapphire Dielectric Resonator. This includes controlling the
resonator's temperature to better than 90 pK
and the effect of paramagnetic impurities on
the predicted performance. We will also discus
room temperature observations on the efficiency of the novel microwave choke arrangement. Finally we present some preliminary
stability measurements for our Mark I system.

w Piston housing

INTRODUCTION
Sapphire Dielectric Resonators (SDR) at cryogenic temperatures have been used to produce
oscillators of exceptional short term stability,
for example Luiten et a1 (1). At the NPL we are
developing an SDR based on a sapphire rod
140 mm long and 20 mm diameter, Langham
and Gallop (2,3). Included in our design is a
novel microwave choke arrangement whose aim
is to axially confine the resonant field to the
central region of the sapphire rod. This resonator is enclosed in an evacuated superconducting shield and cooled to 4.2 K by immersion in
liquid helium.
Thermometer

7

THE SAPPHIRE DIELECTRIC RESONATOR
The single crystal sapphire rod is circular in
cross section, with a diameter of 20 mm, and is
140 mm long. At a distance of 10 mm from
each end there is a region of the rod that has
been turned down to produce a step of 10 mm
diameter and 10 mm length. It is intended that
these stepped down regions will act as microwave chokes, reducing the EM field strengths
at the ends of the rod and thus the losses associated with the metal end-walls.
The rod is mounted coaxially inside a lead
shield of inner diameter 48 mm, and is held in

Stainless steel

Copper

Figure 1: Cross-sectional view of the SDR
place by a spring-loaded piston. The walls and
base of the shield have been machined out of a
single piece of lead. and a lead cap is fitted
over the top of the shield. This cap has a hole
through which the piston passes, there is a lead
spacer between the sapphire and piston. The
resonator assembly is fitted into a copper vacuum can, see figure 1. Microwave power is fed
into and out of the vacuum can by hermetically
sealed SMA connectors in its side walls. Coupling to the resonator is then achieved by
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probes which protrude through the lead shield
by a few millimetres.
In order to provide a high degree of temperature control this resonator structure is mounted
into a second vacuum jacket. Four thin film resistive heaters are mounted around the SDR
can, while cooling is provided by a number of
copper thermal links which connect from the
flange of the can to the outer vacuum jacket.
Thermometry is provided by a combination of
Rhodium-Iron and Carbon glass resistance
thermometers. The entire structure is cooled by
immersion in liquid helium.
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THE MICROWAVE CHOKJZS
To investigate the efficiency of the microwave
chokes, the sapphire rod was supported horizontally between a pair of copper 'book-ends'.
This consists of two copper plates, each
120 mm square, mounted vertically and facing
one another. To each copper plate (on their
facing sides) is fastened a sheet of PTFE, 3 mm
thick and again 120 mm square. In the centre
of each PTFE sheet is a 20 m m diameter hole
to hold the sapphire rod which then can be
held horizontally above the bench.
When mounted in this structure the sapphire
rod can be moved between a pair of probes
which couple into and out of the evanescent
microwave field of the mode under investigation. Figure 2 shows the evanescent field
strength as a function of position along rod for
modes with differing longitudinal mode number n. For low n-order modes (e.g. n=3 & n=4
of figure 2) the resonant field can clearly be
seen to be confined to the region between the
chokes. However, as the number of longitudinal
nodes increases, the inter-nodal spacing approaches the dimensions of the choke structure,
and we observe considerable field amplitude at
the ends of the rod (e.g. n=10 of figure 2).
This behaviour is as we predicted, and the
lower field strengths at the ends of the rod for
n<10 modes will reduce the microwave losses
associated with the shield's end-walls.

TEMPERATURE CONTROL
In order to maintain the SDR at its optimum
operating temperature of approximately 4.5 K
two independent methods of temperature control are employed. The bath itself is
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Figure 2: Field strength as a function of position along the sapphire rod
temperature controlled by means of a pump
working at constant speed (which can be manually adjusted using a needle valve) and a heater
immersed in the liquid helium. Power dissipated in the heater increases the helium boiloff rate and thus the vapour pressure rises. By
controlling this 'excess' boil-off it is possible
to servo the bath temperature to a carbon glass
sensor to a stability of -0.3 mK. Note that this
technique, by measuring the temperature in the
boiling helium, is not subject to the temperature drift that would otherwise result from the
time varying hydrostatic column of the liquid
helium bath when it is the vapour pressure
above the boiling liquid which is stabilised (by
a manostat for example).

A second layer of temperature control is provided using the heaters mentioned in the description of the SDR above. A carbon glass
sensor with a resistance of -2 kS1 and a sensitivity, dR/dT lo3 Q/K at 4.2 K is read using
an a.c. resistance bridge. This system allows a

-

measurement resolution of 10" K, which when
used inconjunction with a commercial PID controller allows the SDR temperature to be stabilised to better than 90 pK over a period of
hours.
EVALUATION OF RESONATOR
PERFORMANCE

The dielectric resonator possesses many resonant modes in the frequency range 4-26 GHz.
These have varying Q-values, dependent on
various factors such as coupling strength to the
enclosing, vacuum can, the properties of the
sapphire and any impurities it may contain.
Thus we can write the following, expression
for Q;
Rs
Q-I = -+tan6+~"
r
(1)
where RS is the surface resistance of the superconducting shield, r is the geometric factor of
the mode, tan6 is the loss tangent of sapphire,
and
is the fractional energy loss induced by
paramagnetic impurities. We selected a few of
the higher Q modes for characterisation.
Essential to the characterisation of an oscillator is a study of the temperature dependencies
of the resonant element. Observations of the
mode line widths for the SDR, made as it
warms from liquid helium temperature to the
superconducting transition of the lead shield
(Tc=7.2 K) are shown in figure 3. This demonstrates a marked dependence on the properties
of the lead shield. Just below Tc the width is

Temperature

/

K

Temperoture

/

K

Figure 4: The upper graph shows the temperature dependence of a 10.889 GHz mode. The
lower graph is showing the turning point of
frequency for this mode.
falling rapidly with reducing temperature, but
does not achieve a constant level which would
be predicted by a simple two-fluid model of the
surface resistance plus a constant residual resistance, R,. This, we believe, is due either to
a temperature dependent R, resulting from
impurities or inhomogeneities in the supercoducting shield, or arises from surface contamination of the sapphire rod.
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At temperatures below the normal boiling point
of helium the mode frequency is observed to
fall, typically to 150 Hz below the maximum at
2.5 K (see figure 4). This behaviour has been
observed in both our rods and is consistent
with reports from Jones et a1 (4). It can be at-

K

Figure 3: Width of resonance at 10.889 GHz as
a function of temperature.

tributed to the conflicting temperature coefficients caused by the surface reactance of the

superconducting shield and paramagnetic ion
impurities in the sapphire. Thus;
where a is the static susceptibility of the paramagnetic impurities and ~ ( 2 is
) the surface
reactance of the shield. We have estimated the
concentrations of paramagnetic impurities
(mainly chromium ions) in the sapphire rod to
be approximately 0.3 ppm. From this result,
and knowledge of the superconducting properties of the shield, the temperature dependence
can be modelled. This shows a frequency maximum between 4 and 5 K depending upon the
mode. Furthermore, it is predicted from this
model that if the temperature is stabilised to
10 microkelvin of the maximum then frequency
stabilities of 1 nHz can, in principle, be
achieved. This compares to a frequency stability of i0.4 mHz at 4.2 K for the same degree of
temperature control.

FREQUENCY STABILITYMEASUREMENTS

We have achieved Q values as high as 6 x lo7 in
out Mk I system at 4.2 K and a frequency of
17.3 GHz, using a higher order mode of the
resonator shown schematically in figure 1. To
demonstrate the potential sf this dielectric
resonator as a frequency standard a synthesised
microwave source (Wiltron 6753A) has been
stabilised to it by means of a 300 Hz frequency
modulation, detected by a lockin amplifier referenced by this modulation frequency. The

error signal is fed back to the voltage control
input of a r.f. signal generator (Marconi 2031)
at 20 MHz which forms part of the low frequency synthesis loop. The frequency of the
stabilised source has been down converted and
the IF counted by a Stanford Research SR620
counter. This counter is referenced to the 10
MHz signal from a Hydrogen maser, situated in
a building some 50m from the cryogenic resonator. Already, using this remote intercomparison, Allan variance values as low as 4 x 10'13 at
an averaging time of 500 s have been achieved
(see figure 5). A second sapphire loaded resonator has been constructed and a high Q Nb
cavity resonator is being evaluated, both of
which can be similarly stabilised.

CONCLUSIONS

The stability reported here is not the ultimate
expected from the sapphire loaded superconducting resonator. Improvements in Q value
and temperature control should provide several
orders of magnitude increase in stability. The
remote intercomparison method may already
provide a dominant limiting factor and it will
be necessary to intercompare a number of similar superconducting oscillators to explore the
ultimate stability, which is expected to be better than 1 in 1016.
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INTRODUCTION
NPL has considerable experience in research into,
and development of, high Q dielectric resonators
based on sapphire and conventional superconductors
at liquid helium temperatures (1). Stable microwave
loop oscillators have been built, based on high Q
resonators and cryogenic microwave functional
elements such as low noise semiconductor
amplifiers, phase shifters and frlters operating at
liquid helium temperatures and more recently at
70 K. As a result of the recent availability of reliable
low power cryocoolers it has become possible to
design compact dielectric loaded resonators making
use of ultra-low microwave loss properties of thin
films of high temperature superconductors (HTS)
such as YBqCu,O,,. In this paper we address some
of ~e design issues associated with using such high
Q resoriators as the reference element for frequency
standards and low phase noise oscillators.
ADVANTAGES OF CAVITY RESONATORS
OVER ATOMIC FREQUENCY STANDARDS.
The most obvious advantage for frequency standards
requiting good short term stability arises from the
much better signal to noise ratio that a cavity
resonator can offer over that achieved with an
atomic standard. This inlprovement arises from the
fact that photons are essentially non-interacting,
unlike atoms, so that the photon density in a
almost
resonator can be raised to a level of 1OZ7/m3,
comparable with solid densities, whereas in an
atomic standard the density must be many orders of
magnitude lower to eliminate the effects of atomic
interactions which give rise to pressure shifts, spin
exchange & dipole-dipole coupling. The result of
this improved signal to noise ratio is that, by using
passive resonator standards rather that1 atomic
standards, much better Allan variance data is
achievable at short averaging times
(lms < z < ld s).

S A P P H I R E DIELECTRIC LOADED
SUPERCONDUCTING RESONATORS
At present the best demonstrated clock performance
for averaging times to lo3 s is that of a high - Q Nb
superconducting cavity resonator (2) which has
provided an Allan variance a(z) of 3x1BL6for an
averaging time z of up to Id s. The main
limitations on performance of this system for greater
z values came from sensitivity to minute tilt angle
changes and effects of small temperature changes.
Both limitations may be removed by use of dielectric
loaded helium-cooled superconducting resonators.
This gives the promise that dielectric resonators may
be capable of providing the best clocks for averaging
times z from ms to -lo5 s or longer
In these dielectric loaded resonators the high Q
cavity contains a sapphire single crystal structure in
which most of the electromagnetic field energy is
confined. The temperature dependent surface
reactance of the superconducting walls plays a much
smaller role in deteminiig the resonant frequency
than for the cavity resonator and thus higher
stability may be expected. At low temperatures
sapphire has a much higher Young's modulus than
metals and thus the structure is more rigid and
stable. Cryogenic temperatures also dramatically
slow ageing processes (not only in &ad humans).
Temperature control to 1 pK is readily achieved,
unlike at room temperature, and the 3rd Law of
Thermodynamics ensures that thermal expansion
coefficients are much reduced. (Again sapphire
performs much better than metals in this respect: the
linear thermal expansion coefficient a = 5~10-'~/K
at
2 K, 20 times less than for Nb at the same
temperature and 4x106 lower than for Cu at room
temperature).
The temperature stabilisation
requirements are further relaxed by reducing the
fractional frequency shift with T (1,3). Thus, to frst
order, (l/f)df/dT can be made equal to zero at a
convenient operating temperature selected by control
of paramagnetic atom doping levels, without
compromising the high Q achievable as a result of
the very low losses in sapphire at cryogenic
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temperatures (tan6 = 2x10-" at 4 K).
DIELECTRIC LOADED RESONATORS USING
HIGH TEMPERATURE SUPERCONDUCTORS
In practice the use of liquid helium as a coolant in
a non-laboratory environment does not present the
major problems which are sometimes perceived.
However for many applications questions of
availability of liquid cryogen clearly make its use
(An extreme example is
more problematic.
presented by the potential use of cryogenic resonator
frequency standards in space applications). The
development of reliable low power closed cycle
coolers producing 0.5 W of refrigeration at 60 K
from 10 W of input power, coupled with the recent
production of HTS thin films with very low surface
resistance (4) in the same temperature range
(R,(60K) 100 pC2 at 10 GHz for YBCO) means that
very compact low power dielectric resonators should
be realisable with a total volume of not more than
lo3m3. Increasing the operating tempera- from
4 K to 60 K does increase the dielectric loss in ultra
pure sapphire to a value of tans = lo7but this is
still low enough to not seriously compromise
performance of the stable oscillators (5). At NPL
we are currently working on a temperam
compensation scheme to allow the resonator
eigenfrequency to have a turning point in its
variation with temperature at around 60 K. We have
developed low-noise microwave amplifiers in the
range from 4 GHz to 11 GHz which operate from
the lowest temperatures to above 80 K. HTS band
pass filters have been designed and evaluated in
collaboration with a number of other groups and
both semiconducting and superconducting phase
shifters are being investigated. Below we discuss
some of the design issues involved in these
resonators with particular emphasis on achieving a
resonant frequency which is to a high degree
independent of temperature changes.

-

-

-

Geometry Factor Considerations

where VQd is proportional to the microwave power
dissipation in the dielectric, l/& is the loss in the
superconductor and l/Q, represents the loss in all
other components such as radiated power, and
dissipation in the metal (typically copper) container.
For material parameters dielectric loss tangent tans
and superconductorsurface impedance Z, appropriate
geometry factors r, and r, are introduced which are
integrals of the field distribution over the volume of
the dielectric and the surface of the superconductor
respectively (see for example ref.4). The geometry
factor representing the additional external losses can
only be specified for a precise design including
losses in the normal metal of the resonator housing
and coupler losses. It is realistic to assume that
these losses may be made negligibly small when
compared with the previous two contributions. Thus

Surface Impedance of YBCO
The electromagnetic loss of a superconductor at a
finite frequency o/2z is not zero although the losses
can be very small.
For conventional
superconductors,with a well defined isotropic energy
gap A(V, for frequencies 0/2n well below the gap
frequency 2 M the surface losses (characterised by
the real part of a surface impedance
RJ(T)= Re(ZJ(T)) vary exponentially with inverse
temperature - reflecting the density of quasiparticle
excitations (normal electrons) in the superconductor.
The reactive part of the surface impedance shows a
similar temperature variation from a large limit
&to):

To calculate the effect of the various contributions to
both the loaded Q value Q, and the temperature
dependence of the resonator frequency it is necessary
to assign a geometry factor r to each element of the
resonator. Thus Q, can be written in the following
form:

Both of the above parameters have an important
role in determining the performance of frequency
standards and low phase noise oscillators based on

superconductingresonators. The first determines the
superconductor contribution Q, to the overall quality
factor Q,of the resonator, this is more significant in
discussing the performance of low phase noise
oscillators. The latter parameter 4determines the
sensitivity to temperature variations of the resonant
frequency and has more significance for the long
term stability of the reference, that is of the device
treated as a frequency standard or clock.
The simple behaviour summarised in the above
equations would not be expected for a
superconductor which exhibits a supemnducting
order parameter with d-wave symmetry. In this case
both RAT) and AXB(T)ate expected to vary as F'
where p is in the range 1-2. There is a growing
body of evidence that the YBCO order parameter
has such symmetry (6) although we, along with
others, have shown that for some samples a good fit
to the above equations may be obtained with a value
of A 0.6xkTe The question of the order parameter
symmetry is an important one for some IiTS
microwave resonator applications since both the
ultimate Q and frequency stability achievable will be
influenced by the outcome of this question. At this
stage the ultimate Q value achievable at around 60 K
does not seem to be seriously compromised by the
probable existence of d-wave symmetry in YBCO
(although at much lower temperatures this
co~lclusionmay no longer be valid).

-
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design Q values as high as lo7 at 5.6 GHz and
T = 60 K have been achieved by Shen et al. (7).

Single

Crystal

Dielectric

Materials

Sapphire is a widely used dielectric material at liquid
helium temperatures. It has a uniaxial anisotropic
permittivity in the range 9-11.5 and its thermal
expansion coefficient, Youngs modulus, high thermal
conductivity and very low dielectric loss coeff~cient
(when carefully grown and treated) make it ideal (3).
At higher temperatures T such that 10 K < T < 80 K
the properties are less ideal, though still superior to
anything that can be attained at ambient temperature.
We have measured the temperature dependence of
the relative permittivity of sapphire in the ab plane
and also consider below the utility of other low loss
dielectrics.

TEMPERATURE DEPENDENCE OF THE
RESONANT FREQUENCY OF A DIELECTRIC
RESONATOR
The temperature dependence of the resonator
frequency (usually the TE,,,, mode is used in these
miniature dielectric resonators) arises fmm three
main contributions: the variation of the
superconducting penetration depth h O , the linear
themal expansion of the dielectric puck a(Q and
the temperatun dependence of the puck permittivity
&(I?. We have ma& measurements of h(T)recently
(Clark et al. (8)) and shown that for reduced
temperahres t = T1K.S 0.2 the fractional variation of
the penetration depth is less than 0.05%/K for
YBCO. The contribution that this would make to
the frequency shift of the resonator depends on the
geometry factor for the superconducting surfaces.
Increasing the volume to surface ratio will reduce
the importance of the superconductor contribution.

c low permittlvrty>

Figure 1 Schematic of dielectric puck resonator
geometries a) simple b) compound

Fig.la shows schematically the simplest design for
a HTS shielded dielectric resonator. Note that the
dielectric 'puck' (a short cylindrical element) is
sandwiched between two planar thin or thick frlms
of a suitable HTS material (for microwave
applications this tends to be either YBa&u,O,, or
TlBaCaCuO since these materials have demonstrated
lower microwave surface resistance than any of the
other wide range of HTS materials). Using this

At higher temperatures such that t > 0.5 the
superconductorcontribution begins to dominate over
the other temperature coeff~cient This is the
situation which would arise with an HTS shielded
dielectric puck resonator cooled in a single stage
Stirling cycle refrigerator to around 60 K. In such
a case it is more practical to use a compound puck
geometry, as indicated schematically in fig. lb. In
this scheme a low permittivity, low loss dielectric,
such as single crystal quartz, is inserted as a spacer
between the high permittivity puck and the planar
HTS film. An identical spacer may be used between
the upper HTS film and the puck or this may be left

as a vacuum gap, whichever is more practical for the
particular application envisaged. In each case the
discontinuity in permittivity at the dielectricdielectric interface acts as a dielectric mirror, having
the effect of reducing the electromagnetic field
strength at the superconductorsurface compared with
that within the puck. This of course reduces the
influence of the temperature variation of the
superconductor penetration depth on the resonator
frequency by reducing the effective geometry factor
for the supcconfductor r,.

temperature by deliberately doping the material with
a parmagnetic impurity (for example chromium) in
order to increase the magnitude of the paramganetic
susceptibility contribution. Calculations of the effect
of the above temperature coeffcients for a simple
mode
puck resonator suggest thatflT) for the q,,
at around 9.4GHz should have the following form
for a Ci3+doping level of 40 ppm:
1

I

By using 2mm thick quartz spacers it has proved
possible to reduce the effect of the superconductor
penetration depth temperature dependencebelow that
arising from the temperature dependence of the
sapphire permittivity which has been found to have
a temperature dependent component which, between
15 K and 80 K, varies as

I

T MI

I

Figure 2 Predicted TG,,mode frequency versus
temperature for w p m C ? +doping.

for several samples of single crystal sapphire from
different sources.

This level should be low enough to not seriously
Design Compensation
Dependence

of

Temperature

Below are listed (in approximate order of
importance) some contributions to the temperature
variation of the resonant frequency of a puck
resonator, together with the sign of df/ddT.

Contribution:

Parameter Sign

HTS penetration depth

h(T)

Dielectric permittivity

EQ

Thermal expansion coeffcient

a(T) -ve

Paramagnetic susceptibility

x(T)

-ve
-ve

affect the loss tangent of the sapphire at the
temperature of the turning point. If a resonator is
operated at this turning point temperature great
frequency stability should be attainable with only
moderate temperature stabiliition.
The compositeresonator design shown schematically
in fig. Ib may also allow suitable temperature
compensation. First the presence of low permittivity
regions above and below the dielectric puck act as
'dielectric mirrors' in tending to confine the
electromagnetic energy within the puck, thereby
increasing the effective geometry factor for the
superconductorplates and thus the influence of V T )
on RT). Furthennore there are low loss dielectrics
which have the opposite sign for &(T) compared
with most materials such as sapphire (for example
SrTiO, or TiO, (9)) so that use of two suitable
complementary dielectrics in a composite resonator
may allow temperature compensation in a useful
temperature range without the need for doping.

+ve
CONCLUSIONS

In order to produce a frequency versus temperature
curve which has a turning point at a convenient
operating temperature (such as 50 K)it is necessary
to have two dominant terms with opposite signs for
df/dT. We propose here that such a turning point
may be produced in a sapphire puck at high

Work carried out at NPL and elsewhere has already
demonstrated the great potential of helium cooled
dielectric loaded superconducting resonators as
clocks with the highest stability (parts in 10'' for

averaging times extending from 1 s to 104 s). More
recent developments, (including space qualified
coolers with tcns of thousands of hours of
demonsuated life testing) suggest that similar
pcdormancc may be demonstrated in a compact,
light-weight system. Either system could provide
excellent performance, exceeding that of some
atomic standards in, for example, Ground Segment
applications demanding the precision necessary to
exploit the full potential of Global Navigation
Satellite Systems. The light-weight version may also
provide radical new capabilities for the Space
Segment of such a system
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ENHANCED TRANSPOSED GAIN MICROWAVE OSCILLATORS
M.A. Page-Jones and J.K.A. Everard
Department of Electronics
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Heslington, York, YO 1-SDD, England

ABSTRACT

This paper describes the design of two low noise
microwave oscillators operating at 7.6 GHz. These
oscillators use room temperature Sapphire resonators
operating in the TE016 mode which demonstrate
unloaded Q's of 44,000. Silicon transposed gain
amplifiers are used to produce near-flicker-free gain.
Oscillators with flicker noise comers around 1 KHz and
a phase noise of -143dBc/Hz at 10 KHz offset and
-l2ldBc/Hz @ 1KHz are demonstrated. This is within 3
dB of the theoretically predicted minimum noise. This
performance is 12 dB better that in oscillators presented
at the 1995 IEEE MTT conference and 1995 FCS
conference1y2. This improvement is achieved by using
high level mixers.
INTRODUCTION

Microwave Oscillators are usually built using GaAs
active components. These GaAs devices demonstrate
high flicker noise corners which greatly degrade
oscillator noise performance close to canier. Silicon
transistors have low flicker noise comers but also have
low gain at microwave/mm wave frequencies. It is
however fairly easy to fabricate silicon Schottky banier
mixer diodes operating at microwave frequencies.
This paper describes the design of two low noise 7.6
GHz oscillators with flicker noise corners of around
lKHz and a noise performance better than -143 dBc/Hz
at 10 KHz offset and -12ldBclHz @ 1KHz. This noise
is within 3 dB of the theoretical minimum for a
Sapphire dielectric resonator oscillator with an unloaded
QO of 44,000 and a power available at the output of 1
mW. The noise changes at a rate of l / ~ f ' down to
around 1KHz. These oscillators use the transposed gain
of a low frequency silicon amplifier and demonstrate a
suppression greater than 58 dB of the reference LO phase
noise.
TRANSPOSED GAIN
Transposed gain is achieved using two mixers, a low
frequency amplifier and a local oscillator as shown in
Figure 1. This upconverts the LF gain to microwave
frequencies on both sides of the reference LO. The
frequency of the local oscillator (which can be noisy) is
therefore used at a frequency close to that required for the
gain. The noise from the local oscillator is significantly
suppressed (>58 dB) in an oscillator using transposed

gain.

~

~osc.
f .

Z
Figure

--

Transposed Gain Amplifier (TGA)
NOISE CONVERSION

that the noise performance of
It is imponant to
the LO does not degrade either the AM or PM noise of a
signal passing through the Transposed Gain Amplifier
(TGA).
Phase noise on the local oscillator can cause an output
phase modulation because of the group delay of the
amplifier. This is corrected by introducing a delay line
with the same delay (and dispersion) characteristics of
the amplifier in between the LO drive of the two mixers.
In these experiments the delay of the low frequency
(inverting) amplifier is around 1.3 ns. The delay of the
amplifier and mixers matches the delay line to less than
20 ps.
AM on the reference oscillator has two effects on the
output of the TGA. The first is to vary the mixer
conversion losses, effectively transferring AM to the
output. The second effect of LO drive variation is to
alter the phase shift of the TGA. This is due to the
mixer impedance changing with drive level. This is less
serious with a broadband mixer. The LO should
therefore have low AM by using an oscillator which
incorporates 'hard limiting'.
OSCILLATORS

With the addition of a resonator a TGA can be made
into a transposed gain oscillator (TGO) as shown in
Figure 2. Because of the cancellation of FM and AM
described above, such an oscillator is shown to have
much lower phase noise than the original local
oscillator.
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Resonator

I

1

The oscillators use room temperature Sapphire
resonators operating in the fundamental TEO16 mode.
These resonators are operated substantially as a two port
with a lightly coupled third port to provide a filtered
output. The unloaded Q (including the effect of the OIP
port) is measured to be 44,000.
The mounting method is depicted in figure 4. The
sapphire dielectric 'puck' is mounted on a hollow quartz
support, connected to a height adjusting screw in the
end face of the box.

Figure 2, Transposed Gain Oscillator.
The LF amplifier consists of two bipolar transistors in
parallel as shown in Figure 3.
+12 Volts
I8K

Figure 3

18K

lOKHz to 200 MHz Amplifier

A flicker noise measurement system has been built (by
this group5) for measuring the cross correlation between
baseband gate and drain noise and the AM and PM
components that these transpose onto a camer. This is
achieved by measuring all the noises simultaneously.
These measurements enable prediction of the equivalent
circuit noise sources of the FET and the cross correlation
coefficients between them. The final system has a
residual noise floor of - 180 clBc for offsets greater than 3
KHz.

The end of the quartz rod is castellated to reduce the
contact area with the sapphire, as this improves the
resonator Q factor. The sapphire is attached using an
ultraviolet curing glue, type NOA61 manufactured by
Norland. This glue is sold as an optical adhesive, and its
losses are also low at microwave frequencies. The metal
container is turned from three pieces of oxygen free
copper, and the RG402 feeders to the coupling loops are
held by compression fittings threaded into the sidewalls.
The length of the quartz rod and its adjustment screw
were set to give the highest possible Q. The highest Q
was obtained with the puck vertically centred in the box.
The sapphire pucks were 112" diameter 114" thick disks,
manufactured as cryostat windows by Union Carbide.
The optic axis coincides with the cylinder axis (a 'zero
degree' cut), and the boules are grown by the Czochralski
method. The highest Q sapphire resonators reported
have used the heat exchange growth method, but this
seems to be most significant at cryogenic temperatures
as described by Flory and ~ o b d .
Copper box

,

I tuning screw

m

The measured flicker noise comers of the LF amplifier at
baseband (Figure 3)and mixers were 3 0 M z and less than
3 KHz respectively. The flicker noise corner of the
oscillator was around 1 KHz. It should be noted that
although the baseband and transposed comers are related,
their ratio depends on the transposition (modulation)
mechanism. In these oscillators the amplifier is not
non-linear because the limiting occurs in the output
mixer. The IF port of the output mixer is driven with
+18dBm and the Local Port with +20dBm. The output
power of the second mixer is then around 10dBm.

Coupling loops
Figure 4
e of Resonators
The resonator temperature dependence is the sum of
contributions due to the expansion of the container and
supports, and the changes in the dielectric constants of
the sapphire itself. The effect of expansion of the box
(equivalent to around lppm per degree) is masked by the
~
dielectric changes in sapphire. Shelby and ~ o n t a n ahave
shown that the dielectric constant of sapphire changes by
between 30ppm and 80ppm at room temperature,
depending on the orientation of the electric field with
respect to the crystal axes.
A test resonator was operated in an environmental
chamber over the range from -20 to +75 O C , while
monitoring Q factor and resonant frequency. Fitting a

straight line to this data gave a temperature coefficient of
around -40 ppm per O C .
In a practical oscillator design the resonator temperature
would have to be controlled. The ratio of thermal
conductivity to specific heat is such that thermal
changes take several seconds to travel through the
resonator. We have demonstrated thermal control to
better than 1mK with a single stage system. If better
performance is required a two stage system could be
implemented.
EXPERIMENTAL MEASUREMENTS

To evaluate the transposed gain method two Transposed
Gain Oscillators have been built at 7.6 GHz operating
13 MHz apart. The phase noise of the beat signal was
then measured using the phase detector method (in
conjunction with the low noise, HP8662A, signal
source) as shown in Figure 5.
TO obtain minimum noise performance using
Thermfladditive noise the insertion loss of the resonator
is set to 6 d81m3.6-107producing a loaded Q of 22,000.
The insertion loss of the mixers is around 7 dB therefore
the open loop gain of the silicon amplifier should exceed
20 dB. The total noise figure of the TGA which
incorporated the two mixers and the low frequency
amplifier was around 9.5 dB. The single sideband
output power available from the O/P mixer was around
10 dBm. The local oscillator used for each oscillator
was an HP 8672A sy

GaAs based oscillator using similar dielectric resonators
could also have been used. The noise performance is
shown and tabulated in Figure 4. These measurements
demonstrate a noise performance better than -143 dBc/Hz
at 10 KHz offset (assuming that both oscillators are
similar and uncomlated, -l4OdBc/Hz -3dB) and a flicker
noise comer of around 1 KHz. This noise is within 3
dB of the theoretical minimum for a Sapphire DR
oscillator with an unloaded QO of 44,000 and an
available amplifier power of 10 milliwatt. The equation
used to describe the noise performance Lfm under
optimum operating conditions for thermal noise is 8

where F (9.5dB) is the noise figure under the correct
operating conditions, k is Boltzmanns constant, QO
(44,000) is the unloaded Q, P (10dBm) is the power
available at the output of the TGA, f, (7.6GHz) is the
centre frequency and Af is the offseifrequency. This
equation incorporates the optimum operating condition
that the ratio of &/Qo = 112 and therefore the gain of
the amplifier is dB.
The typical noise performance of the HP8672A signal
generator at 10 KHz offset is -85 dBc/Hz. The
transposed gain oscillator is therefore suppressing this
noise by more than 58 dB.

Figure 5. Experimental Oscillators and Phase Noise Measurement System

Single Oscillator SSB Phase Noise
Kef. Level = 33dBm (+6 for SSB)

h.1 !< .R
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Figure 6 Phase Noise of the Beat Signal of Two Transposed Gain Oscillators at 7.6 GHz

FUTURE WORK
Higher unloaded Q, Higher power operation and zero IF
operation are currently under investigation. It is expected
that a further noise improvement of >30 dB can be
achieved using these methods.
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GPS TIME TRANSFER USING CARRIER-PHASE AND P-CODE MEASUREMENTS
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ABSTRACT
GPS time transfer is usually carried out with CIA code
measurements using the common-view technique. An
uncertainty of a few nanoseconds can be obtained for an
integration time of about 1000 seconds when
ionospheric measurements and precise orbits are used.
This limits the capability of frequency comparison to
the level of 1 to 3 parts in 1014for an integration time
of 1 day.
Recently new frequency standards have been developed
that state an accuracy at or below 1x10-14.For existing
time transfer techniques it is a challenge to compare
their frequency over a ~ ~ c i e n t lshort
y
interval.
Previous studies have already shown the potential of
carrier-phase and Pcode measurements from geodetic
GPS receivers for the comparison of internal receiver
references with an improved performance.
Several experiments on time and frequency transfer
based on phase and P-code measurements are related in
this paper:
* a zero baseline comparison at the BIPM using data
from two AOA TTR4-P receivers connected to a HP
507 1A clock, and
* short baseline comparisons (of several hundreds of
kilometres) using data from TTR4-P units in
operation at the BIPM and from AOA Turbo Rogue
receivers in operation at the ORB, Brussels, Belgium,
and the IFAG, Wettzell, Germany, both connected to
a hydrogen maser.
Preliminary results show encouraging results for
frequency transfer carried out with Turbo Rogue phase
measurements. However, noise as high as 250 ps on 30
s phase measurements, and thus larger than expected,
superimposed on unexplained excursions up to 0,5 ns
for 1-2 hours periods, has been detected in results from
experiments involving the TTR4-P unit belonging to
the BIPM. Collaboration with the maker is already on
the way for deeper investigation of this point.

accuracy, making it possible to compare the best
standards in the world at their full level of
performance: for integration times of 1 to 3 days, the
frequency differences between atomic clocks are
measured to about one part in 1014. However, recent
developments in atomic frequency standards suggest
t.
that this performance may no longer be ~ ~ c i e nThe
new caesium fountain F01 built at the BNM-LPTF,
Paris, France, shows a short-term white frequency noise
~ s) = 2 x 1 ~ ' ~
characterised by an Allan deviation o , ( =l
and a type B uncertainty of 3x10-l5(1 [I]. Frequency
standards based on linear ion traps also show an
excellent short-term stability: their white frequency
'~
noise is detected at a level of a,(r = 1 s) = 6 x 1 ~[2].
To compare the frequencies of such high-performance
standards would call GPS common-view results to be
averaged over 10 days of continuous operation, a time
duration presently unrealistic for these devices.
Previous studies have already shown the potential of
using carrier-phase and P-code measurements from
geodetic GPS receivers for clock comparison [3, 4, 5 ,
61. This paper describes preliminary results from
experimental work which compares atomic clocks
using phase and P-code measurements from AOA
TTR4-P and Turbo Rogue units respectively connected
to a HP 5071A clock at the BIPM and hydrogen masers
at the ORB, Brussels, Belgium, and the IFAG,
Wettzell, Germany.

GPS CODE AND PHASE MEASUREMENTS
The frequency of the clocks on board GPS satellites is
10,23 MHz, and all other frequencies transmitted to
ground are derived from this. Each satellite transmits
an L1 signal at a frequency of 1575,42 MHz (10,23
MHz x 154) and an L2 signal at a frequency of 1227,6
MHz (10,23 MHz x 120). Signal L1 is modulated with
the Pcode (Precise code) and the CIA-code
(ClearIAcquisition code) while signal L2 is modulated
with the P-code only. Both codes are of pseudorandom
noise (PRNj type. The respective chip-rates of the CIAand P- codes are 1,023 MHz and 10,23 MHz, which
results in an improved precision when using Pcode
measurements.

INTRODUCTION
The quality of time metrology depends on the
performance of atomic clocks and on the means of time
and frequency comparison. For the last five years, the
wide-spread use of the GPS common-view technique
has led to major improvements in precision and

The CIA- and P- codes give access to pseudorange (or
apparent propagation time) measurements which are
determined by measuring the difference between two
identical codes:
* One is generated by the receiver and is
synchronized by its internal reference (a 5 MHz
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output from the receiver quartz, controlled by a 5
MHz signal issued from a local clock HP 5071A or
hydrogen maser kept in the laboratory).
* The other is contained in the signal emitted by the
satellite and received by the receiver; it is
synchronized by the satellite clock.

-

-

Most GPS time receivers are one channel CIA code
devices operating on the L1 frequency and connected to
the 1 pps output of the local clock. They deliver Cl
pseudoranges (L1CIA code measurements) from which
are deduced time comparisons, processed over 13
minute periods, between the local clock and GPS time,
the time scale broadcast by the satellites. These
receivers are programmed according to the
International cornmon-view schedule issued by the
BIPM which suggests, at most, 40 daily tracks. The
results, referred to in the following as 'classical
common views', are used for international time links.
The different sources of uncertainty which affect time
comparison between two clocks on the Earth through
the common-view method are described elsewhere [7].
Assuming that GPS antenna coordinates are known
with an uncertainty of a few centimetres (1 d), that
strict common-view (synchronized within 1 s) are used
to overcome Selective Availability effects and that
precise satellite ephemerides are available, the accuracy
limitation (uncertainties given for 1 o and for 13
minute tracks) then comes from:
* estimation of the ionospheric delay, using a model
(a few ns for shortdistance links),
* CIA code measurements noise (1 ns),
* multipath propagation (2 ns),
* estimation of the tropospheric delay (0,5 ns using
temperature, humidity and pressure measurements
PI),and
* differential receiver calibration (1-2 ns).
In the following we neglect dserential or absolute
calibration of the devices involved in order to focus on
frequency transfer accuracy (or time transfer precision).
The ionosphere being a dispersive medium, the related
noise can easily be reduced using an appropriate linear
combination of dual-frequency measurements (referred
to as ionosphere-free linear combination, the
coefficients of which are respectively 2,54 and -1,54 for
the L1 and L2 measurements). In addition, decoding
the P-code makes it possible to reduce the noise in code
measurements to about 1 ns for 30 s measurements.
The TTR4-P receiver made by Allen-Osborne
Associates (AOA) combines these two advantages. In
addition, this model based on the design of the Turbo
Rogue geodetic receiver, tracks up to eight satellites
simultaneously with a basic measurement interval
which may be set at 1s to 3600 s, two features which
considerably increase the number of available
measurements. In the following, P1 and P2
pseudoranges (for L1 and L2 P-code measurements) are
taken every 30 s even when Anti-Spoofing is active

(with some degradation of the precision) thanks to the
original P-codeless mode developed by AOA.
The Turbo Rogue and TTR4-P models also provide
phase measurements on the two frequencies L1 and L2
and thus their ionosphere-free linear combination.
These measurements are provided by beating the L1
and L2 frequencies with locally synthetized frequencies
and have a precision of about 111000 of the period, i.e.
of the order of 1 ps. This helps to reduce the
measurement noise, but phase measurements show an
ambiguity of an integer number of cycles (the L1 and
L2 periods are respectively 0,63 ns and 0,81 ns), an
ambiguity which is not completely solved in the results
given in the following.
Phase measurements are also much less sensitive to
multipaths effects [9], already reduced by mounting the
antenna on a choke ring plane. To reduce uncertainties
in the estimates of the tropospheric delay would call for
a mapping of the troposphere deduced from global
processing of phase data taken by a number of GPS
receivers spread world-wide.
TTR4-P models are adapted to time measurements
thanks to an interface between a local 1 pps signal and
the 5 MHz internal reference of the receiver. It is thus
possible to extract the time differences between the
local clock and the satellite clock (REFSV) or the local
clock and GPS time (REFGPS) with a sample interval
of 30 s. The quantities REFSV and REFGPS are
computed by the receiver from the ionosphere-free
linear combination of Pl and P2 pseudoranges and can
be used to apply the classical common view method.
EXPERIMENTAL SET-UP
This section describes several experiments using P-code
and phase measurements carried out in 1995 at the
BIPM and between the BIPM, the ORB, Brussels,
Belgium and the IFAG, Wettzell, Germany.
At the ORB and the IFAG
The ORB and the IFAG have at their disposal Turbo
Rogue receivers for which the internal reference is
derived from the 5 MHz provided by local hydrogen
masers with very good short-term stability. The data
used for this paper cover two days of L l and L2 phase
measurements taken within the framework of the
International GPS Service for Geodynamics (IGS).
At the BIPM
A TTR4-P receiver (serial number 109) has been in
operation at the BIPM since several years. We had also
at our disposal a TTR4-P receiver (serial number 120)
belonging to the NPL, Teddington, United Kingdom,
for a three month period in 1995.

One of the most important problems encountered with
early 'ITR4-P models is poor operation of the antenna.
This was solved by an antenna upgrade provided by
AOA for unit 109. Unfortunately the antenna shipped
with the unit 120 does not make it possible to carry out
measurements with sufficient gain. We thus operate
both units in a common-antenna mode, the local HP
5071A clock provides a common 1 pps input and a
common 5 MHz internal reference to both receivers
(zero-baseline configuration).
A problem encountered with the TTR4-P model is
frequent resetting of the station coordinates. This
occurs even in 'Clock' mode for which, theoretically,
the coordinates are held fixed. It should also be noted
that the internal reference has frequent resets so it is
not possible to have continuous data for more than one
day on average. A last drawback is that the output of
data blocks on the serial port of the device does not
operate correctly at sample intervals up to 30 s. It is
thus necessary to purchase a Flashcard which allows
storage of the complete measurement lines (including
C1, P1 and P2 pseudoranges and L1 and L2 phases) for
any sample rate.
ZERO BASELINE EXPERIMENT
The first check was to observe individual satellites from
their appearance above the horizon to complete
disappearance. This led to the detection of an anomaly
in the 30 second data REFGPS of three satellites PRN
12, 2 and 21. This is shown in Fig. 1 for PRN 12,
which is not affected by SA, and should thus present a
smooth profile during the 6 hours of continuous
tracking. Instead, structures with amplitudes as large as
40 ns are observed and cannot be assigned to poor
measurements at low elevations, for which errors would
be random, or to coordinates, ephemerides or
troposphere errors which would be very slowly varying.
The origin of this anomaly is probably an erroneous
computation of the distance between the satellite and
the receiver. It follows that a selection of satellites must
be used to obtain a safe classical common-view time
transfer using TTR4-P units. It should also be noted
that the time difference between the local clock (1 pps
input) and the internal reference of the receiver is not
output in the data block and is thus unknown, a
drawback to linking phase measurements to quantities
such as REFGPS and REFSV.
A second test is to compute the differential quantity
[REFSVlo9 REFSVI~O]
obtained from observation of
the same satellite at the same moment by the TTR4-P
units 109 and 120 in the zero baseline configuration.
Individual 30 s points obtained over a 12 hour period
from all visible satellites are shown in Fig. 2. The
values obtained are specified to 1 ns. This is another
disadvantage of the TTR4-P model: it outputs data with
too low a resolution (1 ns) so it is not possible to apply
the Technical Directives for standardization of GPS

-

time receiver software [lo]. In Fig. 2, the standard
deviation of one individual point is about 4,l ns, which
corresponds to subnanosecond noise for the classical 13
minute track length of a single satellite. In the chosen
configuration, most of the sources of uncertainty are
cancelled, but not the measurement noise from the two
receivers: P pseudoranges and links between the 1 pps
input and the internal reference. The level of noise
which is observed here is thus larger than expected
from the P pseudorange measurements themselves (3-4
ns for individual measurements instead of the expected
1-2 ns).
Time transfer using GPS phase measurements has also
been carried out with the zero baseline configuration.
The results of phase differences, obtained with a sample
interval of 30 seconds from the two TTR4-P units, are
shown in Fig. 3 for all satellites visible over one day
(the cycle ambiguities are not solved in an absolute
way). The observed short-term noise is about 150-200
ps which is much larger than expected from phase
measurements. In addition, structures are apparent, up
to 0,5 ns for 1-2 hour periods. Though not explained,
these may be due to excursions of the internal reference
in one TTR4-P unit. The results of phase measurements
in the zero baseline configuration are thus
disappointing.
SHORT BASELINE EXPERIMENT

A comparison of time transfer results between the HP
5071 A clock at the BIPM and the hydrogen maser at
the ORB is shown in Fig. 4 for a one day period and for
all visible satellites: the sample time is 30 s, values are
deduced from ionosphere-free combinations of dualfrequency P-code and phase measurements (the TTR4P receiver used at the BIPM is unit No 109). The
standard deviation of individual points is 2,5 ns for P
pseudoranges, which is the expected level for the case
of a non-zero baseline, and 250 ps for phases, which
seems to be too high.
To c l w the situation with phase measurements, a
more detailed analysis was conducted satellite by
satellite, both BIPM TTR4-P units being involved. An
example for PRN 21 (see Fig. 5) shows noise on
individual 30 s points of about 250 ps for the unit 109
and 50 ps for the unit 120. There are also structures
with amplitude of several hundreds of picoseconds for
averaging times of several tens of minutes. The
intrinsic noise of the HP 5071A clock in operation at
the BIPM explains parts of the observed noise: it
presents white frequency noise for averaging times .r
such that 10 s < 7 < lo4 s at a level of about q(z) =
2,7x10-l2for z = 10 s. This integrates into a random
walk phase noise of about 45 ps over z = 30 s and to
270 ps over 7 = 1000 s. The phase measurement noise
is thus dominated by the clock noise in the short
baseline experiment between the BIPM and the ORB
when TTR4-P unit No 120, belonging to the NPL, is

used. However, it is predominant when measurements
are taken with TTR4-P unit No 109, belonging to the
BIPM. This suggests that this receiver operates poorly
when used for phase measurements.
The same analysis is shown in Fig. 6 for the time link
between the ORB and the IFAG, where local clocks are
hydrogen masers. The short-term term noise (about 10
ps) indicates the high performance of the Turbo Rogue
receivers for phase measurements. Taking into account
the excellent short-term stability of the local hydrogen
masers, the observed structures, of amplitudes several
tens of picoseconds, probably comes from poor
estimation of the tropospheric delays.
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Fiaure 1. Time differences REFGPS between the local clock and GPS time as delivered at a 30 s sample rate
from observation of PRN 12 by a TTR4-P receiver (serial number 109) in operation at the BIPM.
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Fiaure 2. Zero-baseline REFGPS differences obtained from observation of all visible satellites at a 30 s sample rate.
The involved GPS receivers are two different TTR4-P units (serial numbers 109 and 120) at the BIPM.
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Fiqure 3. Zero-baseline phase differences obtained from observation of all visible satellites at a 30 s sample rate.
The involved GPS receivers are two different TTR4-P units (serial numbers 109 and 120) at the BIPM.
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obtained from observation of all visible satellites at a 30 s sample rate. The involved GPS receivers are
a Turbo Rogue unit at the ORB and a TTR4-P unit (serial number 109) at the BIPM.
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Fiaure 5. Phase differences between the ORB hydrogen maser and the BIPM HP 5071A clock obtained from
observation of PRN 21 at a 30 s sample rate. The involved GPS receivers are a Turbo Rogue unit at
the ORB and two different TTR4-P units (serial numbers 109 and 120) at the BIPM.
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PRN 21 at a 30 s sample rate. The involved GPS receivers are Turbo Rogue units.

TIMING OPTIONS AND FREQUENCY CONTROL CONCEPTS
FOR MEETING USER REQUIREMENTS WITH THE
SECOND-GENERATION GLOBAL NAVIGATION SATELLITE SYSTEM (GNSS2)
' C l i f f o r d and 'John A. DAVIS

'Basic Metrology Section, Centre for Quantum Metrology
'Time & Frequency Services, Centre for Electromagneticand Time Metrology
National Physical Laboratory, Queens Road, Teddington, Middlesex, United Kingdom TWll OLW

ABSTRACT
This paper begins with a brief insight into the Sixties'
conception of the global positioning systems for the United
States (GPS) and the former Union of Soviet Socialist
Republics (GLONASS). These satellite systems were
developed with the requirements of the military in mind.
But, the
have brought increasing pressure upon the
GPS controllers to release these systems into civilian
control. We predict that as this happens, new key market
areas will emerge, though the users will require not just a
global positioning service, but a global navigation service.
We identify some key market areas for the early part of the
21st Century. Frequency-band allocation issues will play a
key role in defining the system performance for meeting the
new user requirements: a complex system using L-band
through to J-band for the ground-to-space-segment (and
space-to-ground-segment)will be shown to have distinct
advantages over existing L-band systems, whilst also
allowing for cost recovery mechanisms. The use of K-band
frequencies and above, through to the optical, are being
actively researched, and may be the preferred link for
inter-satellite communication. A brief summary of clock
developments for the next twenty years is given, and likely
predictions where clocks could be used in the ground- and
space-segment are made. A space-segment payload clock
frequency in the microwave, rather than acoustic region, is
called for, if anticipated technological developments in the
21st Century are to be realised. But, quartz resonators are
not dismissed, having a role to play in microwave clock
syntonisation. The need for a truly global timing system is
highlighted with an example from typical UTC data: but,
this initiative will require close international collaboration
to succeed. The relative benefits of time-transfer techniques
are evaluated, with one-way, common-view and two-way
timetransfer having differing roles to play. Two-way
time-transfer to geostationary satellites is likely to play a
significant role in underpinning the system performance.
Synchronisation of clocks in the space- and ground-segment
are described in the framework of the next-generation of
Global Navigation Satellite Systems (GNSS2).

areas such as global digital telecommunications and global

satellite positioning systems. During the Cold War period,
the United States (US) developed the Global Positioning
System (GPS), whilst the former Union of Soviet Socialist
Republics engineered the Global Navigation Satellite
System (GLONASS) with comparable capability
(Thomas A. HERRING, 1996). Both systems were
developed, and have been maintained under, military
control. The GPS network currently consists of 24 satellites,
the last of these was launched and has been in operation
since 13th December 1995. It might have been sooner had
the Challenger disaster not occurred in 1987, which halted
the US Shuttle Programme for three years, and reduced the
Space Shuttle launch rate from two per month to two per
year. Similarly, the final satellite in the GLONASS
constellation was launched, and became fully operational, in
January 19%.
In the years that followed the cessation of the Cold War, the
military markets have diminished: but, civilian applications
look set to fill that void. This is being partly driven by cost,
as the civil market becomes enticed into using GPS by the
receiver manufacturers: for instance, U.S.$ 350 now buys
the user a receiver with nominal 30 metre precision
anywhere on the Earth, with 1 second update capability.

1) INTRODUCTION

GPS is a military system, and this is apparent from the
intentional degradation in the form of Selective Availability
(SIA), that is added to the satellites' ephemeridies, thereby
limiting the accuracy obtainable at the user's receiver. Of
course, the US can switch SIA on, or off, at any time (as
evidenced during the 1992 Gulf War). This has been a
matter of deep concern to European civilian users
considering whether to meet future sole-means navigation
requirements using GPS for aviation. But, despite the
pressure to remove SIA mounting, and efforts to reduce its
effect having been published (D. W. ALLAN, 1995),
rumours that S/A will be removed completely in the near
future have failed to materialise. This has prompted Europe
to investigate the feasibility of working towards a wholly
civil European Global Navigation Satellite System
(GNSSI), which could be followed by a next-generation
(potentially stand-alone) system, GNSS2.

The tearing down of the Berlin Wall in 1990 heralded the
start of a new chapter in History: the Cold War, which had
raged on since the Sixties, was finally at an end. In the
intervening thirty-year period huge advances were made in
space exploration, which had led into spin-off application

Growth in the global mobile communications market is set
to explode in the next twenty years. By being involved in
satellite communication activities now, Europe will
hopefully be able to take advantage of the future commercial
opportunities that arise. In 1996, a tri-partite consortium
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consisting of ESA, EUROCONTROL and the European
Commission will be participating in the exploitation of four
ZNMARSAT-3 satellites to augment the existing GPS and
GLONASS satellite constellations. They will bring
increased accuracy, integrity, availability and continuity of
service to the GPS and GLONASS user community.
Likewise, governments are grasping the opportunities being
made available: for example, the United Kingdom's Heritage
Secretaryrecently announced that the Government would be
signing up to a package of eighteen digital channels to be
b r w t in the year 2005 from six geostationary satellites.
Frequency standards and time-transfer technology have
routinely been developed in National Standards
Laboratories. It takes industry up to ten years to develop
this research for the commercial market. Over the years, the
fundamental physical constants (such as time, length and
mass) have been invariably traceable to the measurement of
a stable frequency. During the last half-Century,
metrologists have seen a factor of ten improvement in clock
performance per decade: and, this progress appears to be
showing no signs of slowing down. So, whereas Global
Navigation Satellite Systems experts talked of 10 metre
accuracy in the 1970's, the advances made with clock and
time-transfer technology by the 1990's seems to suggest
10 crn accuracy in real-time being a real possibility with
next-generation
GNSS in the next decade
(C. C. HODGE, 1996). The only barrier to meeting these
objectives would appear to be political, rather than
technological (Walter BLANCHARD, 1995). as issues of
cost recovery and control become of paramount importance.
In summary, the ability to measure time and frequency with
increasing accuracy has meant that the 1970's satellite
systems technology, which concentrated on global position
has, in the 1990's, switched emphasis to global navigation.
Not wanting to fall behind in GNSS developments,Europe
has instigated a study into the feasibility of a
second-generation system (GNSS2). It has the potential to
be a totally independent navigation satellite system under
civilian control. But, meeting cost recovery issues will
depend on the uptake of the civilian market to the notion of
GNSS2. Therefore, it is crucial that GNSS2 fully meets the
requirements of the future generation of users. We provide
some key market areas that will find the availability of a
real-time, high accuracy, GNSS attractive for navigation
purposes.
2) USER COMMUNITY REQUIREMENTS
2.1.1 Civil Aviation Authorities
The transfer of GPS (and GLONASS) into civilian control
is beiig driven by the civil aviation authorities, who wish to
see GPS used for sole-means navigation during the phases
of high-precision approach. Although the positional
accuracy specifications are not too demanding (and recent
trials using GPS appear to indicate that the required
accuracy is achievable using Local Area Differential (LAD)

techniques, even for CAT I11 precision approach
(P. KLASS, 1995)), it is the specification for integrity,
stipulated by the civilian airport authorities, which is
currently unattainable using the existing global positioning
systems: so much so, that GNSSl (GPS plus GLONASS
plus INMARSAT-3) will only be able to fulfil near-CAT I
precision approach (see TABLE 1). GNSSl broadcasts
ionospheric corrections by using a combination of C-band
and L-band links in differential mode. But, because these
corrections are transmitted to the user over a wide area,
major problems could occur when there is unplanned failure
in the up-link or down-link, affecting users over a wide area:
the whole of Europe, for instance.
However, the driver for GNSS is there. The cost of
maintaining existing Microwave Landing Systems (MLS) by
international airport authorities is currently under scrutiny
(The Role of GPS in European Civil Aviation, 1995), on the
pretence that were GPS to provide sole means navigation
capability, fulfilling civil aviation's CAT III integrity
requirements, it may be a cheaper option to maintaining
MLS capability. Still, even if the specification for CAT III
integrity were attainable, the civilian airline community
would be unlikely to accept having to be the sole financiers
of a sole-means GNSS. With only 2 % of the potential user
market, they might be asked to provide 50 % of the costs!
So, there need to be other market areas for cost recovery.

Precision
approach
..

Horizontal

Vertical

Integrity

Non-precision
CAT I
CAT 11
CAT ID

33 metres
19 metres
8 metres
4.5 metres

10 metres
T.B:D.
5.4 metres 3.3 x lo7
2.5metres 3.3 x l o 8
0.8 metres 3.3 x lo9

TABLE 1: Civil aviation authority requirements for
precision and non-precision approach phases of flight
2.1.2 Rail container monitoring and tracking
The potential market for rail container monitoring and
tracking is vast. GNSS2 would stand to benefit the mass
transport system by providing a service which reduced the
dependence for expensive signalling systems. Rail
transportation systems require special attention, in that the
direction of carriage motion is predictable, but failure to
classify whether the carriage is on the up-line or the
down-line can have disastrous consequences. Any global
satellite broadcast signal will also be blocked as the carriage
passes through a tunnel. Dead-reckoning for interpolation,
combined with laser diode sensing may offer a solution, but
much research needs to be initiated. The rail transportation
community would require 0.3 metres horizontal accuracy,
with an update time between 0.1 seconds and 1 second,
using on-board navigation systems capability for
interpolation and integrity monitoring. Integrity figures for

rail transportation will &pend on the number of nodes at a
rail junction. So, the level of effort required to achieve the
highest integrity would be directly related to the level of
nodal activity. Initial trials for rail container monitoring
using GPS experienced receiver drifts, and failed to evaluate
wheel slippage (Chris de la FUENTE, 1993). But, this is a
market sector of significant importance, and it should be
pursued.

2.13 Understanding of earthquake shock-wave
propagation
'Ihe understanding of earthquake shock-wave propagation
is in its infancy stage, but remains an active research topic
in the Western Continental United States and the Pacific
Basin area of Japan and South-East Asia. New
seismological events seem to bring unpredictable changes
to theory, as the experts attempt to predict future events and
the structure of fault lines (C. FROHLICH, 1995). GPS is
already being used to determine the after-effects of
earthquakes using Local Area Differential (LAD)
techniques, using a "before-and-after" analysis. But, only
through better understanding can scientists determine
whether the underlying mechanism for these events is
predictability or probability. Nominal accuracies of
0.03 metres, with 0.1 second to 1 second update may be
required, which is likely to be difficult to achieve over a
regional area.
2.1.4 Intelligent Vehicle (/Automated) Highway Systems
(IVHSIAHS)
Undoubtedly the largest market (20 million users in Europe
alone), it is therefore not surprising that the Departments of
Transport in both Europe and the United States are keenly
following developments in GNSS2. IVHS, or "in-car
navigation" facilities, are already being incorporated by the
vehicle manufacturers for the more expensive series of
vehicles, and IVHS will continue to penetrate into the lower
end of the market. But, with traffic levels on major
highways throughout Europe continuing to grow, and
demand exceeding supply, governments are investigating
candidate road management schemes, from road tolls
through to Automated Highway Systems (AHS). AHS
(J.-P. BARBOUX, 1994) may prove to be too difficult to
achieve, with accuracies in the 0.1 metres to 0.01 metres
range, with update times of 0.1 seconds to 0.01 seconds.
However, were GNSS2 able to meet AHS specifications, it
would bring a good return on the investment.
2.2 When to meet User Requirements with GNSS2
Existing GPS and GLONASS systems currently fulfil user
requirements down to approximately 10 metres without
LAD and dual-frequencyreceiver techniques. In developing
GNSS2, Europe should concentrate on meeting the needs of
those users with more demanding positional and
navigational requirements below the 10 metre threshold:
competing on both cost and quality of service.
GPS (and GLONASS) seem to be adequate for
non-precision approach for the civil aviation community,

whilst GNSSl will aim to meet near-CAT-I requirements.
But, it is the CAT 11and CAT III accuracy and integrity that
GNSS2 needs to concentrate upon. LAD techniques using
up to three pseudolites in the vicinity of the CAT IVCAT I11
approach (radius of 1 krn) with up to eight satellites in view,
may satisfy airport authorities' specifications. GNSS2 is
likely to comprise of a number of local services to
internatid airports, which together would form a regional
European service. This calls for a GNSS with spot beams
for the civilian community. By comparison, rail monitoring
only requires the highest integrity where rail lines meet,
particularly in urban areas, or at termini, which makes the
use of pseudolites and LAD at selected areas desirable.
But, because of the unpredictability of an earthquake over a
vast area, and the user requirements on accuracy and update
time, economies of scale may make the implementation of
GNSS2 for real-time earthquake prediction a difficult
market to penetrate. Similarly, AHS would require high
accuracy and integrity over a wide area, with all the
associated problems of dead-reckoning and signal
attenuation through obstacles, particularly in urban areas.
But, this remains a key cost recovery area and the solutions
will need to be aspired to, if GNSS2 is to meet its goal.
3) FREQUENCY-BAND ALLOCATION

GPS broadcasts on two frequencies in the L-band
(L,: 1.575 GHz and b: 1.227 GHz), with GLONASS
operating on L-band at around 1.6 GHz. Radio
communications agencies are under increasing pressure to
make more frequency-band space available. With the
mobile communications industry also broadcasting in the
Lband, the competition for frequency-band allocation in the
L-band region (0.390 GHz - 2.5 GHz) is under intense
pressure. But, an indication of how the International
Telecommunications Union (ITU) are able to maintain
frequency-band allocation integrity is demonstrated by the
GLONASS system, which had, until recently, been
transmitting in a radio astronomy L-band. T3e USSR has
since been told to revise its transmission frequencies:
satellites on diametrically opposite sides of the Earth now
share frequencies, thereby preserving the band for the radio
astronomy community.
Calls for backward compatibility of GNSS2 with GPS and
GLONASS could be difficult to satisfy. Recent European
Space Agency (ESA) studies indicate that to launch GNSS2
with L-band capability would cause unacceptable
interference with existing GPS and GLONASS systems.
But, another reason why GNSS2 should not become entirely
dependent on L-band arises from interference due to
ground-based communications systems, which has the
potential to limit accuracy, and more critically, integrity
performance for users requiring the highest performance.
And, finally, L-band transmission suffers from ionospheric
delays, which are inversely proportional to the square of the
frequency, and are typically 10 nanoseconds for GPS in a

one-way time-transfer mode. Reliance on L-band requires
modelling to remove both static and dynamic ionospheric
corrections, which are then broadcast to the user, which
inevitably impacts on system complexity and integrity
performance.
S-band (2.5 GHz - 4.0 GHz) is largely assigned for research
purposes, and ionospheric effects are still significant in the
user error budget.
C-band (4.1 GHz - 7.0 GHz) has been largely maintained
for telecommunications and research purposes. It foms a
key service for both the INMARSAT-3 broadcast and, more
importantly, for the civilian Microwave Landing System in
the band 5.000 GHz - 5.250 GHz. At the World
Administrative Radio Conference for the Mobile Services in
1987 (International TelecommunicationUnion, 1994), the
protection of this vital aeronautical radionavigation system
was expressed as being "paramount". I h e civil aviation
community's reluctance to utilise GNSS has been in
ensuring that there is backward compatibility between MLS
and GNSS. As a result, the civil aviation community have
recently approved the notion of a Multi-Mode Receiver
(MMR), which integrates the hardware for Inertial Landing
Systems (ILS), MLS and GNSS (primarily GPS). But, if
civil CAT III precision approach requirements are to be
met, GNSS2 transmission at MLS frequencies in the C-band
would automatically ensure that backward compatibility of
instrumentation occmed, without reliance on GPS and
GLONASS developments.
Combined L-band and C-band (two-frequency, even
multi-frequency) transmission would allow the ionospheric
delay (and ionospheric delay delays) to be determined to
high precision, and eliminated with respect to other error
sources through broadcasting to the user in a local area.
X-band (7.0 GHz - 11.5 GHz) is also attractive, and has
been much researched during the Cold War period by the
military. This is, in part, due to the higher frequency and
bandwidth available when compared with the L-band. But,
the primary advantage of X-band is that it is sufficiently high
in frequency to make the ionospheric contribution to the user
range error (URE) budget sufficiently small, whilst being
high enough in frequency such that rain fade due to
tropospheric absorption is not a major problem. X-band
requires a n m e of typical diameter 2 metres, whilst being
sufficiently directional to enable regional coverage to be
obtained. During the Cold War period, much progress was
made on the effects of multipath evaluation
1994
and
(Yaakov
BAR-SHALOM,
Richard D. J. VAN MEE, 1992), which cannot be modelled
easily, but must be determined directly by the user. But,
despite the advantages of using X-band, frequency-band
allocation
for
radionavigation,
fixedand
broadcasting-satellite services will need to be considered
through the official channels, in discussion with the
International TelecommunicationsUnion (rmr).

J-band (11.5 GHz - 18.0 GHz) does experience some rain
fade attenuation, which seems to contradict its being of use
for GNSS2 in times of heavy rain-fall. But, this
frequency-band provides good directionality, and would
seem to be the ideal candidate for broadcasting to
geostationary satellites in real-time. The National Physical
Laboratory OIJPL), in partnership with five other European
laboratories, have routinely participated in two-way satellite
time- and fiquency-transfers using an INTELSAT satellite
at 307 "E(J. A. DAVIS, 19%). Although rain fade effects
using two-way time-transfer are seen in the United
Kingdom, signal outages are rarely experienced, and could
be eliminated with higher power levels from the
geostationarysatellite. This idea would also build on ESA's
experience gained during GNSSl development using
INMARSAT-3, with the potential for backward
compatibility. By transmitting at spot frequencies in the
J-band, it may also be possible to reconstruct the
Kramers-Kronig relationship for tropospheric absorption,
and evaluate the concentration of water in the path of the
satellite and the user in real-time.
The use of K-band (18.0 GHz - 33.0 GHz) for
space-to-ground- (and ground-to-space-) broadcasting is
precluded by rain fade from the troposphere. However,
K-band and higher frequency transmission (V-band,
W-band, etc.) would be well suited for inter-satellite links
between a network of geostationary satellites, which would
formulate the basis of a global time- and
frequencydissemination service to the ground-segment.
These ideas will be developed in the time-transfer section,
later in this paper.
Laser ranging via inter-satellite links should also not be
dismissed, where studies have suggested that 5 picoseconds
timing accuracy is feasible (G. APPLEBY, 1994).
Two methods for cost recovery appear to have surfaced.
The first involves the use of "smart cards", whereby the
signal transmitted to the user is encrypted. But, the concept
of a civilian system being encrypted has met with some
resistance over who would control the system, and there is
also opposition from the maritime community.
Ideas to transmit at a number of frequencies may add to the
complexity of GNSS2, but there is justification for doing so.
Where this may be to an advantage would be in offering
different levels of service, dependent upon: the complexity
of the receiver for obtaining certain frequencies (single
L-band, single C-band and dual X-band, for instance) and
the carrier coding rates used (10 MHz, 30 MHz or 100 MHz
services on offer). By levying a payment on the complexity
of the receiver, cost recovery mechanisms could be
established, without the need for &ta encryption, which also
adds to the complexity of the receiver, the transmission
data-rate, and the complexity of the payload in the
space-segment

.

NPL are therefore proposing that future studies concentrate

upon:
a. the use of Lband, and C-band (or X-band, or J-band) for
the real-time determination of local ionospheric delay
delays;
b. the investigation of multi-path effects using
multi-frequency C-band and X-band directional-array
antennae receivers;
c. the use of J-band for two-way time-transfer from the
ground-segment to geostationary satellites for real-time
satellite ephemeris determination, fonning the basis for
inter-satellite links to a global network of satellites;
d. the use of multi-frequency J-band for the real-time
determination of local tropospheric delay delays;
e. the use of frequencies at K-band and above (including the
optical region) for inter-satellite links utilising a
geostationarysatellite network (via two-way time-transfers)
with (pseudo-ranging or) two-way time-transfer to orbiting
satellites in the GNSS2 constellation.

4)STABLE CLOCKS
FIGURE 1 provides a typical overview of Allan variance
figures for state-of-the-art clock performances in 1995:

FIGURE 1: Allan variance versus measurement period for
space atomic clocks
Over the years, frequency standard development has seen a
steady progression towards higher stability, with the
development of atomic clocks operating at higher
frequencies (see TABLE 2). This trend looks set to
continue. Of perhaps the greatest significance is the lack of
a clear link between optical and microwave frequencies,
which has precluded the realisation of stable frequency
standards operating in the terahertz region
6.MALEKI, 1993). These frequency standards can be
broken down into short-term (10.' seconds 10' seconds),
medium-term (lo2 seconds - loS seconds) and long-term
(I@ seconds - lo7seconds) stability.

-

Clock

Quartz (S)
H-maser (M)
Rubidium (M)
Caesium (M-L)
Sapphire (S-M)
Rutile (S-M)
Mercury linear-ion trap (M-L)
Optical parametric oscillators (S-M)
Cavity-stabilised Nd:YAG (S-M)

Resonant frequency

0.005 GHz
1.420 GHz
6.835 GHz
9.192 GHz
8 GHz 17 GHz
8 GHz 17 GHz
40.5 1 GHz
190 THz
282 THz

-

TABLE 2: Resonant frequency of sample clocks, with
stability regions indicated (S = short-term;
M = medium-term; L = long-term)
Ovenised quartz resonators have been used as the short-term
"workhorse" local oscillator for GPS, with a stability of 10''
for averaging times between 1 second and 100 seconds.
The resonance is determined by the dimensions of the
material (through the mass and stiffness). Quartz has the
advantage that it is relatively cheap, low-power and
light-weight. But, generally, the resonant frequency does
not exceed 10 MHz in a commercial device, which means
that medium- and long-term stability frequency standards
with resonant frequencies in the microwave need to be
mixed down in frequency, at the expense of bandwidth.
With the availability of low-power, light-weight
space-qualified cryocoolers (J. C. GALLOP, 1996),
cryogenic sapphire dielectric resonators operating at liquid
nitrogen temperatures offer a realistic alternative as a
short-term stability local oscillator, operating nominally in
the X-band.
Sapphire dielectric resonators
(D. G. BLAIR, 1994) have many advantages over atomic
frequency standards because the theoretical limit to the
signal-to-noise is limited by radiation pressure from the
microwave photons, whilst the signal-to-noise for an atomic
frequency standard experiences a trade-off between atomic
flux and pressure broadening effects. Also, the lifetime of
cryogenic dielectric resonators is limited by the lifetime of
the cryocooler (in excess of eight years), whereas atomic
clocks are limited by the lifetime of the molecular supply
(usually five years). Cryogenic sapphire dielectric
resonators are also more tolerant to external magnetic field
fluctuations, with the size of the cryogenic resonator system
W i g comparable to commercial rubidium atomic frequency
standards. The dimensions of the dielectric resonator can be
reduced further by a factor of four by choosing rutile
(N. KLEIN, 1995) instead of sapphire, with negligible loss
in stability, allowing ultra-miniature cryocoolers to be used,
with minimal power requirements. In summary, cryogenic
dielectric resonators have distinct advantages over atomic
frequency standards, and are attractive for the
space-segment.

Rubidium atomic clock technology has progressed to the
point where l 0 ' I 3 stability may be realised between
102seconds and lo4seconds, through miniaturisation of the
bulb, and by a using stabilised laser to pump the rubidium
vapour (G. MILETI, 1995). making rubidium a relatively
cheap and compact medium-term stability clock for the user.
But, without space-qualified single-mode lasers for
pumping, the order-of-magnitude improvement in stability
cannot be reaped for the space-segment applications.
In 1%7, the second became defined as the number of cycles
in a hyperfine transition of the caesium atom. Although the
caesium atomic clock is larger than its rubidium counterpart,
the attainable stability of l 0 ' I 3 is an important improvement
over rubidium in the long-term. With six-beam
laser-stabilised pumping and generation of a molasses
(K. GIBBLE, 1992), a caesium fountain has been realised
with stabilityof 3 x 10-Isin the long-term, with the potential
for approaching 1Ol6 in a micro-gravity environment
(Philippe LAURENT,1996). To realise the potential of this
caesium fountain would require a time-transfer capability of
30 picoseconds with GNSS2, which has yet to be proposed.
But, to reap the full benefits of the caesium fountain,
spacequalified single-mode lasers will need to be
developed.
The active cavity room-temperature hydrogen maser has
been able to achieve 2 x l @ I 5 stability over
lo3 seconds - 104 seconds, and the caesium fountain
standard may prove to be more stable than the hydrogen
maser in the medium-term. But, the hydrogen maser has
distinct advantages over caesium and rubidium because it
relies on a discharge to generate the atomic beam,
precluding the need for space-based lasers. The potential to
develop a hydrogen maser-in-space, with a cryogenic
dielectric resonator as the local oscillator, has potential for
the next-generation of clocks in the space-segment.
Attempts to design a cryogenic hydrogen maser system with
better medium-term stability than the room-temperature
version appear to be in difficulty, with problems in
maintaining a uniform bulb coating over the long-term.
Progress on the mercury linear-ion trap system (LITS) has
been steady and promising, with stability comparable to the
caesium fountain already demonstrated (L. MALEKI, 1995).
The United States are intending to launch a mercury LITS
using an ovenised quartz crystal as the local oscillator.
Close attention also needs to be paid to the development of
new optical frequency standards. Nd:YAG lasers stabilised
to cryogenicFabry-PBrot cavities have the potential of better
than 10-l6stability for averaging times up to 104 seconds
(S. SCHILLER, 1995), and have the potential to be the
next-generation of frequency standards, if the gap between
optical and microwave frequencies can be bridged
(M. NOTCUlT, 1996). Optical parametric oscillators may
also offer a means of bridging that gap
(N.C. WONG,1995).

FIGURE 1 shows that existing two-way time-transfer
requires better stability than that attainable with rubidium.
But, rubidium clocks do have a role to play for the user,
where cheap, light-weight operation is required. Quartz
may also have a role to play in syntonising dielectric
resonators, by mixing a fraction of their frequency from a
cryogenic dielectric resonator.
Research effort is actively geared towards the production of
space-borne miniature clocks: cryogenic dielectric
resonators; atomic rubidium; atomic caesium f o u n ~ ,
room-temperature active hydrogen maser; and, the mercury
linear-ion trap.
It should be mentioned that a space-segment GNSS2 will
place emphasis on short- and medium-term stability clocks
for navigation systems (for the space-segment and
pseudolites), rather than on medium- and long-term stability
clocks for positioning systems (using the 12-hour orbit
global satellite systems). Non-reliance on semiconductor
laser devices in the harsh environment of space favours a
space-segment dependent upon the cryogenic dielectric
resonator and active hydrogen maser technology.
Maintenance of the time scale using long-term stability
clocks is likely to be the responsibility of national timing
centres throughout the world, partly because of the time to
launch and deploy clocks in space, and partly because
national timing centres usually research and develop the best
£requency standards before industry realises their potential.
Predictions are that the caesium fountain will be the future
long-term "workhorse" for ground-segment global
time-keeping.
Continent

Clocks for UTC evaluation

United States
Western Europe
(Austria, Belgium, France, Germany, Italy
The Netherlands, Spain, Switzerland, Turkey
United Kingdom)
Australasia
(Australia, China, Hong Kong, Japan
Korea, New Zealand)
Eastern Europe
(Czech Republic, Hungary, Poland, Russia)
Continental America (excluding USA)
(Argentina, Canada)
Continental Africa (Israel)

69
75

42
16
9
1

TABLE 3: Atomic clocks considered in the calculation of
International Atomic Time (TAI) for the 60day interval
commencing 23rd April 1995
However, a study of the main contributors to International
Atomic Time (TAI) for the week commencing
23rd April 1995, a typical date (see TABLE 3), indicates

that the majority of clocks are located in the northern
hemisphere in the United States and Western Europe,with
a dispersion over Australasia. But,for any truly global timeand fiquency-dissemination service, this imbalance would
have to be addressed.

5) TIME AND FREQUENCY-TRANSFER OPTIONS
IN THE GNSS2 SYSTEM
5.1) Introduction
Time- and frequency-transfer will play a key role in the
next-generation GNSS, the most significant internal
application being the synchronisation of ground-segment
and satellite clocks. Inter-satellite links would allow direct
synchronisation of satellite clocks. GNSS2 should be
designed to satisfy next-generation user requirements for
both time and frequency dissemination, and enable
time-transfers between primary timing laboratories in
real-time to become common-place. There will need to be
signiscant advantages in using the GNSS2 system for these
applications when compared with the use of present-day
GPS, if cost recovery is to be achieved.
Magnitude. of Error

OneWay

SatellitePosition
> 6 ns*
Earth-Station Position
300 ps
Instrumentation Delay Changes 200 ps
Ionosphere
0
Troposphere
200 ps
SatelliteMotion
0
Relativistic Effects
0
Absolute Delays
500 ps
Measurement Noise
20 ps

Two-way Ranging
0
0

200 ps*
0
0

0
300 ps*
200 ps*
0
400 ps*

reduced, or a two-way satellite time- and frequency-transfer
(TWSTiT) method needs to be implemented. The methods
selected for clock synchronisation will be linked to the
method chosen for satellite ephemeris determination,
through the selection of common instrumentation. We
propose that TWSTFT methods should be combined with
microwave ranging of the satellite for real-time satellite
ephemeris determination.
The TWSTFT method offers several clear advantages for the
synchronisation of earth station and satellite clocks: the
precise detemhtion of the earth station coordinates and the
satellite ephemeris are not required, the effects on the
time-transfer of ionospheric delays are reduced to only a
small fraction of the effect resulting from a one-way link;
tropospheric delays cancel. The use of satellite simulators
and calibration loops may enable the instrumentationdelays
to be calibrated during operation. Low measurement noise
may be achieved with both the two-way and one-way
methods, through the use of high frequency transmissions
and directional receiving antennae, which favours J-band
transmissions. Multipath interference effects could also be
ameliorated. A minor disadvantage of the TWSTFT method
is that an additional payload must be flown on the satellite,
although there are examples today where experiments have
been performed using on-board instrumentation
(S. BEDRICH, 1995). Clock synchronisation significantly
better than a nanosecond is ultimately achievable using the
TWSTFT method. But, substantial work will be required to
achieve this accuracy, particularly in the calibration of the
instrumentation delays.

If one-way time-transfer were to be used for satellite clock
synchronisation, then a substantial improvement must be
achieved in satellite ephemeris determination
(David W. AUAN, 19%). One possible method is through
the use of inter-satellite links. Higher transmission
>6ns ~ 6 0 0 ~ s~ 8 0 0 ~ s frequencies would significantly reduce ionospheric delay
Total Emxs
errors , and modelling could reduce the tropospheric delay
* indicates the major error source(s) requiring future research to
error (D. KIRCHNER, 1994).
Overall, clock
mitigate their effects
synchronisation with an accuracy of one nanosecond may be
possible. But, it should be stressed that the accuracy
0 indicates that the magnitude of the error source is (through
attainable using the two-way method will ultimately be
modelling of the static component) negligible compared to other
higher.
factors
0

0
500 ps*
20 ps

0
0
500 ps*
20 ps

TABLE 4: Typical time-transfer and ranging error budgets
5.2) Synchronisation of Ground Segment and Satellite
Clocks
The synchronisationof ground-segment and satellite clocks
within the GNSS2 system offers a major challenge to the
time and frequency community. Currently, navigation
signals from the present-day GPS are used to perform this
synchronisation. But, the accuracy of this one-way
time-transfer method is principally limited by the
instantaneous determination of the satellite ephemeris (see
TABLE 4). To improve the clock synchronisation, either
the systematic errors limiting the one-way method must be

5 3 ) Satellite Ephemeris Determination
The determination of the satellite ephemeris results in the
largest contribution to the navigation error in the existing
GPS system. GPS determines the satellite ephemeris by
making pseudo-range measurements using the navigation
signal. This method requires both small propagation delay
errors and accurate clock synchronisation at the receiving
station. The disadvantage of this technique is that the
geometrical arrangement used to determine the satellite's
position is particularly poor (FIGURE 2). This is due to the
relatively short baselines in comparison with the distance to
the satellite. Microwave ranging (FIGURE 3) dramatically
improves the accuracy with which the range component of
the satellite's ephemeris may be determined, and recent

results suggest that the range component of the satellite's
ephemeris may be determined with an error of only a few
centimetres. When taking geometrical considerations into
account, this result suggests that the satellite ephemeris may
be determined to an uncertainty well below a metre.
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5.4) Inter-Satellite Links
The use of inter-satellite links has several advantages that
will be of value to GNSS2. The absence of atmospheric
absorption enables a wide variety of transmission
frequencies to be considered for these links. Inter-satellite
links can improve the geometrical arrangement used to
determine the satellite ephemeris, allowing high integrity to
be realised, and making direct synchronisation between
satellite clocks possible. The absence of ionospheric and
tropospheric delays is particularly advantageous, and both
one-way and two-way links are possible. Of particular
interest may be links between geostationary satellites, or
inclined geostationary satellites at the extremes of their
orbit. With these satellites having a relatively fixed position,
it may be possible to transmit and receive signals using
small directional antennae. Low noise two-way links may
be established, both for clock synchronisation and for
improving the geometry of the ranging links used for
ephemeris determination (FIGURE 4). Another interesting
proposal is to transmit one-way links from geostationary
satellites to satellites in 12-hour orbit (FIGURE 5). If the
ephemeris of the geostationary satellites are well
determined, then pseudo-ranging techniques should also
enable the satellite ephemeris for the constellation in
12-hour orbit to be determined to high accuracy.

FIGURE 5: One-way links between geostationary satellites
and satellites in 12-hour orbit

5.5) GNSS2 Navigation Signals
In the existing GPS system the largest sources of error in the
navigation signals are due to inaccurate satellite ephemeris
determination and clock synchronisation. From the above
discussions, it is clear that GNSS2 performance could be
improved significantly over present-day GPS. Techniques
to reduce the remaining sources of error in the GNSS2
navigation signal, such as ionospheric delay and
tropospheric delay and multipath effects, have already been
addressed through the use of multi-channel, multi-frequency
receivers with directional antennae, and the use of higher
multi-frequency broadcasting. Urban areas will pose
particular attention to detail. Possible future studies have
also been highlighted. The measurement noise and delay
stability of the receiver may limit the performance of the
navigation system, although carrier-phase detection with
code rates up to 100 MHz may be used to limit the
measurement noise. There is also work in progress to
improve the delay stability of the receiver instrumentation,
with
special
attention
on
alleviating
the
temperature-dependenceeffects on instrumentation, perhaps
through
miniaturisation
of
receivers
and
temperature-stabilisation.
To obtain the maximum performance from the GNSS2
navigation system, the choice of satellite constellation must
be optimised. To determine the position of a GNSS2
receiver, four or more satellites must be observed

simultaneously. 'The geometrical orientation of the satellites,
the dilution of precision (DOP), is a major factor in the
user's navigation accuracy. The options are numerous for
GNSS2: both in the choice of the number of satellites; and
in the possible orbit types. Twelve-hour intermediate
circular (ICO), geostationary (GEO), inclined geostationary
(IGSO), mediumelliptical (MEO), highly-elliptical (HEO)
(and even low-earth (LEO)) orbits are all under
consideration. With an optimised choice of satellite
constellation, a navigation accuracy below 1 metre (1 a)
should be realised, before the implementation of LAD
techniques.

56) Tie-and Frequency-Transfer, and Dissemination,
Services
GNSS2 offers several advantages over the existing GPS for
both time-transfer and time-dissemination. The inclusion of
geostationary satellites in the GNSS2 constellation enables
the continuous reception of signals from a single satellite.
Operation at high transmission frequencies would enable
reception using small directional antennae resulting in high
carrier-to-noise (C/No) values and low measurement noise.
GNSS2 will not require Selective Availability degradation,
and lower systematic errors will give GNSS2 a distinct
advantage for both one-way and common-view
time-transfer, over the existing GPS system. An option
worth considering is the operation of a regional,
near-real-time, common-view service. With many primary
timing laboratories already possessing up-linking facilities,
the possibility exists to transmit GNSS2 common-view data
via geostationary GNSS2 satellites, so making real-time
common-view time-transfer available to GNSS2 users.

5.7) Time and Frequency in the Ground-Segment
To obtain the best synchronisation between a GNSS2 time
scale and UTC, it would be sensible to reference GNSS2
time (UTC(GNSS2)) to atomic clocks at primary timing
laboratories. As many primary timing laboratories already
possess uplinking capabilities, there would be the
possibility of uplinking signals from several different
laboratories worldwide in real-time. A key issue will be the
re-synchronisation time for correcting drifts in the satellite
clocks, which will depend on accuracy and integrity
requirements of the user, and the stability of the on-board
clocks in the space-segment. This could typically range
from 60 seconds to 3,600 seconds. (Clock drifts as low as
3 picoseconds are achievable, with the clock drift for the
comb'ied cryogenic dielectric resonator and active hydrogen
"~
r = 1 second and
maser < 0.1 ps per s e c o n d l ~ between
1,000 seconds).
CONCLUSIONS
This paper has described the first Phase of an on-going
study of work investigating the feasibility of a wholly-civil
European second-generation Global Navigation Satellite
System. The issues of time and frequency underpin the
whole system, and this has been highlighted through the
options available for frequency-band allocation, clock

development, and time-transfer techniques for global
navigation and global time- and frequencydissemination.
'Ihe NFLpropose that further studies on issues such as local
real-time ionospheric and tropospheric delay evaluation,
two-way time-transfer to geostationary satellites for
real-time satellite ephemeris determination, and multipath
effects and methods to ameliorate them through
multi-frequency receivers and directional antennae, would
be beneficial towards developing the next-generation of
global navigation satellite systems.
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A GPS PARALLEL COMMON-VIEW EXPERIMENT

Jan CermAk
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ABSTRACT
In May-June 1995 an experiment was carried out
at the Institute of Radio Engineering and Electronics (IREE), Prague, in collaboration with the
Physikalisch-Technische Bundesanstalt (PTB),
Braunschweig, and the lstituto Elettrotecnico Nazionale (IEN), Turin to assess the performance of
the GPS common-view time transfer to IREE.
At each laboratory two GPS receivers were in
parallel operation. While the first receivers were
scheduled according to the reccomendation of Bureau International des Poids et Mesures (BIPM),
the second receivers followed a special schedule
with equally-spaced tracks and with satellites at
high elevations. As a comparative measure of the
white-noise PM present in the common-views, the
time deviation ox (7,) was used. The best noise
performance with ox(z,) = 1.5 ns for the sampling
interval of 1 hour was shown in the case of the
UTC(TP)-UTC(IEN)
common-view difference
measured by the second-receiver pair. A favourable impact of higher satellite elevations has been
observed. Daily variations with a variable amplitude up to several nanoseconds were found in all
common-view pairs. As a first step in seeking
the main source of these variations, antenna temperature sensitivity of the two IREE's receivers
has been measured. All filtering throughout the
analysis was realised by using Vondrak smoothing.
INTRODUCTION
The time laboratory of IREE is responsible for the
Czech National Time and Frequency Group Standard whose performance has been described by
Buzek et al (1) and Buzek (2). IREE is also generating the UTC(TP) time scale (TP stands for
Tempus Pragense).
As with most of the time laboratories nowadays,
IREE is making use of the common-view GPS
time transfer to ensure the access to BIPM and
other time and frequency centres. Since the GPS
reception was implemented in IREE, routine comparisons of UTC(TP) are being made against
UTC(PTB) and UTC(IEN) which are very helpful in
evaluating the metrological parameters of the
Czech Standard.

Though the behaviour of generic GPS in common-view is known, in practice the performance of
a concrete link between two laboratories may differ
depending on local conditions. Thus two laboratories may establish a special common-view link
and may attempt to optimise it (e.g. through hardware and software calibration, choice of tracking
schedule and satellites, corrections for temperature sensitivity etc.).
Having this as motivation, we asked our colleagues of PTB and IEN to take part in an experiment which would provide redundant data to better
assess the current common-view links to IREE.
The idea was to employ the spare GPS receivers
of IREE, PTB and IEN with a special schedule
different from that of BIPM. Thus the second receivers of each laboratory were scheduled for
equally-spacedtracks so that the common stability
measures could be applied. In addition, the
schedule was chosen so as to allow the satellites
to be tracked at only high elevations.
Some interesting results obtained in the postprocess analysis of all common-view pairs are
described in this paper.
BACKGROUND
GPS i n Parallel Common-View
The time transfer from place A to place B via the
GPS in common-view is based on simultaneous
observations of the same satellite. Thus the strict
common-view technique requires at least one pair
of receivers that would have an identical tracking
schedule (i.e. the same start of track, length of
track and satellite to be tracked).
If there is a spare receiver at one site it can follow
either the same schedule as a backup receiver,
which is usually the case, or it can be scheduled in
a different manner making a pair with another
equally-scheduled receiver. In this way the two observers can establish two (or more) GPS common-view links to provide redundant time transfer
between each other. For these multi-scheduled
common-views we use here the term "parallel"
common-views.
Let us first introduce several basic definitions concerning GPS in common-view. The GPS time receivers make it possible to measure the difference
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between local time and GPS time. Hence the
measured time difference is a function of time. If
there are more receivers at site A, we can write
for the time difference obtained from receiver k at
time t

Stability Measure

AA(t) = XA - k g(f)~

k

(1

(used for all
where xA is the local time;eference
receivers at the place) and gA is the GPS time as
interpreted by receiver k. We can write a simple
model relation
kgA(t) = g + SA(t)

+ k

~ (t)
A

(3)

= XA -XB + SB(~)- SAQ+RB(~)- k~~ (t).

o:('))=

1
8((A242)

(5)

f

where A2 is the operator of the second difference
and Z represents the average over z =nzo (n is
integer and is the basic sampling interval), The
Symbol ( ) indicates tirne average over an infinite time.
An estimate of a(;=)
for a finite data length with N
samples is
M

( 2 1= [

n+k-I

i

+
i=k

6n2M

n

2Xi+n + Xi)

where M = N - 3n + 1 and i,k are integers.
The plot of ox(z) makes it possible to clearly distinguish between the specific types of noise assumed
to be present in the GPS common-views. The ox(7)
plot decays as -I" for white-noise PM (-112
slope on log-log scale) and increases as in for
white noise FM (+1,2 slope on the log-log scale).
Vondrhk
A digital filter well suited to filtering the GPS
common-views in the time domain is "ondrhk
smoothing which allows unequally spaced arguments to be treated. The principle of smoothing is
based on minimising the sum
N

1
-C(Si
N - 3 i=,

Substituting from (1) and (2) in (3) gives
AA,B(t)

In order to assess the phase (time) stability of the
GPS common-views one needs an adequate stability measure. Out of the variances commonly
used in the time domain, the best suited measure
in our case is the time variance, o?(z) or TVAR,
which is defined, e.g. Allan (3), as

(2)

where g is the system GPS time as generated by
the GPS master-clock and the time varying functions represent the fluctuations in the transfer of
GPS time to site A. By SA(t) we denote the fluctuations arising outside the receiver (in the satellite
A) and
the
and on the path
fluctuations inside the receiver k. We assume that
time kgA has been corrected for the systematic errors that is we are interested in the relative time
transfer (or frequency transfer) only.
In practice, the difference (1) measured by the
time receiver at time t is not a kind of one-shot
value but a result of certain statistical data treatment within the receiver related to time t. The time
receivers usually provide difference (1) along with
the slope (frequency deviation) and the residual
standard deviation resulting from the ultimate linear fit made over the whole track.
in (1) as
When substituting XA and
then for XA<
(time XA is ahead time *gA 1,
the difference k ~ Abecomes negative. To avoid
confusion we should point out that if the difference
k ~ is
A understood as a result of a counter measurement (pulses xA and
triggering Start and
Stop inputs, respectively), it takes b convention
1
a positive sign when XA arrives before g ~ .
Since relations (1) and (2) hold also for the
equally-scheduled k-th receiver at site B, we can
make a common-view difference

k

B
identical). The residual difference k ~ - Ak ~ , depends on local receiving conditions and therefore
is of main concern if any improvements in the
common-view time transfer should be made.

-xi)

2

+

6
7

1. -

1~

~d3~(t)12dt
j = min[

tA

(4)

Because xA E XB and the time functions in the
above equations are slowly varying, time t may be
represented by either XA or XB.
Eauation (4) indicates that for an ideal time transfe;
eq;aiities
SA(t) = SB(t) and RA(~)= k ~ ~ ( t )
should hold at any time. Obviously, as B approaches A (by shortening the base-line) then
SB-SAapproaches zero (paths A and B become

(7)

where

"ei

{(t)
N
tA
tg
7,

measured value
at ti
smoothed value at ti,
smoothed function
number of measurements,
beginning of smoothing interval,
end of smoothing interval,
smoothing time constant.

~

The algorithm approximating relation (7) is described in detail by Vondrdk (4) and (5). Huang
and Zhou (6) have derived a response function in
the frequency domain as

which shows a good selectivity of the algorithm
when utilised as a filter. For the finite data length,
equation (8) holds best in the middle of the
smoothing interval.

EXPERIMENT SPECIFICATIONS

EVALUATION
Before post-processing the data, inconsistent outliers had been removed and the IEN record was
corrected for a step of +600 ns made by IEN on
MJD 49840.4. All common-view calculations were
related to the middle of the tracking interval. Figure 1 shows the records of relative common-view
differences against UTC(TP) obtained from the
rough data (systematic drift removed).

40

- Relative time difference (ns)

(TP-PTB),

--

*

The parallel common-views started 25 April 1995
(MJD 49832) and finished 19 June 1995 at PTB
and 29 June at IREE and IEN.
The base-line between IREE and PTB is 368 km,
TP and IEN 768 km, and finally PTB and IEN
835 km.
As local time references, UTC time scales were
used that is UTC(TP) at IREE, UTC(PTB) at PTB
and UTC(IEN) at IEN.
The standard track length of 13 minutes was used
for both the BlPM and experimental schedules.
The BlPM schedule provided on average 25 daily
common-view tracks of (TP-PTB)l, 36 tracks of
(TP-IEN)I and 23 tracks of (PTB-IEN)l. Average
satellite elevations were about 45'. To make the
symbols more legible when treating these concrete
common-view pairs, we will use an alternative
notation for differences (3), e.g. (TP-PTB)k instead of k ~P ~ B~. ~ ,
Since the satellites for the experimental schedule
were chosen to be at the highest elevations possible (70' on average), a compromise choice of the
minimum spacing between tracks was approximately one hour. Thus the experimental schedule
provided 24 hourly-spaced tracks a day with 14
different satellites to be tracked (some of them
had to be tracked twice). The interval between the
tracks immediately before and after midnight was
shorter by 4 minutes due to receiver approximation of sidereal time.
The receivers employed in the experiment were as
follows (numbers in parentheses are serial numbers):
Allen Osborne TTR-6 (260) and (412) at IREE,
TTR-5 (156) and Rockwell Collins at PTB, and
lastly NBS (31) and TTR-5 (196) at IEN. Each first
receiver of the laboratory was that of BlPM
schedule.
The measurement protocols produced by the receivers gave 0.1 ns resolution in difference (1) for
the IREE and PTB receivers, and 1 ns for the IEN
receivers. Slope resolution was 1 psls for all receivers.
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Figure 1: Common-views against UTC(TP) calculated from rough data

zol complies with the condition max (z,,) << z, then

Though the measurements were interrupted several times due to problems with the GPS reception
in one or another laboratory, the continuous segments provided data sufficiently robust for analysis.
Stability Results

According to (5), the time deviation ox(z) is defined
for equally-spaced samples. Thus it can be strictly
applied only to the common-view differences obtained from the experimental schedule (k=2). Figure 2 shows the plots of ox(z) as calculated for
common-view differences (TP-PTB)2, (TP-IEN)2
and (PTB-IEN)2.
(~~(7)Time deviation (ns)
ldeal white-FM slope

I

ox(zo,) is again equal to classical standard deviation of white noise PM.
As an alternative measure, the classical standard
deviation can be used if calculated from the common-views high-pass filtered by means of Vondrhk
smoothing with an appropriate smoothing time
constant zs= zc. ,In this way the white noise FM
prevailing for z > zc is attenuated and the standard
deviation becomes independent of data length.
The result of high-pass filtering (with z, = l o 4 s)
applied to the common-views of the experimental
schedule can be seen in Figure 3 (see the difference against the plots in Figure 2). Obviously, for
sake of comparison, the value of z, should be the
same for all common-views.

/

- Time deviation (ns)

~ ( 7 )

ldeal white-PM slope

I

L

z - Averaging interval (s)

I

ld

105

7

- Averaging interval (s)

I

Figure 2: ox(z) for common-views obtained from
the experimental schedule

Figure 3: ox(z) for high-pass filtered commonviews

As expected, two types of noise can be identified
in the plots in Figure 2. For short averaging intervals, the prevailing noise with -112 slope is the
white noise PM due to GPS. For long averaging
intervals, the +112 slope indicates the white noise
FM due to clocks involved in the common-views.
For a given sampling interval 7, function ox(z)
takes its minimum for an interval which we refer to
as 7., In the above common-views, z, falls in the
range of 1x1o4to 2x1o4s for 7, = 1 hour. In order
to give ox(z) a comparative meaning for white
noise PM, we assume that the effective noise
bandwidth is identical in all receivers.
It is apparent that ox(zo)can be taken as a singlevalue measure to compare the phase noise of different common-views. However, one must be concerned with the condition zo << zc which should be
fulfilled to avoid contamination with the FM noise
of clocks. We should note that o,(zo) is equal to
the classical standard deviation of the pure
white-noise PM.
The estimate of ox@)can also be applied to nonequidistant data (now having the basic sampling
interval variable, zol, in contrast to constant z,,). If

The phase instability results for all common-views
obtained during the experiment are summarised
in Table 1. The quantities ox(zo) and oX(zoi)are the
above described time deviations and o represents
the classical standard deviation calculated from
the high-pass filtered common views (with
=, = 10 4 ~ ) .
TABLE 1 - Common-view time deviations (ns)

Schedule
BlPM
k=1

Experimental
k=2

Comparing the deviations in Table 1 for both
schedules one can see noticeable differences between the common-view pairs in which PTB's first
receiver was involved and the other pairs. In addition, close examination of the (TP-PTB)l record
has revealed sudden changes in noise strength as
if there were two modes of operation. This effect is
illustrated in Figure 4 for high-pass filtered common-views. But even for the less noisy mode (see
area marked by the arrow), the deviation oX(zoi)
yields around 2.5 ns which is still considerably
more than in the case of other common-view pairs.
(TP-PTB) - Relative time difference (ns)
1

GPS in common-view. As an example, an interval
with diurnal variations observed in (TP-IEN)l is
displayed in Figure 5.
-

-

(TP-IEN) - Relative time difference (ns)
10
1

-

- --
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I
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Figure 5: An example of diurnal variations

49840

49855
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Figure 4: Changes in (TP-PTB)l noise strength
Influence of Satellite Elevation
It is generally assumed that high elevations have
a favourable effect on the phase noise of GPS in
common-view. In association with our experiment
one can be interested to what extent this holds for
averaging intervals of one hour or longer.
Comparing the time deviations in Table 1 for both
the BlPM and experimental schedules (the latter
had on average higher elevations) one can really
see better noise figures for the experimental
schedule. However, regarding to what has been
said about the common-views with the first receiver of PTB, this comparison is of no value. So
only the (TP-IEN)l and (TP-IEN)2 common-views
remain to be compared but there is no significant
difference between them.
A difference of about 0.5 ns in favour of high elevations has been found by comparing two data
sets selected out of the (TP-1EN)l record according to elevations (with the decision elevation of

404.

It is apparent that one should start with seeking a
correlation with the environmental changes. However, this would require a good record of the environmental data from all places involved in the
measurement. Unfortunately, during the experiment we had no such data available.
A possible approach to attenuate the daily variations would be to simply pass the common-views
through a band-stop filter with llday centre frequency. However, if the potential source (as temperature sensitivity) produced seasonal components, these would remain interfering.
Antenna Temperature Sensitivity
The main source of the daily variations may be
the temperature sensitivity of the receiving system. The outdoor elements, which comprise the
cables and the antenna with down-converter (in
NBS-type receivers), are particularly critical as
they are exposed to large temperature changes
with daily periodicity. The suspicion is supported
by the fact that daily variations have also been
observed in the common-views between the two
IREE receivers.
The problem arises in how to measure this effect
without a GPS-signal simulator.
The temperature sensitivity makes the GPS time a
function of the temperature change, ok. Assuming
that the dependence is linear within the temperature range, equation (2) can be modified in the
form (omitting index A)

Daily variations
kg(t,ud = g + S (t) + k~ (t) + ak ok(t).
Close inspection of all common-view records has
revealed daily variations up to several nanoseconds occurring irregularly in all common-view
pairs. Actually, this is not unexpected since there
are several potential sources of daily variations in

(9)

where ak is the temperature coefficient which we
are looking for. For ak>O, the GPS time gets delayed as temperature increases.

By changing the temperature and measuring the
changes induced in difference x kg, one could
theoretically obtain ak. In practice, however, this is
impossible because of the large noise due to selective availability which entirely masks the temperature effect. Perhaps using the Block I satellites
might be of some help but for a longer measurement needed to collect enough data to filter out
the phase noise, the white noise FM would be of
trouble anyway. Therefore we have to make use of
the common-view technique again. Considering
that A = B we may write XA = XB and SA= SB.
Substituting (9) for receivers 1 and 2 in (4) yields
the changes in common-view differences (indexes
indicating sites are omitted)

-

solved the detailed environmental data from both
common-view sites would be needed.
The fact that the temperature coefficients have
been found with the opposite sign differs from
what would be anticipated. Though the estimation
confidence is acceptable, one still may have some
doubts whether the linear model applies to large
temperature steps needed to induce observable
changes in phase.
The experiment described in this paper should be
understood as the first step in our effort to assess
the current performance of the GPS common-view
time transfer to the Czech National Time and Frequency Standard. We hope that the better knowledge of this performance will allow its further improvement.
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Based on the above relation, two IREE's TTR-6
antennas have been tested with both receivers
operated with the same BIPM schedule. To induce
observable changes in the common-view difference (lo), large steps in temperature ul(t) were
periodically made while keeping temperature u2(t)
relatively constant. Then, alternatively, the steps
were made in temperature u2(t) while keeping
ul(t) nearly constant. During the measurement
hourly samples of both ul(t) and ul(t) were taken.
The evaluation was made by using the standard
least-square estimation technique. The coefficients
were found to be al = 0.1 nsPC and a2 = -0.1 lsPC
with 10% confidence.
CONCLUSION

Phase noise performance of the GPS commonview links from PTB and IEN to IREE has been
found good (< 2 ns) except for (TP-PTB)l obtained
from the first receivers. Confronting (TP-PTB)?
with other links leads to a conclusion that the
problem is associated with the first receiver of
PTB. The (TP-[EN):, common-views showed the
best performance giving cr,(z,)
= 1.5 ns. Comparing this figure with 1.2 ns obtained from the common-views made directly between the two IREE
receivers , it can be concluded that in practice the
base-line up to 800 km does not affect the relative
time transfer.
Influence of satellite elevation on the commonviewphase noise has been obsewed. onecould
conclude that it is desirable to avoid very low elevations (< 304 but it is not necessary to insist on
very high elevations.
The daily variations encountered in all commonview pairs remain a problem which has yet to be
investigated. The antenna temperature coefficients
of the order of 0.1 nsPC found for the IREE receivers may account for part of the effect but not
entirely. It is clear that if the problem should be
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USE OF DIRECT BROADCASTING SATELLITE SIGNALS
FOR TIME TRANSFER AND ORBITOGRAPHY
Ph. Guillemot*, J. Folliard*, M. Brunet*, F. Meyer**, M. Vincent**, M. Granveaud***, P. Grudler ****

* CNES Toulouse, ** Observatoire de Besan~on,***LPTF Observatoire de Paris,
* * * * Observatoire de la Cote d' Azur - France

(Refs. 2, 3). Each station is equipped with a caesium
clock and linked to the others by GPS, allowing the
calibration of the results.

ABSTRACT

Several time transfer experiments have been performed
in Europe, to compare clocks in the 10 nanoseconds
range, using TV satellites such as ASTRA, BRITSAT
Davis et a1 (1) - or TDF 2 - Meyer et a1 (2, 3).

-

More recently, the Observatoire de Besanqon (OB) and
the CNES Toulouse (CT), with the support of the
LPTF-Observatoire de Paris (OP) and the Observatoire
de la CGte d'Azur (OC), have conducted a new 6 week
experiment using the French telecommunication
satellite TELECOM 2A, and four reception stations
each equipped with a 80 cm diameter antenna, caesium
clock and GPS time receiver. Each raw data was
corrected of the motion of the satellite and others
delays. Time transfer results were then compared to
GPS results, the accuracy is limited by the delay
uncertainty of each station equipment.
Using the same measurements (TV and GPS), the
position of TELECOM 2A spacecraft was calculated
and compared with classical technique (Ranging and
Turn-Around).
This paper describes techniques, stations, uncertainty
budget, time transfer results and presents a promising
technique for geostationary orbit determination. As a
conlcusion, we propose the use of the Telecom 2
satellite for a near operational, automatique and
independent to GPS time transfer system.
INTRODUCTION

Figure 1 :The 4 stations in use

Considering two stations, the time diagram is presented
on figure 2, where :
Sat : Satellite
tsat : Emission date
Sti : Ground station i
Hi : Sti time reference
tRi : Sti receiving date
At : Sti measurement
Ti : Satellite-Sti propagation delay
RSTi : Sti internal propagation delay (calibration)

Sat

St1 {

I

\ RsT,,
HI

:~RI
&

The principle of time transfers through direct TV
satellites has been described in (Refs. 1, 2). Time
differences between two clocks are obtained by timing
the arrival of a given pulse at two different location and
by taking into account the co-ordinates of both
receiving antennas and satellite.

Figure 2 : Time diagram

Since 1990, we have been using four stations observing
the TDF2 satellite, receiving D2-MAC standard
television signal and timing the arrival of the line 624

In order to obtain the time difference At1, = H, - HI, we
have :
t, = t,,, + zi + RSTi = Hi + Ati

4

z?
4

b :

At2

European Frequency Time Forum, 5-7 March 1996 Conference Publication No 418 O IEE 1996

So the relationship between the time difference of the
two concerned clocks, the measured time intervals and
the propagation delays can be written as follows :
Atl2= H2 - Hi = (Atl - At2) - (TI -T2 ) - (RSTI - RST2) (1)
In this relationship, the propagation delay term can be
decomposed into :

D~at- ti

Ti =+ 7 iono + T tropo + T ~ a g n a c
C

(2)

Ionospheric, Troposheric and Sagnac effects can be
easily computed. The distance between the satellite and
the station can be estimated by knowing the position of
the station antenna and the theoretical position of the
satellite on the geostationnary orbit. However, to reach
an uncertainty of less than 50 nanoseconds, it has been
proved that we must take into account the satellite
periodic motion in latitude, longitude and radius (Ref. 1
and figure 3 shows time differences without taking into
account the satellite motion). Two methods have been
explored :
- explicitly determining the satellite position by using
data from three stations, as shown in F. Meyer et al
(1, 4), in that case, the time differences between the
3 stations must be obtained by another way,
computing the satellite position with classical
technique and models using station keeping
measurements provided by the Satellite Control
Centre (SCC).
Only this second way is discussed in this paper

-

each session, one point per minute and 16 points per
session, lasts 15 minutes. At the end of the session, data
are averaged to product the Ati value, using a least
squares method, and stored. Files are sent to the
Observatoire de Besanqon to be pre-processed
(correction of Sagnac, Ionospheric, Tropospheric and
station delays). After the 6 week campaign, data are sent
back to CNES, and time differences are computed. As a
calibration of the method, results are compared with
GPS time difference.
Antenna
11,7- 12. 5 G H z

[

+

Demodulator

Line

spchO 624

STOP

Measurement

Chanel

+

1 ns counter

START
Result

7

Modem

t
Caesium clock

Figure 4 :Station synopsis

UNCERTAINTY BUDGET

In order to evaluate the uncertainty of our method, we
propose here an evaluation of the error budget. Each
term is connected to (eq. 1) or (eq.2).
Measurement precision

Delay (m~crosecondes)
-259 2

Elementary measurement showed an amplitude noise of
8 nanoseconds (Figure 7), which can be reduced by
averaging.

-259 6
-260 0
-260 4

CNES elementary measurments (ns)
49508

49510

49512

MJD

49514

49516

39992000

Figure 3 : Time dgfference OP-CT with Telecom 2
without satellite motion cancellation

To improve this method, we first used TDF2 satellite.
Because of some lack of accuracy on the computed
position of the satellite, we decided in May 1994 to
follow on the experiment for 6 weeks with the Telecom
2A satellite for which accurate ephemeris were
available. The satellite position is evaluated by a
Kalman filter from station keeping measurements
(Ranging and Turn-Around with 3 stations from the
CNES 2 GHz network : Aussagel France, Kourou French Guyana, Hartebeeshtoek - South Africa),
dynamic models of moon and solar perturbation, solar
pressure, earth potential and nutation.

-

During the experiment, Ati measurements between the 1
pss and the television signal are made every 4 hours,

I

0

1000

2000

Time (s)

Figure 7 : elementary measurement

As we take 16 points per session we have, for each
result Ati (eq. 1), a precision of :

However, we must mention that the noise observed on
measurement is quite more important than the noise
forseen by the link budget. The excess noise probably
comes from the receiver, which is made with a
commercial tuner.

Antenna position
The antenna position operates in the distance
computation between satellite and station (Dsat.stiin eq.
2). They are known with an uncertainty of either about
one meter or 3 nanoseconds.

Receiver calibration

-

The main part of RST, RST, in (eq.1) comes from
station delay between antenna and the counter. This
delay can be obtained in two ways :
- a differential calibration (figure 5) using two colocated stations which gives the delay difference
between the two stations, this method has been
applied at the Observatoire de Besanqon before
sending stations to Toulouse, Grasse or Paris ;
I

-

Counter

RST, RST2

Satellite position

The satellite orbit is determined from Ranging and
Turn-Around measurements. These measurements are
computed with specific software and extrapolated at the
time transfer session dates. Due to both noise
measurement and differential models used, we can
estimate that the satellite position, for DSat.sti(eq. 2), is
given with a uncertainty of :

A

Line E&maor
ISD 01nt101

Rsavs
TDF XRKI

Figure 5 :Drferential calibration

Sagnac effect

-a

direct calibration (figure 6 ) using a satellite
simulator in order to obtain RSTi for each station;
this system has been developed in CNES.
Modulator
I2GHz

Square generator
15 Hz

I

Receiver
TDF 8900
I

I

Line Extractor
ISD 0112003

Station 1

Electromagnetic waves suffer a relativistic effect in a
referential in rotation : the Sagnac effect. This delay,
which is function of both position and velocity of
transmitter and receiver, can be easily computed with a
precision better than one nanosecond. However, as we
suppose that the satellite is fixed, we have a differential
effect on the time transfer (
T~ : ~
~

I

( J ~ a ~ n a=
c

Figure 6 :Direct calibration

The comparison of the two methods shows some
incoherence that may be due to some imperfections on
the CNES equipment : the pulse generator does not
produce the same signal as the satellite and the line
extractor is not calibrated in this way. So we decided to
use only differential measurements, which are sufficient
(we need RST,-RST, in eq. 1).
The delays have been measured when stations were
receiving TDF2 satellite. We have not made new
measurements after having modified stations for
Telecom 2 (new antenna, new tuner setting). The
measurement accuracy of RST,-RST, difference is
estimated by the Observatoire de Besanqon at about 8
nanoseconds.
Receiver to local time link

Each receiver has a local clock which is linked to the
laboratory caesium time. We estimate that we can
measure the delay between local and main time with an
uncertainty of :

1 nS

Ionospheric delay
Ionospheric delay (.ria, in eq. 2) comes from signal
travel through ionising environment. It is low at the
signal frequency (12 Ghz) ; differential effects
T~,,,,~)
is under one nanosecond because of very short
distances between station :

Tropospheric Delay

Tropospheric delay T,
(eq. 3) results from the
atmospheric bending of the satellite signal. This delay
can be decomposed in a dry part and a wet part, which
depend on both local weather and satellite elevation.
For our stations (30' elevation), differential delay (T,,,,,
- T,,,,,) is about 1 or 2 nanoseconds, 5 nanoseconds i i a
worst case, which will degrade the time transfer o f :

~

~

Synthesis

-

AtU(nr)

T c 2 CPS (ns)
I

w

I

Table 1 gives the total uncertainty budget, which is
valid only for stations placed in France (elevation of
about 30 degres). For lower elevations, ionospheric and
troposheric delays and errors become more important.
A uncertainty better than 10 nanoseconds is possible, if
we are able to reduce the receiver calibration part : It
seems conceivable to obtain 2 nanosecond after some
new calibrations, which gives a total uncertainty of 7.3
nanoseconds at 1 o.
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Figure 9 : (OB - OP) link

Table 1 : Total error budget
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Station measurement
Receiver to local time link
lkeceiver calibration
Antenna position
Satellite position
Sagnac effect
Ionospheric delay
Tropospheric delay
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In order to calibrate the method, we have compared our
results with GPS measurements.

The total error,budget on E comes not only from the
Telecom 2 link, but also from GPS link for which
accuracy is about 4 nanoseconds
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Figure 10 : (OP - CT) link
TIME TRANSFER RESULTS
To improve the Telecom 2 time transfer, we realised a 6
week campaign in May and June 1994. Data were
collected in Toulouse (CT), Besanqon (OB), Paris (OP)
and Grasse (OC). After being pre-processed in
Besayon (Ionospheric, Tropospheric, Sagnac and
station delay cancellation), time differences were
computed at CNES thanks to the satellite position of the
satellite control centre.

Figures 8 to 10 show results for 3 links. We made a
comparison with smoothed common-view GPS data, to
confirm our method accuracy.
Mean
-39.9 ns

Standard deviation
9.6 ns

Table 2 : TC2 - GPS time transfer comparison

Table 2 summarizes means and standard deviations on
the TC2 - GPS difference for all links.

.

TCZ CCS (ns)

We observe an important mean error between GPS and
TC2 measurements. This difference probably comes
from constant biases, finding their origin in the
receivers : Our results were worse before we checked
antenna position in each station and local time link,
receivers are the only system of the station which have
not been controlled since we have been using Telecom
2 satellite. Assuming that the observed mean errors are
due to these biases, measured standard deviation are in
accordance with the error budget, lower than 10
nanoseconds.
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As a validation, we can evaluate the closing equation :
(CT - OB) + (OB - OP) + (OP - CT) = -0.3 ns
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(CT - OC) + (OC - OP) + (OP - CT) = 0.7 ns
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Then, pseudo-range data have been introduced in a
Kalman filter to determine the orbit. Biases on each link
have been identified by the filter in order to obtain the
best orbit (Table 3).

-10

49500

-

Table 3: Biases in nanoseconds
measured (M) or filtered (F)
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We first compared the pseudo-ranges computed from
time differences measurements with those given by the
satellite control centre for each link (Figure 11 to 13).
We observed the same biases (Table 3, measured
biases) and standard deviations as for the comparison
with GPS, but no periodic component due to the
satellite motion : That proves a good coherence between
the two methods.

(3)

The knowledge of At,, by another way, in our case
GPS, permits to evaluate the pseudo-range T, -7, for a
given link : T , -7, determined a hyperbolold on which
the satellite is. Three hyperboloi'ds, and so three links,
are necessary to know the satellite position.

-30

-- --

MJD

We decided to evaluate an original orbit determination
method using time measurements, a short base (all
stations located in France instead of located in France,
South Africa and French Guyana) and very simple
stations, using 80 centimetres commercial. This is
permitted by eq. 1 which can be re-arranged in :

-20

,.--

Figure 13 : TC2 - CCS pseudo-range for OP-CT

ORBIT DETERMINATION

0

-

+ TC2 CCS
-

- - 2

Results lower than one nanosecond prove the reliability
of the method and the existence of constant
undetermined biases during the 6 week campaign.

-

-

0

(OP - OB) + (OB - OC) + (OC - OP) = 0.3 ns

(T, -T2 ) = (At, - At2) - At,, - (RST, RST,)

,
.

20 -_--

(CT - OB) + (OB - OC) + (OC CT) = -0.7 ns

Table 4 : orbit parameters precision

The orbit determination consists in evaluating its semi
major axis (A), eccentricity (Ex, Ey), inclination (Ix, Iy)
and mean longitude. The standard deviation on each
parameter is compared with those obtained with
classical methods (Table 4). Results show that the time
measurement method is compatible with station keeping
exigencies.

Then, we will be able to propose an near operational
time transfer method, independent of GPS, using
geostationnary direct broadcasting Telecom 2 satellites
for which television and station keeping services will be
provide until 2005, or an orbit determination method
using time difference measurements.
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The results obtained during this 6 week campaign
demonstrate all the potentiality of the method, as well
for time transfer as for orbit determination :
- For time transfer, we are able to propose a low cost
alternative or redundancy to GPS ;
- For orbit determination, we prove that the station
keeping could be possible with a short base and
very low cost station, if it is able to know the time
difference between the loacal time scales, by GPS or
another method.
However, we have to improve the system accuracy by
reducing biaises, which seem incompatible with the
error budget. For the next campaign, planned in 1996,
the CNES will explore the following ways :
- Making new calibration of stations, in order to
reduce biaises, with a new calibrator developped at
the CNES and based on a television signal generator
(Figure 14);
- Developping a new professional receiver, with a
lower noise and stable delays, in order to assure
delay stability and a better noise measurement,
compatible with the link budget ;
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Figure 14 : CNES new calibrator

- Automating data transfers between

stations, using a
computer network, to propose a full real time system
able to give time transfer results next to each
measurement session without human work.
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Figure 15 :Station network
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ABSTRACT
Tbe crystalline perfection of GaP04 samples
grown in different conditions have been studied using
the X-ray topographic technique and tbe synchrotron
radiation delivered at L.U.RE. (Orsay, France). The
results concerning the quality and the piezoelectric
feahues of the obtained samples are given.
INTRODUCTION
The gallium phosphate (GaP04) is, as
berlinite, a close crystallographic analog of quartz with
the advantage that it has no a-$ phase transition. It
was shown that this material has very attractive
properties for the applications to piezoelectric devices,
due to its large coupling coefficients and to the
existence of compensated cuts (1.2). Furthermore, it
can be used up to extremely high temperam (900°C).
As this material is obtained by the hydrothermal
growth method, seeds are necessary. To obtain rapidly
much larger crystals, epitaxial growth on berlinite
plates can be performed. With seeds cut in the X zone
of such crystals a new growth in phosphoric acid gives
large crystals.Using the synchrotron radiation delivered
by the DCI storage ring at L.U.R.E. (Orsay, France),
we have studied by the X-ray topography technique the
crystalline perfection of new Gap04 samples. For this
study we have used mainly Laue traverse topography

.

PROPERTIES OF MATERIALS (3)
The most important properties related these
piezoelectric materials which belong to the class of
symmetry 32 are summarized in the table 1 with those
of quartz and berlinite.
Quartz and its analogue bedinite have phase transitions
below their melting point in contrary to the gallium
phosphate They display non negligible solubilities in
both alcaline and acid aqueous solutions at elevated
temperature and high pressure. Consequently the natural
choise for their growth is the h y d r m method.
Moreover the quartz and berlinite crystals have a
comparable low density whereas gallium phosphate has
higher one (more than twice that of quartz).

.

GaPOq CRYSTAL GROWTH
Some interesting results can be emphasized from many
growth experiments carried out at Tc S 240°C in
different acid media investigated (H3P04, H2SO4 and
HCl) and their mixtures:

-1

TABLE 1
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only pure phosphoric acid (or its mixtures witb a low
proportion of other acids), leads to significant VZ
growth rate. The VxNZratio decreases to a value close
acid concentration increases to
to 1.0, while the
20 ~ . 1 - 1 .
in H2SO4 medium (or its mixtures with a low
proportion of other acids), the Vx/VZratio is always
very high (Vz very weak). So, this solvent cannot be
used to large crystal growth. Nevertheless, the high
solubility and the low dissolution kinetics of GaP04 in
this solvent authorise higher growth temperatures and,
so, should lead to crystals with lower OH impurity
content.
in HCl medium (or its mixtures with a low
proportion of other acids), the Vx/Vz ratio is rather
good. Unfortunately, both growth rates, Vx and VZare
too slow (generally less than 0.05 mmld.face).
A few conclusions can be extrapolated from all the
growth experiments in the investigated range of
retrograde solubility for Tc S 240°C. The sulphuric acid
is theoretically the best solvent for GaP04 crystal
growth (Tc 2 200°C conducting to crystals with low
OH content, but the too strong growth rate anisotropy
does not enable an industrial development. For this
purpose, the concentrated phosphoric acid
seems to be the most suitable ( figure 1.).

-

-

Seed Lengthening
Excepted for tbe most concentrated pure phosphoric
acid, any of the other acid media investigated have
presented Vy growth rate > 0.01 mm/d.face. On the
other h a . if plates of good enough dimensions can be
syntbesized by tbe epitaxial growth of GaP04 on large
berlinite seeds (4). their very weak lengthening along
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Figure.l:Photograph of a sample obtained with H3P04
solution.

Figure.2:Photograph of a crystal obtained by Seed
lengthening.

Figure.3:X-ray topograph of a slice obtained from
sulfuric acid Dendritic aspect

the Y direction cannot be improved without a purely
manual metbod.
Indeed, we have undertaken the growth of large crystals
directly from several small Z-seeds spliced on a quartz
plate. Crystal growth experiments have been canied out
Lhrough a modified horizontal composite gradient
method (HTG) -+ 10' oscillating angle around an
horizontal axis perpendicular to the glass vessel, with
growth conditions; Tc = 150°C and 15 M.l-1
phosphoric acid concenmtion.
The resulting crystals show a very flat surface witbout
any obvious defects at the interface of the small seeds
(figure 2).
~&ertheless, after the first crystal growth, X-ray
topographs revealed an important dislocation density
close to the seed junction. These defects can be easily
and drastically decreased using the "crossed" aystal
growth method (5,6), i.e., successive growths along
both X and Y directions.
X-RAY TOPOGRAPHY
Several plates of gallium phosphate crystals have been
studied by X-ray transmission topography using the
white beam delivered by the D.C.I.storage ring at
LURE (Orsay, France). Some examples are given in
the following. In fig.3 and fig.4 are given two typical
topographs of Y cut slices of two crystals grown by
VTG method in HzS0q,230°C( 7,8,9). In fig.3 we can
observe the great amount of dislocations which are
grouped in bundles and the dendritic aspect of the
growth. In Fig.4. the dislocations are also very
numerous and they start from the seed in the two Parts
of the grown aystal. The circular white consvast is due
u, the fixation of the slice.

Figure.4:X-ray topograph of a slice obtained from
sulfuric acid. Observe the dendritic aspect and the
numerous dislocations.

In Fig.5 and Fig.6 are given two other topographs
corresponding to crystals grown by the SHT mehod in
H 3 P 0 4 (1). The two samples correspond to Y cut
slices. It can be observed that in the two cases the
density of the dislocations is nbt so high, and that a
slight disymmevy is observed in the two grown parts
(above and below the seed in the Fig.5). In Fig 6 a stop
in the growth has induced the creation of several
bundles of dislocations. As in the previous cases (Fig.
3 and Fig.4) the samples presented in Fig. 5 and Fig.6
do not present any win.
In Fig.7, 8 and 9 are presented the topgraphs of other
crystals grown by 0. V. Zvereva et al. (10). The
quality of the crystal presented in Fig.7 is quite good
and the sample presents very few dislocations. In the
following topograph (Fig. 8) the sample is of a very
good quality but it shows some growth bands in
different parts.
In Fig 9 is shown a topograh of a resonator. In the
centre it can be observed a black contrast due to the
vibration. The fringes on the side are due to coupled
modes.
To summarize this part, it seems that the quality of
several crystals obtained by the different techniques of
growth is quite good. The density of the dislocation is
generally not so high and depends of tbe quality of the
seeds and of the growth conditions.

Figure.7:X-ray topgraph of another slice. The qoality
is good and tbere are very few dislocations.

Figure.8:X-ray topograph of another slice. The quality
is good and tbere are very few dislocations.Some
growth bands appear in different parts of the crystal.

Figure.5:X-ray topograph of a slice obtained from
phosphoric acid.In the two grown parts the dislocations
are grouped in bundles.

Figure.6:X-ray topograph of a slice obtained from
phosphoric acid.Tbe quality of the crystal is quite good.

Figure 9: X-ray topograph of a resonator under
vibration.

meas-ures we have extracted the piezoelectric
characteristics and we have compared them with the
same properties calculated with the constants measured
by Krempl and o l ( 3 ) .

In table 2 we have compared the values of the
surtension, the coupling and temperature coefficients.
The coupling coefficient was taken from the formula of
the theory of unidimensional slices. The value noted
K r * was obtained by adjusting the antiresonance
frequency from the stray capacitance effect. We observe
that the surtension is generally about 20000 instead of
the values obtained with the crystals grown at lower
temperature. In these last cases these values were
comprise between 10000 and 15000. The coupling
coefficient is quite equal to the calculated values and the
temperature coefficients are quite always lower than the
calculated ones.
The temperature coefficient of the slices with positive
rotation angle (Y+14) is given in table 2
For the Y-13 cut which is near of the temperature
compensed curve we observe a cubic behaviour with a
zero of the temperature coefficient between 130°C
and160°C (this can be very useful for application at
high temperatures). The measurements obtained with
orientations between 13'02' and 13'25' show that the
compensed cut at room temperature has its orientation
shifted by 1.5" to 2' in comparison with the low
temperature crystals.

TABLE 2

2

C o u ~ l l n aCoefflclents arid Thermal ProDerlles of
some Y rotated c u l l of GAPO,

" corrected from sttq capacitance

# larger values were measured with other samples

TCF are measured or cornGuted for 25'C

Plezoelectrlc Pro~enlesof some Y rotated Cutg

"

corrected from stray capaciiance Cp

Figure 10:Typical response of a resonator Gap04
grown in H2SO4 at 230°C.
In table 3 are shown some results concerning one
resonator of each cut (Y-13, Y+14 ...) and we have
given some values of stiffened elastic constants and
phase velocities. This was done by correcting the mass
loading and the electrodes dimensions so as to obtain
the antiresonance frequency of the infinite nonelectroded slice from the data of the resonators with
finite dimensioned electrodes. For that, we have used a
tridimensional model of resonator which has permit the
correction of the electrode dimension noted A in table
3. The totai wrrection R+R-A was applied to the
antiresonance frequency Fa directly measured or to Fa**
the antiresonance frequency corrected of the stay
capacitance effect. The effective constant values
(stiffened values) and those of tbe velocities which were
obtained are wmpared to the data obmiined with the
constants of Krempl and al. (3). It can be observed that
the values of the constants are generally greater than
those calculated. It is the same for the values of the
velocities. It can be noted that the direct extraction from
the antiresonance frequency measured on the resonztcrs
give also good results. This seems very surprising. For
the same reason the corrections of the parasitic
capacitances are weak. The figure 10 shows a typical
response of a resonator GaP04 (H2SO4 ,230°C). This
curve was obtained at 125°C and shows an excellent
response and that these devices can be used in
oscillators or filters.We have observed that in these
crystals, the acoustic losses are independant of the
temperature. This seems to prove that the impurities
amount and particularly those of OH is greatly reduced.
CONCLUSION
Study of crystalline perfection of Gap04 has
been done in relation with the crystal growth. Different
parameters of tbe growth have been studied. In relation
with that, X-ray topography was used either to examine
the quality of the samples or to obsente the vibration
modes of the wkponding reanators.
Crystal growth results are discussed from many growth
experiments carried out at Tcc 240°C in different acid
media (H3P04, H2SO4 and HCl and their mixtures)
with different growth techniques. In the present states
of our investigations, pure phosphoric atid or its
mixtures with low proportions of other acids can be

considered for an industrial development. For the
crystals obtained from H2SO4 solutions at low
temperatures (200°C-230°C) the X-ray topographs have
shown few defects. At higher temperatures the growth
presents a dendritic aspect (good quality can be obtained
by reducing the growth rate).
Concerning the crystal growth in H3POq it appears
that the quality is better when the temperature is higher
(160°C-300°C). In this particular case, some crystals
have been also examined.
Resonators using six Y rotated-cut and doubly rotated
one were made from the different growth technique
samples.
Tbe&quency responses and the thermal behaviour were
measured for the fondamental mode and some other
overtones, It was observed a slight angular shift of the
main compensated cut with an increase of the growth
temperature and a confirmation of the interest of
G a p 0 4 crystals (large coupling coefficient and
outstanding thermal stability).
In conclusion, these studies have shown that an
excellent quality is already obtained and this permits to
make good resonators for filters or VCXO with large
frequencies and can lead to good high stability
oscillators.
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TOLERABLE ORIENTATION ERRORS IN DETERMINATION OF THE MATERIAL CONSTANTS OF
CRYSTALS
Carl K Hruska
Piezoelectricity Research Laboratory, York University
North York, Ontario, M3J 1P3 Canada
Orientation errors in the crystal units used to study crystal properties
affect the accuracy of the calculated material constants. Tolerable
orientation errors satisfy two conditions: 1 ) they do not invalidate the
calculation of errors due to experiment; and 2) they do not substantially add
to their values. Their values depend on the experiment and the number of
crystal units used and can be determined by simulations. In five cases
analyzed in detail, they have been found to be in the range between 9' and 8".
1. INTRODUCTION
In order to assess the quality of
published values of material constants
of crystals and the significance of a
disagreement among them in case of
conflicts, one needs reliable values of
their standard errors. The
least-squares method alone will not
produce such errors because it ignores
some factors adding to their values.
One of them is the misorientation of
the crystal units 'used in experiments
to determine the material constants. As
some orientation errors are
unavoidable, two questions need to be
answered:
1) what is the effect of orientation
errors on the accuracy of material
constants, and
2) what are the tolerable orientation
errors.
As the problem is difficult to deal
with analytically, numerical answers
are sought by means of the Monte Carlo
method using simulations described in
Hruska (1). Five real-life examples
made for a-quartz provide illustrative
results and sufficient data to
formulate several general conclusions.
The numerical values of all material
constants and their errors appearing in
this article are stated for room
temperature, right-hand quartz and the
frame of reference according to IEEE
Standard of 1978 (2).

conducted on suitably chosen crystal
units (rods, plates, cubes etc.). Their
orientation is given by the IEEE
rotational symbol xzlwt(@/$J/@) (2).
Each unit is generally described by
three rotational angles @,, $J,
and Ok,
k = 1 , 2, . . . , t, where t is the number
of crystal units used in a given
experiment.
Experimentally determined v a l u e s of the
rotational angles are their 'best'
availableB values.
As guch they are
B
and 6,. Because of
denoted +*,
measurement errors, they are only
nominal values differring from the
'true' rotaticnal angles which remain
unknown. For each angle, the difference
between its true and its nominal value
represents an orientation error. To
make this study tractable, it is
assumed that the errors of all 3t
rotational angles are random and
a common
normally distrib~ted~with
standard deviationno . The superscript
M indicates that o characterizes
errors caused by 'misorientation'.
Using these assumptions the nominal
values of the rotational angles can be
independently randomized by means of
B
U
aR = a + N ( o , I ) . ~ ,
(1)
where a stands for any of $, $ and
€Ik, k = 1,2, . . . ,t. N(0.1) is the

standard normal variate whose value is
selected at random. Symbols $,: $: and
R

2. TERMINOLOGY AND SYMBOLS

O k will represent the randomized values

1 ) Material constants of crystals are

of the rotational angles.
2) Experiments to yield the material

determined by means experiments
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constants consist of taking readings of
a suitable experimental quantity E
defined on the crystal units. Each unit
is used in one or more ways to provide
one or more different values of E. In
all, a set of m experimental values El
is obtained, i = 1 , 2, . . . , m. It is
assumed that errors in E are random
1

errors. In this paper these errors are
referred to as experimental errors.
3) Unless referring to a specific
material constant from literature,
material constants in this paper are
generally denoted x j = 1, 2, . . . , n,
1'
where n is the number of different
material constants calculated from the
m experimental values E 1 . Typically m
> n, and the values of x are obtained
J
from an overdetermined linear system by
the least-squares fit (Draper and Smith
(3)). The difference m - n is referred
to as the number of degrees of freedom
of the linear system.
The rotational angles @*, # k t and ok
are necessary partdcipants in the
calculation as they are needed to
obtain the matrix of theBlinear gystem.
If the best values @,:
$*, and 8 are
k
used there, the results are regarded as
the best obtainable values of thg
material constants and denoted x . If
J
R
the randomized values , R $*,
and 8
:
are used, the obtained values of x are
J
denoted xR.
J
The least-squares process produces also
the standard errors of x ,.
B
R
Corresponding to x and x
they are
E B
'E R J '
denoted 6 (x 1 and 6 (x 1,
J
J
respectively. As will be explained
later, these errors are related to the
experimental errors. The superscript E
is used to indicate this relationship.
3. ERRORS OF MATERIAL CONSTANTS DUE TO
EXPERIMENTAL ERRORS

B
value x,,
the pair of pdints xB, J
eE(xBI and xB + sE(xB1 :ef ines 'a ~ 6 8 %
J
J
J
confidence interval for the true value
of the sought material constant x .
J
This interpretation desr,=rves some
comments:

1) The least-squares process is
designed to work on the assumption that
the only source of uncertainty in the
linear system solved is the
experimental errors. Correspondingly,
eE(xB reflect only these experimental
J
errors.
2) The interpretation of eE(xB) in
J
terms of a 68% confidence interval is
valid only if the distribution of the
experimental errors is normal or if the
number of degrees of freedom n m of
the linear system is sufficiently
large. The latter can always be
arranged and a potential problem can
thus be avoided.
3J T; obtain the correct values of
6 (x 1, it is required that the true
J
rotational angles be used in their
calculation. However, under practical
conditions, only their nominal values
are available. This generally distorts
E B
(Table 1) so that they no longer
6 (x
3
accurately reflect the effect of the
experimental errors. This condition
must be rectified.
Standard errors 6E (xR ) are continuous
J
functions of sn and, for sn = 0,

-

eE(X;) = aE(xB) , j = 1,2,.. . , n . ( 2 )
J
Fir this reason it is possible to find
o for any choice of kl > 0 and 0 = p <
1
1, such that the probability

rl .

-

eE(xB)I <
J
j = 1, 2, . . . , n,

p(laE(x;)

eE(x;))

= p,
(3)

holds for all
1

These errors are the above mentioned
standard errors 6E(xB) obtained by the
J
least-squares process. It is generally
accepted that, for each calculated

choice of p close to 1 and k
1
sufficiently small provide a practical
certainty that the difference between

A
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eE(xB1 and all possible values of

oE(xd ) is arbitrarily small. This is
J
likely to include also eE(xR)
J

calculated for the combination of the
true values ofEthg rotational angles.
As a result, 6 (x 1 become a
J
sufficiently accurate representation of
the errors due to experiment, no matter
what the true values of the rotational
angles may be. As such, condition (3)
defines the first limitation placed on
the tolerable size of orientation
errors.
4. ERRORS OF MATERIAL CONSTANTS DUE TO
MISORIENTATION

I ) The distribution of xR is rormal

J

B

with mean x (Fig.11.
J
2) For each x
' (xR) is
the value of 6
J'
J
proportional to rn so that
6"x;)

n ,

.

=s(x

(51
J
where s(x 1 is introduced to represent
J
the sensitivity of a material constant
x to angular errors (Fig.1).
J
31 For any material constant, s(x,)
J
decreases with the increasing number of
crystal units used; consequently, the
adverse effect of inaccurate orientation
can be reduced by employing a larger
number of crystal units (Table 21.
0

The values of material constants
obtained by the least-squares process
generally depend of the values of the
rotational angles used in the
calculation (Table 1). The fact that,
instead of their true values, ogly the
and
nominal rotational angles #k,
B
8
: are available to calculate x is a
J
source of errors in x
errors due to

41 There exists a strong positige
correlation between s(x
and 6 (x 1.
J
J
The correlation coefficient values
found in the course of this work are
0.99,0.98,0.92, 0.97 and 1.00.
Consequently, in a given experiment,
the sensitivity of x to the
J
orientation errors is very nearly
proportional to its error eE(xB) due to

misorientatiop. These errors are not
included in 6 (xB1 and must be assessed
J
separately.

experiment.
5) The contributions towards 6'(xR)

-

Using Eqk(llRto obtaln randomized
values IClk, qbk, and Bk, k = 1, 2, . . . , t,
and using these values in turn in the
least-squares process produces a
distribution of randomized values xRJ '

1, 2, . . . , n . For each j, the
standard deviation of this distribution
has been adopted (1) as the error in x,
J
due to misorientation. This standard
deviation can be accurately estimated
as the standagd deviations of a large
spectrum of x , which can be easily
j =

J

J

from the first, second and third
rotational angles $k, $k, and \
individually were obtained by
rqndomizing all t values of one
rotational angle, while keeping the
rest equal to their nominal
l i e s The
contributions were denoted 6F (x.1,
J

6 (xRJ 1 and 68(xRJ 1. For each of these

standard errors the qualitative
features 1) - 4 ) remain in effect.

n

For any c , the three standard errors
combine

J

generated. The estimate is denoted
en(x" ; the superscript M underlines
J

that this quantity represents the error
in x due to 'misorientation' .
1
The distribution of xR has been
J
investigated under various conditions.
For values of rn which are not
excessively large (to be discussed
below), the following common results
have been obtained:

8

~

18 (xJ)l

1

2

(61

as is appropriate given that the three
rotational angles should act as three
independent sources of errors.
$

R

$

R

The comparison of 6 (x ) , 6 (x ) and
J
J
8 R
6 ( x . 1 does not generally point to any
J

particular rotational angle as a
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dominant source of error. However, in
individual experiments, a hierarchy of
one kind or another has been detected.
Moreover, 68 (xR ) = 0, j = 1, 2,.. . , n,
J
for material constants studied by the
resonance method using thickness modes
of plates of infinite lateral
dimensions.
5 . TOTAL ERRORS OF MATERIAL CONSTANTS

The total standard errors of material
constants are den0ted eT(x, I . They
result from the combined effect of
errors due to experiment akd
misorientation. For crM s c one can
1'
write
J

This is so becaus~E8.(41 guarantees
that 6E (xR 1 and 6 ( x 1 are standard
J
J
deviations of two nearly independent
distributions. Eqs. (7)and ( 5 ) can be
combined

and bT (x,1 is obtained as a function of
v

M

.

J

simulations. Wi$h this restpatJon the
interval xs - d (x and x + 6 (xJ1.
J
J
J
where eT(x 1 is defined by (7)or (8)
J
represent ~ 6 8 %confidence intervals for
the true value of the sought material
constants x,. This is because both
E

B

6 (X 1 and $(xR)

are standard
deviations of two nearly independent
normal distributions.
The results in this section depend on
the results of Sectitn 4 which in turn
hold for values of cr which are not
'excessively large'. This limit is not
fixed and depends on the numerical
properties of each investigated case.
For the experiments analyzed in this
paper (Section 7) this limit was never
reached.
J

J

6. TOLERABLE ORIENTATION ERRORS

Defining the tolerable orientation
errors as such that they 1) do not
invalidate the calculation of the
errors 6E (xB 1 due to experiment, and 2 )
J
do not substantially add to their
values, the tolerable orientation error
oK must satisfy the following condition

The dependeye of eT(x 1 on en is
J

illustrated graphically in Fig.3.
Eq.(8) shows the contribution of the
orientation errors to the overall
errors. Trying to determine crn such
that the contribution is not too large,
it must hold

where k2 is a chosen small number > 0.
Combining (8) and (91, we find Eq. (9)
satisfied for all
where

The validity of Eqs.(7) and ( 8 ) has
been tested numerically and under a
variety of conditions. They were found
to produce reliable results to within
less than 5 percent of the actual
values of eT(x determined by
J

7. ANALYZED EXPERIMENTS AND NUMERICAL
ILLUSTRATIONS
Three experiments, referred to as
Experiment 1, 2 and 3, have been
analyzed in detail to provide a basis
for generalizations made in Section 4
as well as numerical illustrations
needed throughout the entire paper. The
original purpose of the experiments was
to determine the third-order electromechanical constants of a-quartz. Their
choice for this analysis was influenced
by the availability of all data needed
here.
Experiment 1 consisted of 50
observations (Hruska (4))taken on 50
rods vibrating in length to determine 5
material constants (Hruska ( 5 ) ) .
Experiment 2 consisted of 134
observations taken on 56 plates
vibrating in thickness ( 4 ) . Originally,
the experiment was used to determine 10

material constants (Hruska and Brendel
( 6 ) 1. Its true potential is to
determine 11 material constants. It is
for these 11 constants that the
illustrations in this paper are made.
Experiment 3 consisted of 24
observations (Kittinger et a1 (7)) of
the transit time of acoustic pulses
taken on cube-shaped crystal units of
two different orientations to determine
17 material constants (Hruska and Ng
(8)). As details concerning the actual
number of physically different units of
the two orientations have not been
given in (71,the calculations made
here proceeded as if only two
physically different crystal units were
used. As a result, only six different
values of orientation angles, +
1,

el, #2,

q52,

e2, have

41,

been treated as

possible sources of errors.
Experiments 1 and 2 were analyzed also
for a reduced number of crystal units,
24 in each case. Each of these units
produced one useful observation. The
units were selected to minimize
experimental errors in the calculated
material constants. This was done in
order to show that, in contrast with
this, the errors due to misorientation
exhibit the opposite trend and also to
obtain to most stringent demand on the
tolerable orientation errors.
The results of the analysis of the 5
cases are shown in Table 2 (sensitivity
s(x,)); Tables 3, 4 and 5 show r e and
1
n J and rTOL,
n
respectively. The result:;
Q
2

in Tables 3-5 are obtained for p =
0.99, ki = 0.05 and k2 = 0.01. This
choice is arbitrary and made for
illustrative purposes only. Table 6
shows the size of standard esrors
obtained by simulation for r outside
the domain of the tolerable orientation
errors.
8. CONCLUSION
The evaluation of the reliability of
material constants and of conflicts
among them require their standard
errors. The errors tYE (xB1 traditionally
J
obtained by the least-squares process
do not generally fulfill this role.

eE(xB) may be seriously distorted by
J
orientation errors. The distortion
cannot be avoided completely but it can
be reduced to acceptable limits by
making sure that the standardHerror of
no rotational angle exceeds Q..
tYE (xB) reflect only the experimental
J
errors. The misorientation of crystal
units isnanRindependent source of
errors 6 (x,). To obtain valid errors
J

E

B

of the material constants, 6 (x,) and
8
' (xR) must be combined. In ordir to
J
make the contribution of the
orientation errors minimal, the
standard error of the
rotational angles
should not exceed rn2 .
If the standard errors of all
rotational angles do not exceed rTOL
n
n
which is the lesser of c1 and IT2' then
E B
6 ( x 1 represent the total errors of
1
the materal constants reasonably well.
It is in this sense that this paper
introduces the 'tolgrable' standard
orientation error QTOL'
n
Examples of the r1 and Q given in this
2

paper show that the demands on the
orientation accuracy can be more
stringent than might be expected. For
different experiments their values are
different. One cannot generally say
which of the two is the smaller and
more restrictive. Predictably, with an
increasing number of cryital units used
in an experiment, both r1 and r2
increase and the orientation accuracy
requirements become more relaxed.
The determination of r:OL is a
numerical problem. It needs to be
solved for each experiment
individually. To be of practical use as
an requirement on orientation accuracy,
Q
must be known when crystal units
TOL

are being prepared. To be calculable at
this stage, prior knowledge of the size
of experimental errors and the
approximate values of the material
constants to be determined must be
axailable. As such, the calculation of
Q
can be done only after a
TOL
preliminary round of experimentation;
it should be viewed as part of the

optimization process of the
determination of material constants.
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2.400 kyl
Figure 1: Typical distribution pattern
of a material constant resulting from
the randomization of the three
rotational angles of all crystal units
used for its calculation. Obtained for
material constant k
based
on data by
111
,
Kittinger et a1 (7).klllis a linear
combination of four third-order elastic
and electroelastic constants according
Ng (8). The histograms
to Hr~ska~and
are for r = 10.5' (top) and 21'. The
pattern suggest a normal distribution
of kyll centered at k:ll = 2.323
N/(V. ml (8); standard errors 6"(kfl 1
represent errors of k

111

due to

misorientation. Their values 0.0166
(top) and 0.0331 d/(V.m) are
proportional to IT and illustrate the
1 inear relationship between 8" (k: 1
and an .

8. Hruska C K and Ng P, 1993, "Material
nonlinearities in quartz determined by
the transit-time method using dc field
interactions", J.Acoust.Soc.Am.,
93, 1426-1430.
-

Figure 2: Total error of material

constants. For any material constant
x,, standard errors due to experiment
!ii B
6 (x and misorientation 6n(xR)
J
J
combineTto produce &he iota& sgandard
error 6 (x ) . For o s o 6 (x ) is
J
1'
J
nearly constant (Seciio; 3). For on not
excessively large, 6 (x,) grows
J

TABLE 1 - Effect of misorientation on
the values of material constants and
their standard errors.
xB + 6 E( xB)
J
J

xRJ + 6E( xRJ)

Values in the left column are obtained
by the least-squares fit using the
nominal rotational angles of 56
a-quartz plate units listed in Tab I ,
parts b-d in Hruska (4). The right
column is for the nominal angles
changed by -30'. klZ4,ks3 and q,,, are
linear combinations of the third-order
electromechanical constants of a-quartz
with the respective dimensions of
N/(V.m), 1, and F/V.
TABLE 2

-

Average sensititivy s(x ) for
J
various material constants calculable
from ex~eriments1. 2 and 3.
number
of
units
full

24

experiment
s(x

J

1

2

3

S(qlll)

0.001 0.002 0.001
0.083 0.124
0.009 0.104

s(klJ k )
~ ( k ,I

0.003 0.005
- 0.282

s k J k
s(kiJ1

(911 1 )

-

0.021

-

'

n~

n.

excessively large, 6 (x,) = s(x,).o
J
J
n R
6 (x ) is the standard error of the
J

material constantndue to
misorientation. IT is the common
standard deviation of the random errors
of all rotational angles used to
calculate x k l k , k i and qlllare
J
combinations of the third-order
electromechanical constants of a-quartz
calculable from data listed in Hruska
(4) and Kittinger et a1 (7). s(klJk),

,

.

linearly with on ( E ~(51
. and eT(x 1
J
n
depends on v according to Eq.(8).

material
constant

For any material constant x, and on not

s(k 1 and s(qlll) are, respectively,
iJ
in [N/(V.m)l/angular minute, l/angular
minute, and (F/V)/angular minute. The
full number of crystal units used in
experiments 1, 2 and 3 is,
respectively, 50, 56 and 2. The
increase in s(x 1 as the number of the
J
crystal units is reduced to 24 is
significant.
TABLE 3

-

n

Values of rl, .

number of
crystal units
used
full

experiment

1

9'

9'

2'

I

Errors in the rotational angles
generally distort the cak culated values
of experimental errors 6 .(xB) and
J
render them invalid. To keep the
distortion within 5% bounds, the
~tandard~deviation
of orientation
n n o must satisfy the condition
errors
o S v 1 . The full number of crystal
units used in experiments 1, 2 and 3
is, respectively, 50, 56 and 2. oi
decreases as the number of crystal
units is reduced to 24.

TABLE 4

- Values of 02n ,

-

TABLE 6 Tv~icalerrors of material
constants for larne orientation errors.

-

number of
crystal units
used

1

full
24

11'
3'

experiment
2

3

4'
1'

4'

-

Errors in materip sonstants due to
misorientation 6 (xI)add to the
E (x.1
B to produce
experimental errors'6
J
the total error dT(x I. To keep the
J
increase under 1% of 6E(xB1, the
1
~tandard~deviation
of ori&-itation
egrorf o must satisfy the condition
o s o The full number of crystal
2'
units used in experiments 1, 2 ani 3
is, respectively, 50, 56 and 2. o
2

decreases as the number of crystal
units is reduced to 24.
TABLE 5

- Tolerable orientation errors.

number of
crystal units
used
full
24

experiment
1

9'
1'

2

3

4'
8"

2'

-

Tolerable orientation errors on
TOL
satisfy two conditions: (1) they dp ngt
invalidate the calculated errors 6 (x 1
J
due to experiment; and (2) they do not
s bstantially add to the values of
B
6 (xI)to produce unnecessarily large
J
values of total errors 6T (x,). To
J
achieve this, the standard deviation on
of all rotationfl anfles must s~tisiy
the condition o S aTOL = min(crl, 02).
The full number of crystal units used
in experiments 1, 2 and 3
respectively, 50, 56 and 2. oTOL

v

decreases as the number of crystal
units is reduced to 24.

number
of
units

type
of
error

full

eE
6
'

eT
24

6
6
'

eT

experiment
1

2

3

1.31% 8.56% 4.04%
0.30% 6.83% 2.08%
1.42% 11.9% 4.88%
0.63% 3.17%
0.50% 17.2%
1.13% 74.6%

-

-

Calculated for common standart
ogientation error ITn = 21'. 6 , '6 and
6; siand fof;average standard errors
R
6 (klIkI,
d (klJ k l and eT(k
I.
1 Jk
are combinations of third-order
kl Jk

06

elastic and electroelastic constants
a-quartz calculable from data (4'7). 6
are obtained by the least-squares iit,
# a n d dT by simulation. 'As o > rl, eE
no longer reliably represent the total
standard grrors due to experimental
errors. 6 are the errors due to
misorientation.
The total standard
errors 6T include the effect of
experimental errors and misorientation.
As on is too large, Eq.(7) ~annotbg
generally
used to predict 6 from 6
n
and 6 . The full number of crystal
units used in experiments 1, 2 and 3
is, respectively, 50, 56 and 2.

DEFECTS IN QUARTZ RELATED TO INTERSTITIAL Li AND Na IONS AS REVEALED BY
LUMINESCENCE
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INTRODUCTION
Quartz usually contains Al impurities substituted
for Si in the lattice. Monovalent ions, e.g. ~ i and
+
~ a ' , provide then the charge compensation at the
AL These monovalent ions (M') have been found
to affect considerably the thermoluminescence
(TL) of quartz, effects involving migration of M+
ions along the c-axis channels in quartz. Thus, the
glow curve of Li containing quartz subjected to
certain double irradiation procedures involving
migration of Li ions away from the AL was shown
to exhibit a very strong TL peak near 190K, as
shown by Halperin (1) and Halperin et al. (2).
Radiation induced drift of M+ ions in quartz is
also known to produce acoustic losses and
frequency offsets in quartz resonators. (King and
Sunder (3) and Martin (4)) The TL peaks related
with the migration of the M' ions give an insight
into the radiation induced drift of the interstitials
in quartz. It provides thus a good tool for the
investigation of the related Q" losses and
frequency offsets in quartz resonators. The
present paper will review some earlier results on
the M' related defects in quartz and describe
results of still unpublished work on the topic.
EXPERIMENTAL
As this paper contains a review of several
investigations there is no use to describe here the
various expeirmental setups and procedures taken
in the investigations. The reader is referred to the
references cited below for details of the
experimental work. In short,the samples were all
cut from synthetic quartz crystals and mounted in
cryostats fitted to the specific work. An Air
Product Displex double stage refrigeration system
was used at 10-370K, and a liquid nitrogen cooled
metal cryostat served in the range 80 - 700K The

excitation was by x-rays. The emitted light in TL
measurements was focussed on the photocathode
of a suitable photomultiplier, amplified and
recorded on a chart recorder. A monochromator
was inserted in the optical path between the
sample and the photomultiplier for spectral
measurements. A heat absorbing glass was used to
reduce the black body radiation from the sample
holder when reaching temperatures above 600K.
The warming rate in the TL measurements was
generally 10°/min.
M+(LI+, ~ a ' ) RELATED TL IN QUARTZ
TL Below 350 K In Li Containing Quartz
In conventional TL measurements the sample is
excited by a single irradiation at the desired
temperature, after which it is warmed up (at a
constant heating rate) when the TL is emitted.
Figure 1, Curve 1 shows such a so-called glow
curve for a sample from a synthetic electronic
grade quartz block (Sawyer), cut from the +Xgrowth zone of a Y-plate cut from a crystal block.
It contained about 30 ppm Al per Si atom. Prior
to the TL measurement it has been x-irradiated for
5 min at 10 K The sample was then subjected to a
double irradiation procedure consisting of one 5
min x-irradiation at 10K followed by warming to
250K and cooling back to 10K, when a second 5
min x-irradiation took place. The TL was then
recorded during warming. Such a procedure of
two irradiations with warming to a given
intermediate temperature between the two
irradiations will be referred to below as the
Intermediate Warming procedure, or the IW
procedure. Curve 2 in Figure 1shows the resulting
glow curve. Most of the TL peaks are now
somewhat weaker compared to Curve 1.
Unexpected was the extremely strong TL peak
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near 190K. It was absent in Curve 1 and exceeds
now all the other peaks in intensity by two orders
of magnitude. This 190K peak can also be obtained
by performing the 1st irradiation at 250K and the
second at 10K. This Two Temperature Irradiation
procedure will be referred to as the TTI procedure.
The 190K TL peak can be formed (see Figure 4B
below) by a first irradiation at temperatures over
the whole 150 - 300K range by the l T I procedure.
In the IW procedure the same temperature range
applies for the intermediate warming temperature
(1,2). The second irradiation temperature can be
performed at any temperature up to about
180K(1).

Figure 1 - I-Glow curve for quartz (5 min x-

irradiation at 10K). 2 - after a double irradiation
(IOK, 4 min. each), with intermediate warming to
250K.

The appearance of the strong 190K peak was fully
explained in a correlated ESR and TL study by
Jani et a1.(5), Halperin et a1.(6) and (2). The
electron trap related with the 190K peak was found
to be the [sio4/Li]+ defect formed by the
migration of the Li ion away from the Al. The
scheme of the steps involved in the excitation and
emission of the 190K peak is summed up below
(for the IW procedure):
1.
Positive holes provided during the 1st
irradiation get captured at the Al-Li center:
[AlO4/LiI0 + h+ [Alo4/Li,h] +.
+
At 250K the now loosely bound ~ i ions
2.
at the Al-Li-h centers leave and migrate along the

-

c-axis channels where they get trapped near
regular Si in the lattice:
[Alo4/Li,h]+ - 250K {A104/h]" + [s~o~L~]'.
3.
The 2nd low temeprature irradiation
provides electrons and part of them get trapped at
the Si-Li Traps: (sio4/Li]+ + em [SiO4iLiI0.
4.
Subsequent warming of the sample
releases the electrons from the Si-Li traps with the
emission of the 190K TL peak by radiative
recombination at the luminescence centers.

-

-

The observation of the ESR spectrum of the
[SiO4iLiI0centers and the correlation between the
ESR spectrum and the 190K TL peak provide
strong support to the above scheme of the
formation of the 190K TL peak (2,5,6).
In the TTI procedure the first irradiation takes
place at a temperature high enough for the release
of the Li ions from the Al-Li-h centers so that 1
and 2 combine into one step.
,
The 190K TL peak gives an emission band at
380nm (3.25 eV). It was shown by Katz and
Halperin (7) that practically all the peaks in the
range 120-260K emit the 380 nm band. This
implies that all these TL peaks involve the release
of electrons from various electron traps and their
recombination at the same luminescence centers.
Emission spectra for a few TL peaks are shown in
Figure 2. Most peaks below 115K emit at longer
wavelengths (7). For example, the 76K peak is
shown in Figure 2 to emit at 430nm.
Sweeping of quartz in an electric field along the caxis at temperatures of about 500°C replaces the
monolvalent ions in the crystal by other
monovalent ions present at the negative electrode.
Sweeping in a hydrogen containing atmosphere
with clean electrodes replaces Li and Na ions by
hydrogen. Hydrogen sweeping was found to
eliminate completely all the TL peaks emitting the
380nm band, including the 190K peak (2). This
suggests that like the 190K peak the other electron
traps related to the above TL peaks contain Li. It
should be noted that the later electron traps do not
need any excitation for their formation in contrast
with the 190K TL related [Si04/Li]+ electron trap
which is formed by the irradiation.
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400 350
I

I
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I
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some defect site in the crystal. The equal
intensities of the 180 and 190K peaks suggest that
the defect related with the 180K TL is also a Li ion
at a regular Si but at a site with a higher binding
energy to the Si. Irradiation at temperatures in the
range 250-400K seems to transfer the Li ions from
the sites related with the 190K TL peak to the
more stable sites related with the 180K peak.
Warming of the preirradiated sample to above
450K eliminates the 180K TL peak when the 190K
peak is restored (8).

Photon Energy (eV)

Figure 2. - Emission spectra for a few TL
peaks of quartz
The radiation produced 180K TL peak.
Halperin and Katz (8) have shown that prolonged
irradiation near room temperature changes the
glow curves of quartz crystals. The following
description will be limited to the replacement of
the 190K peak by one at about 180K Figure 3 gives
the intensities of the 190 and 180K peaks as
function of the accumulated preirradiation time at
room temperature. The 190K peak is seen to drop
by more than an order of magnitude after 1 hour
of preirradiation. The 180K peak then emerges
and rises fast with radiation time. It reaches a
maximum after 7 hours of preirradiation after
which its intensity decreases with irradiation time.
The inset in Figure 3 gives the glow curve obtained
after 7 hours of preirradiation at RT. It shows
practically only the 180K peak. This 180K peak is
not formed in hydrogen swept samples and emits
the 380nm band. Its optimal intensity is almost
the same as that of the original 190K peak. The
related trap must therefore contain a Li ion at
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Figure 3. - The decay of the 100K TL peak and
the growth of the 180K peak as a function of the
preirradiation time.
The [Si04/Na]

Related TL Peak.

Some samples from the same electronic grade
quartz block of the Li containing samples were
subjected to electric sweeping in which the Li was
completely replaced by Na. The conventional glow
curves obtained for the Na-swept samples were not
much different from those obtained with the Li
containing ones. In the following only the Na
related TL peak analogous to the 190K peak will

be dealt with. The peak appeared at 202K and will
be referred to as the 200K peak. It was formed by
the same double irradiation procedures described
for Li above. The optimal intensities obtained for
the 200K peak were almost the same as those of
the 190K peak as shown in Figure 4A where both
glow curves were obtained by the IW procedure.
Figure 4B gives the formation curves for the 190
and 200K peaks, obtained by the IW procedure.
In this case the abscissa gives the temperature
reached in the intermediate warming between the
two low temperature irradiations. The 200K Na
peak emitted the 380nm just as the 190K Li peak.
It was also eliminated by hydrogen sweeping.
These characteristics support strongly the model in
which the [ s ~ o ~ N ~center
] + is the electron trap
related to the 200K peak. Unfortunately attempts
to reveal the ESR spectrum of the [SiOqMa]"
centers were not successful until now. For further
details of the characteristics of the 200K TL peak
the reader is referred to Halperin and Katz (9,lO).

TEMPERATURE (K)

Single Irradiation Excitation of the [SiOq/M]
Related TL Peaks

The formation of the [SiO4/MI0 centers was
described above. In early publications (1,2) it has
been claimed that a double irradiation procedure
was necessary for the formation of these TL peaks.
This categorical statement proved not to be
accurate. Halperin (11) and Halperin and Sucov
(12) have shown that though at lower intensities
compared with those obtained by a double
irradiation and at a limited range of temperatures a
single irradiation excitation is possible. This can be
achieved at a temperature at which the M+ ions
can leave the Al-M-h centers and up to a
temperature at which the TL peak is still relatively
stable. For the 190K peak the lower temperature
limit is above 150K (Figure 4B) and the upper
limit is about 180K For the Na related peak the
temperature range will be about 170-190K.
The single irradiation excitation of these TL peaks
provides (11,12) a convenient method for the
determination of the thermal binding energies of
the M+ ions to the Al-M-h centers. Figure 5 gives
a few curves obtained, each with a different
excitation dose (irradiation time) for the 190K TL.
The intensities are plotted as a function of the
reciprocal excitation temperatures. The slopes of
the curves give an activation energy of 0.25 eV
compared to 0.27 eV obtained from the Li ion
mobility by Hughes (13). The binding energy for
the 200K Na peak was found to be 0.31 eV (12)
which compares very well with the 0.3 eV reported
by King and Sunder (14).
The Release of the M Ions From the Al Centers
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The scheme for the production of the 190K TL
peak by the IW procedure given above shows that
during the first low temperature irradiation the
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Figure 4. - A The 190K Li related TL peak and
the 200K Na related one. B. Formation curves for
the 190 and 200K TL peaks.

[A104Li]" centers trap holes thus forming
[ A l ~ ~ L i ,+h centers.
]
The Li ions remain still at
the A1 sites (binding energy 0.25 eV) until the
sample is warmed up to above 150K The thermal
enerm then overcomes the 0.25 eV binding energy
when the Li is released from the A1 site. In the
TTI procedure the first irradiation takes place

above 150K when the Li ion is released
immediatelythe trapping of the hole. For Na
containing samples the process is the same except
that the higher binding energy of the Na to the AlNa-h center (0.31 eV) results in a formation curve
shifted to higher temperatures compared to that
for Li (Figure 4B).

TO3

3
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4

The present work shows clearly that both the
above models are wrong. Holes get trapped even
at the lowest temperatures when the hole mobility
is negligibly small. The release of the M ions by
warming is of course purely thermal. The 0.27 eV
energy obtained for Li in (13) is therefore in fact
the thermal binding energy as obtained in the
present work and not hole mobility as claimed in
(13). The method for the measurement of the
binding energies offered in the present work is very
simple and more accurate compared to the indirect
method of "hole mobility" given in (13).
The 350-700K TL In Quartz

Figure 5. - Single excitation curves of the 190K
TL peak as a function of lo3n,obtained for
various excitation times. Slopes give the binding
energy of the Li at the Al centers.
The above model differs from those reported in
literature. Hitt and Martin (15) adopted a model
very common in literature by which ionizing
irradiation above 200K removes the alkali ions
from the A1 sites. Trapping of the hole occurs by
this model after the removal of the alkali ion.
Hughes (13) realized that irradiation at about
200K can not overcome the very strong Coulomb
binding energy between the Al and the alkali ion.
He suggested therefore that holes created during
the irradiation diffuse into the Al-M centers where
they get deeply trapped and neutralize the site,
when the M ion is free to drift away.

This paragraph will concentrate on the role of the
M ions in the traps related with the TL peaks in
the range 450-700K (the deep traps). Jani et a1
(16) have observed in high quality synthetic quartz
intense TL peaks in the range 180-300°C. Other
investigators, for example Bernhardt (17), report
on TI, peaks in the range 600-700K and even
above 700K A close relation has been reported to
exist between the low temperature TL peaks and
those at high temperatures (17). Of interest is the
observation that all the deep-trap-related TL peaks
do not appear in hydrogen swept samples. This
leads to the conclusion that they are alkali
associated electron traps (16).
The replacement of the 190K Li associated TL
peak at room temperature by a peak at 180K (see
above) and the restoration of the 190K peak by
warming take place in the temperature range 400600K (8). This points to a relation between the
shallow traps related with the 180 and 190K TL
peaks and the deep traps.
The TL peaks at high temperatuares change with
the dose of the x-irradiation. Figure 6 shows three
glow curves obtained for the same sample (+xzone, electronic grade). Curve 1was obtained after
1 min of x-irradiation by x-rays at 350K It shows
the main peak at 660K. After 32min irradiation at
350K (Curve 2) only traces of the 660K peak are
seen and a peak at about 590K is dominating.
Curve 3 gives the glow obtained after 5 hours of
irradiation at 350K The 590K peak is now weaker
and is being replaced by one near 640K

The TL peaks below 480K shown in Figure 6 are
much weaker and are given on more sensitive
ordinate scales. A TL peak at 440K appears at low
doses (1 min irradiation, Curve 1). In Curve 3 (5
hours irradiation) it is seen to be replaced by a
peak near 460K.

similar to the replacement of the 190K peak by the
180K peak shown above.The exact nature of the
deep electron traps is yet unknown. Work is going
on now with the hope that it will lead to an
identification of the related defects.
CONCLUSIONS

Temperature (K)

Figure 6. - Glow curves for a sample after 1, 32
and 300 min x-irradiation at 350K (curves 1 , 2 and
3 respectively).
The total TL intensity in the range 500-700K, (the
area under the glow curve in this temperature
range) was found to remain nearly constant
throughout the range of 3-300 min irradiation
times. More than that, the TL peaks at 660, 590
and 640K reached each under its optimal
irradiation dose nearly the same intensity. This
suggests equal concentrations of the electron traps
related to each of the three peaks. At short
irradiation times most of the available alkali ions
released from the Al sites get trapped at a given
site in the quartz lattice. At higher doses the alkali
ions are gradually transferred to other sites in the
same defect, which results in the replacement of
one of the above TL peaks by another. This is

1. The procedures for the formation of the 190
and 200K Li and Na related TL peaks involve the
migration of alkali ions from the Al and formation
of the [sio4A4]+ electron traps.
2. During preirradiation at 250-400K, alkali ions
get trapped more deeply at other sites, presumably
at the same Si in the quartz lattice. Some alkali
ions get trapped at still more s table sites, forming
the deep electron traps related with the high
temperature TL peaks.
3. In all the above cases the alkali ions migrate
back to the A1 sites during the emission of the
related TL.
4. Irradiation itself can not release the M ions
from the [NO4/MI0 centers. The release takes
place only
the formation of [ A ~ o ~ I M , ~ ] '
centers by the trapping of a hole when the M will
leave the A1 center at temperatures near or above
200K
5. Research on the radiation induced Q-1-losses
and frequency offsets of quartz resonators in
correlation with the above TL peaks is believed to
lead to a better understanding of the effects of
radiation on the resonators which may help in the
elimination of the unwanted effects.
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Abstract
In the present work, the acoustic waves in X-cut quartz
crystals' subjected to uniaxial stress were used as a tool
for investigation the ferrobielastic twinning phenomenon.
The propagation characteristics of media was measured
using the previously developed composite resonator
spectroscopy. Al-ZnO-A1 layers were deposited on one of
the X-faces of quartz samples forming composite
resonators structures. It was observed that the position of
peaks for longitudinal waves increased with the increase
of the compressive stress. The ferrobielastic switching
was characterized by an abrupt decrease of frequency of
peaks. Subsequent increase of pressure resulted in the
smaller slope of frequency vs. stress dependence than
before twinning. The quantitative and qualitative
explanation of the observed data and the evaluation of the
sound velocity are given.
1. Introduction
Under high uniaxial pressure crystalline lattice of solids
may be distorted or rearranged and therefore proper
material constants be noticeably changed. It is known
that the X-axis of quartz crystals can even be reversed by
applying uniaxial stress at favorable directions and this is
known as ferrobielastic twinning.
In the light of the free energy formulation, the
ferrobielastic twinning is classified as a secondary ferroic
phenomenon [I]. The ferrobielastic twinning is induced
when a suitable stress is applied along a crystallographic
direction that favors the switching from the existing
domain to the alternate domain [1,2]. The symmetry
operation relating quartz ferrobielastic domains (the two
Dauphin6 twin states) is a 180" rotation about [OOl].
Consequently, the signs of the elastic compliance ~ 1 4 ,
the piezoelectric coefficient dl and the piezo-optical
coefficients ZI4 and Z41 are reversed between twin
states [2]. Besides strain-stress relationships, these
changes on tensor properties provide additional means for
detection of stress induced twinning. The propagation of
the twin walls was optically observed with the sample
positioned between crossed- polarizers [I, 3-51. 'The-

piezoelectric polarization charge along [loo] was
measured as a function of the applied stress [6,7] and the
acoustic emission generated during the ferrobielastic
twinning was recorded [6].
In the present work, we describe a new method to
investigate the ferrobielastic twinning of quartz using the
composite resonator spectroscopy. The propagation of
acoustic waves was provided by the composite resonator
structure [8] having X-cut quartz crystals as substrate.
The resonant peculiarities of composite resonator
structure contain informations about acoustic wave
velocity and attenuation [9]. The position of resonant
peaks in the frequency range of hundreds MHz as a
function of the compressive stress was measured before
and after twinning. Our experimental data of sound
velocity were compared to those given by the formula
proposed by Thruston and Brugger [lo]. The changes of
resonance peaks positions in the frequency domain
contain informations about lattice transformation and
sound velocity at different stress levels.

2. Evaluation of sound velocity
From the theory of finite deformations certain functions
of sound velocity can be derived and expressed in terms of
the second and third-order elastic constants. An expression
for the isothermal stress derivatives of pow2 for any
homogeneous stress system was previously derived [lo].
In the case of an uniaxial stress we have :

where w is so called "natural" wave velocity referred to
undeformed dimensions of the sample and po is the
density at zero stress. M and N are unit vectors along
the directions of stress and the propagation of acoustic
waves in the absense of a static stress, respectively. co is
related to the actual sound velocity ( V ) at zero stress and
is given by :
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vp = 2xp6fp

(7)

where c ; ~ 'are the second order adiabatic stiffiness
coefficients and U is the unit vector along the direction
of the particle displacement referred to undeformed
dimensions. The summation over all repeated indices is
implied. The parameter F is the Stress derivative of the
Lagrangian strains and is associated to the geometrical
change of the specimen due to the uniaxial stress. F is
defined by the following expression :

where xo and xp is the path lenght at the initial
condition (zero stress) and that after application of P ,
respectively. 6f is the value of the frequency difference
beween subsequent resonant peaks under P , ex is the
relative strain along the X-axis. It is possible to write
6fp as a function of 6fo, the difference between
positions of the same peaks at zero stress, as follows :

where
an the
compliance
coefficients. The parameter G is associated to the
dependence of elastic stiffiness with the uniaxial Stress
and is defined as :

where
represents the change in the difference between
peaks position due to P , Substituting (7) into (8) and
taking into account that vo = 2x06fo is the sound
velocity at zero stress we have :

'

= skvCu~rqsMaMbNpNqUrus

4f

(4)

where CUvrq,, the third-order stiffiness coefficients, are
the isothermal strain derivatives of the adiabatic second
order stiffiness coefficients. Since all quantities entering
into equation (1) refer to the unstressed state, neither the
deformation nor changes in crystal symmetry under stress
have to be considered.
We are interested in the variation of the sound velocity in
relation to the uniaxial stress. The dependence of the
relative change of velocity with the uniaxial stress is
obtained by solving equation (1). Considering the first
and the second terms of the expansion

.

1+)fa-.. (a = constant), the relative change
of natural velocity (Aw /wo) can be writen as follows:

where P represents an uniaxial stress load per unit of
natural undeformed area in the direction prescribed by M .
The term M .N vanishes when the propagation direction
is perpendicular to the direction of uniaxial stress.
The equation (5) evaluates the dependence of Aw /wo
with P taking into account the elastic coefficients of the
crystal. On the other hand, it is known that the frequency
changes is connected with the sound velocity changes in
the media. The experimental method that will be
described in next section is based on the measurement of
the frequency change as a function of P. The changes of
samples dimensions are also needed to investigate the
relative change of the actual velocity (Av /vo).
For a compressive stress P it is possible to connect the
lateral dimension along the X-axis ( x , ) and the actual
sound velocity (v,) by the following relations :

The substitution of equation (6) in the equation (9) will
give the dependence of A ~ as a/ function
~ ~of Af 6fo
and EX :
Av Af
-=( l + ~ X ) f
vo 6fo

EX

(10)

In the present work, we did not measure E x . However, it
is possible to determine E x using the strain-stress
relation. Using the matrix notation, E x is determined as
follows :

where

T
slj
are the isothermal elastic compliance

Ti

coefficients and
are the components of the stress
tensor. In the rotated set of axis XY'Z', in which M
coincides with Z', T;may be writen as follows:

where P is the compressive stress along Z' direction.
Making the transformation of coordinates from the
system XY'Z' to the cristal system XYZ by using the
direction cosines that relates both frames, we obtain the
following expression for E x :

,

where 6 is the rotation angle between XYZ and XY'Z'.
Using the equations (10) and (13) it is possible to
evaluate Av/vo before and after twinning by using the
relative change of frequency as a function of f' .
In the present work, we use the elastic compliances
determined by Bechmann [ l l ] and the third-order elastic
coefficients are those determined by Thurston et al. [12].
The third-order elastic stiffiness coefficients that change
C124C134and
sign between twin states are Cl14r

C444.
In accordance with the IRE Standard [13], S14 is
positive and C,14 is negative for the existing twin state.

The composite resonator was set in a holder as it is
shown in Figure 1. Their lateral faces were isolated in
order to reduce the effect of parasitic charges. The
frequency signal was supplied by a 4396A Hewlett
Packard network spectrum analyser.
The basic quantity of measurement was the frequency
difference between subsequent resonant peaks (6f ). The
characteristic pattern of resonant peaks in the frequencyphase domain is illustrated in Figure 2. Several peaks
near 300 or 400 MHz were followed as the compressive
stress was varied. The average value of 6f was evaluated
in order to minimize the error in measurements of peak
positions. The experimental error due to the measurement
of minimuns or maximuns of resonant peaks is of the
order of 13 ppm.

3. Experimental Procedure
The apparatus used to apply almost uniaxial compressive
stress was detailed in a previous work [14]. Here we just
describe the method used to mesure the axial strain. Two
pairs of inductive gauge heads were positioned at 180' in
relation to the axis of the applied force. Each pair of
gauge heads measured the differential displacement
between the platens in which the sample was set. The
axial strain at each side of sample was evaluated from the
differential displacement values.
The composite resonator structure [8] was built using as
substrate synthetic quartz crystals of X-cut rotated of
8 =-45' and 8 =-60'. The faces of the specimens were
ground and polished optically. The error of parallelism
between faces was near 4 0 . The dimensions along X, Y'
and Z' were 2, 5 and 5 mm, for samples rotated of -45",
and 2, 10 and 4 mm, for samples rotated of -60'.
Longitudinal waves were excited along the X-axis of the
specimen. For this, a ZnO layer of 9 pm thick was
deposited on one of the X-faces between Ti-A1 and A1
electrodes of 0.18 and 0.15 pm thick, respectively.

electrodes

- ZnO

brass
coaxial cable

film

direction of
@ uniaxial
stress

Figure 1 - Schematic representation of experimental
arrangement (top view).

I
frequenc
Figure 2 - Schematic phase-frequency resonant spectrum
of a composite resonator used in compressive
experiments.
4. Results and Discussion
Figure 3 shows the dependence of the axial strain
measured by each pair of gauge heads in relation to the
compressive stress (P)for a sample rotated of -60'. The
discrepancy observed in the values of measured strains
( Q ) can be associated to non homogeneous
compresssion due to non parallelism of faces.
The relative position of resonant peaks ( Af / 6fo) are
plotted in Figure 4 as a function of the applied stress
(P). Both EZt and Af / 6f 0 increase almost linearly with
the increase of P . Near 400 MPa one observes an abrupt
increase of EZ1 simultaneously with an abrupt decrease of
Af / 6fo. By still increasing the pressure, it is observed
that Af / 6fo increases in a smaller slope then before the
jump while EZ1 increases in a bigger slope. With the
subsequent decrease of pressure, both Af / 6fo and EZ1
monotonously decrease to zero keeping almost the same
slope which was set after the jump.
As it was previously reported [4, 5, 141 the ferrobielastic
twinning is usually followed by an abrupt jump in strainstress relationships. Thus, the jump observed in Figure 4

are also connected with the transition from the existing
twin state (domain I) to the alternate twin state (domain
11). As the jump in EZ* vs. P dependence was detected
by the both pair of gauge heads, we suggest that the
twinning took place in the whole sample. It was also
observed that EZ1 vs. P and Af 16fo vs. P slopes did
not change at any stress level after the transition point.
This fact submits the irreversibility of the lattice after
putting off the pressure. It is in accordance with previous
strain-stress experiments [4,5,14].
The evaluation of Av /vo for the sample rotated of -60"
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is shown in Figure 5. The linear dependence of Av/vo
vs. P shows the same slope before and after the
transition point. From the equation (13) and the
experimental measurements of lateral strains [4], it is
noticed that Ex changes sign after twinning. Ex is
negative for domain I and positive for domain 11. The
equation (13) shows that the absolute value of Ex is
higher for domain I1 than for domain I under the same
stress. Thus, during the increase of the pressure, when the
crystalline lattice belongs to domain I, the lenght along
the X-axis decreases and the influence of Ex on h / v o
is not significant. If the pressure is still increased after
the transition point, the specimen expands along the Xaxis and the influence of Ex on AV/vo is much more
important. In this experiment, the effect connected with
the decrease of Af I Sfo was fully compensated by the
expansion of the wave path length in X-direction and
thus the actual sound velocity was not affected by
twinning.

P [MPa]
Figure 3 - Strain-stress dependences for a X-cut sample
rotated of -60" (o increase of stress, + decrease of stress).
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Figure 5 - Relationships betwen sound velocities and
stress for a X-cut sample rotated of -60" evaluated before
and after twinning (o increase of stress, + decrease of
stress).
Figure 4 - Relationship between the relative change of
frequency and stress for a X-cut sample rotated of -60"
(o increase of stress, + decrease of stress).

The relationship between the natural velocity and P is
also plotted in Figure 5. Aw /wo was evaluated for both
twin states taking into account both sets of elastic

coefficients. During the increase of stress, Aw /wo vs.
P dependence has a bigger but not so different slope
compared to that of Av/vo vs. P dependence. It is
explained by the small decrease of the wave path length
when the pressure is increased before the transition point.
After twinning, the change of Aw /wo vs. P slope is
connected with changes in second and third order elastic
coefficients while Av/v0 vs. P slope does not change
due to the compensation of Af 16fo by &,I. From
figures 4 and 5 it is observeb that Af 16fo has the same
behaviour of Aw /wo under stress. This fact suggests
that Af/6fo is associated with changes in elastic
coefficients.
Quite another situation takes place when the transition in
the whole sample is not finished. This may be illustrated
by the data obtained from the sample rotated of -45'.
Figure 6 shows the axial strain measured by each pair of
gauge heads as a function of P. Figure 7 shows the
relationship between Af 1 6fo and P. The abrupt jump
in strain-stress relationship was observed only in one side

of the sample near 500 MPa. Simultaneously, an abrupt
jump of about 0.7% was noticed in Af 16fo vs. P
dependence. After this point, the pressure was released and
both EZo and Af 1 6fo kept the same slope which was set
after twinning.
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400
P [MPa]
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Figure 7 - Relationship between relative change of
frequency and stress for a X-cut sample rotated of -45'
(0 increase of stress, + decrease of stress).
The disagreement between axial strains showed in Figure
6 compelled us to increase the pressure again. The
dependences E Z ~ vs. P and Af / 6 f o vs. P for the
second load cycle are shown in Figures 8 and 9,
respectively. It appears that the slope of Af /fo vs. P
dependence is similar to that set during the increase of
pressure in the previous cycle. This observation supports
the assumption that crystal parts oriented with the
symmetry of domain I1 switched-back to the symmetry of
domain I when the pressure was released in the first cycle.

P [MPa]
Figure 6 - Strain-stress dependences for a X-cut sample
rotated of -45" (o increase of strees, + decrease of stress).

Figure 8 - Second strain-stress dependence for a X-cut
sample rotated of -45". Here
is the average of both
measurements. (o increase of stress, + decrease of stress).
&,I

(3) The relative change of frequency and the natural
velocity show similar behaviour in ferrobielastic
twinning.
(4) The linear relationship between actual sound velocity
and compressive stress is not influenced when the
ferrobielastic twinning occurs in the whole sample.
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P [MPa]
Figure 9 - Second relationship between relative change of
frequency and stress for a X-cut sample rotated of -45'
(o increase of stress, + decrease of stress).
Our previously observations of domains patterns [S]
showed that the switch-back to the original twin state
occurs at very low stress levels when the twinning is not
entirely overcame and without change in strain-stress
slope.
The relationship between Af l 6 f and P for the second
strain-stress cycle shows several interruptions. It can be
qualitatively explained if we consider the existence of
strained clusters of Si04 tetrahedra that could favorize the
nucleation of the alternate twin state. These interruptions
are probably associated to partial transitions that can take
place when the pressure is increased again. It suggests
that the dependence of Af I 6fo vs. P is influenced by
the existence of both twin states in the crystal. The
abrupt jump observed in &,I vs. P dependence near 450
MPa was observed in both sides of the sample. It
suggests that the twinning occured in the whole sample.
Unfortunantely, at the same time, the sample was
partialy broken and the electric contact with the
composite resonator was lost. In Figure 8, the residual
strain observed at zero stress is due to sample's damages.
The sound velocity was not evaluated for the sample
rotated of -45" because neither equation (5) nor equation
(10) can be applied when both twin states exist
simultaneously. This problem must be considered in the
future together with the evaluation of sound attenuation.

5. Summary
The results of the present work can be
summarized as follows :
(1) Composite resonator spectroscopy can be used to
investigate the ferrobielastic twinning in quartz.
(2) The linear relationship between the relative change of
frequency and the compressive stress is strongly modified
by the ferrobielastic twinning.
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Abstract:
This work concerns the development of a general
nonlinear theory including discontinuities and
interfacial properties in the framework of continuum
physics. After recalling the basic ideas on which the
different theories are founded, difficulties that occur at
interfaces are placed in evidence and discussed. A
solution is proposed through a new reformulation where
the idea of invariance under different transformations
plays a major role. Finally, some features relative to the
construction of an approach including complex
structures and particularly deformable femoelectric and
piezoelectric semiconductors are outlined.
Introduction :
Nonlinear continuum theories [I-71 including
electromagnetomechanical interactions reversible and
irreversible processes such as diffusion and conduction
phenomena and interfacial properties hwe been
developed through either vectorial or energy
formulations. In a f i s t step, the basic ideas and concepts
at the origin of these approaches are recalled, then the
advantages and drawbacks of each fomuBation are
placed in evidence, particularly in the study of complex
structures where different continua interact nonlinearly
with each other. In a second step, it is shown that
although the two approaches have been recently
extended to account for interfacial properties, the
obtained results rare partial, sometimes inconsistent and
may lead to certain ambiguities. This is not due to the
fact that the methods are not applied properly but rather
to intrinsic difficulties intimately related to the basic
postulates. These aspects are developed and a solution is
proposed where a new energy method emerges. The
latter constitutes a unified mode of expression based on
the use of three invariance principles associated with (i)
mechanical and coupled effects (invariance under rigid
body motion) (ii) electromagnetism (gauge Invaria:ce)
and (iii) passage from a n dimensional space to a n-l
dimensional embedded subspace (scale-change
invariance). Finally, the interest of such an approach is
placed in evidence by its application to complex
structures such as nonlinear deformable fenoeIectric
semiconductors including interfacial properties, where
none of the conventional fomulations apply.
The present theory requires the establishment of some
mathematical tools that allow the generalization of

Green-Gauss and transport theorems to singular
surfaces and lines in addition to a number of physical
principles. All these local aspects were recently
developed in a number of papers and in different
contexts (some of the references are given along the
paper). The development of these ideas in mathematical
form being impossible in a brief space only the
important features and results are outlined.
Two basic approaches in physics : the vectorial and
scalar formulations
The history of physics can be analyzed in terms of
oscillations between two viewpoints. One of them,
favoured by Newton in the XVIIth century, takes a
vectorial concept (force) as hdamental and the other,
favoured by Leibniz at the same period, takes a scalar
concept (energy) as the basic entity. Later developments
showed that although the two methods take their origin
in two opposite philosophies, they are equivalent in
their prediotions as to chssical mechanics and
electromagnetism
and
hence
scientifically
indistinguishable. However, since both methods are
neither philosophiealliy nor Bogically identical in so far
as the basic hypotheses are concerned, lo: is natural to
question their validity and to establish their
potentialities when trying to move from simple
mechanical and electromagnetic situations into the
unknown.
Advantages and drawbacks in Quantum and
CBsssical field theories
Let us f%st have a general view on physics as a whole
by making a distinction between the quantum and the
classical field theories. In quantum field theory [8] the
concept of force in the Newtonian sense is absent while
the concept of energy is very useful particularly through
the so-called Lagrangian approach. One of its main
interests is its accomodation to symmetry properties and
invariance principles. As to the classical field theory,
the vectorial approach is not only present but it
supersedes the energy method. The main reason is that
unlike the microreversibility principle that governs the
microcosm, irreversibility is essential in the macrocosm.
A "force" does not derive from a scalar in general.
Consequently, although the Lagrangian approach is a
precious tool to quantum field theory it is not
sufficiently wide to include certain phenomena
encountered in macroscopic physics,
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Since the early sixties, the vectorial approach bas been
developed on an axiomatic basis where continuum
mechanics and thermodynamics have merged into a
single science before including electromagnetism at a
later stage [7]. The combination of the laws of
mechanics, thermodynamics and electromagnetism in a
nonlinear framework is a necessity in a number of
practical and realistic applications. This is particularly
the case in the problem we are interested in concerning
electromagnetoelastic and acoustooptic effects as well
as thermal and electronic conduction, diffusion and
transport phenomena in semiconductor devices.
Difficulties associated with the vectorial approach in
complex structures
Although the vectorial approach is applicable in
principle to complex structures one needs to postulate
and construct several interacting and interpenetrating
continua that complement the mechanical well-known
lattice continuum. In deformable semiconductors, for
example, these are the polarizable, magnetizable,
impurity, electronic and hole continua [3, 4, 51. The
account for all these phenomena requires the
construction of a great number of laws. More precisely,
the law of conservation of momentum and moment of
momentum have to be established for each continuum.
In proceeding through this vectorial formulation, not
only the number of postulates rapidly increases but the
construction of the postulates leads to a certain degree
of arbitrariness.
Introduction of a hybrid approach: Partially scalar,
Partially vectorial
The lack of a general energy method that applies
simultaneously to mechanics, electromagnetism and
irreversible thermodynamics led some authors to use a
hybrid approach established in the last decades [3-61.
The basic idea was to benefit from the advantages of
both approaches. In dealing with Maxwell equations,
the vectorial approach allows to obtain the bulk as well
as the jump relations across discontinuity surfaces, by
the use of a generalized version of Stoke's and GreenGauss theorems. As to the electromagnetomechanical
equations, they were modeled by an energy approach of
a mechanical origin, that generalizes Lagrangians and
which is well adapted to the use of invariance under a
rigid body motion, needed for obtaining different
coupled effects in a consistent manner. This energy
method takes its origin in a scalar mechanical principle
(d'Alembertts principle) practically unknown by
physicists while it is used in mechanics and was
particularly developed by fiench theoretical
mechanicians [3-6,9, 101.

Back to the origin of the three different approaches
and possible extension
Historically, d'Alembertls principle [ l l , 121 emerged
through the attempts to reconcile the different views
defended by Newton and Leibniz concerning the basic
concepts related to the physical world. More precisely,
in order to place in evidence the link between the
inertial Newtonian force and the leibnizian "vis viva"
(kinetic energy), d'Alembert adopted Leibniz's idea
according to which the Newtonian measure of motion
by the time rate of change of momentum is to be
replaced by the following statement [12] : "The change
of the kinetic energy is equal to the work done by the
force". DIAlembert put this idea in a formal manner
extending to dynamics the principle of virtual work that
goes back to Aristotle but that was recognized much
later by Bernouilli as a general principle of statics.
Mathematically, this principle is expressed in the form
of an orthogonality relation:

where the dynamical field Fffis the dual of a
kinematical field V*, the star indicates the virtual
character of the velocity field V and Fffincludes two
contributions : gravitational force plus the negative
product of mass times acceleration which is considered
as a force created by the motion. Although apparently
nothing is gained since one recovers newton's law, it is
precisely this apparent triviality which makes of this
reformulation an ingenious invention that was greatly
distorded and misunderstood in the past.
In order to place in evidence the generality as well as
the unifying character of this principle, let us start with
the simplest example of a continuous medium. Here,
tensorial elements enter into the picture since scalars
and vectors are not sufficient to account for some
physical entities such as the notion of deformation
(symmetric part of the displacement gradient noted qij,)
and stress tensor oij. In a purely mechanical but
deformable body, the orthogonality relation (1) globally
holds except that one has to construct a scalar which
includes the velocity field V as well as its first gradient.
In order to provide a direct link with the Lagrangian
approach, one may replace the velocity V by an
infinitesimal displacement 6u. Thus in a first gradient
approximation one is led to F~~~
6ui - oU6ui,j, where oij
does not necessarily derive from a scalar as in the
Lagrangian approach (oij = dL/hi,). In addition, one
distinguishes between external and internal forces (here
matter-matter interaction represented by the stress
tensor). Internal forces for which one ultimately needs
to construct constitutive relations have to be formulated
in such a manner that they satisfy the invariance of the
response of a material body under a superimposed rigid

body motion. This invariance requirement, places
restriction on the stress tensor. Keeping this in mind, we
can now appreciate, the generality and the unifying
character of d'Alembertlsprinciple. Firstly, on assuming
that eq. (1) holds true for any virtual motion V* one
recovers the fundamental law of Newtonian mechanics
(consequence of conservation of momentum),
Secondly, the use of the above-mentioned invariance
property leads to the symmetry of the stress tensor
(consequence of conservation of moment of
momentum) and thirdly, on letting the virtual vector V*
coincide with the actual velocity V, one obtains the
conservation of mechanical energy. We have thus three
basic informations condensed in one scalar statement.
Let us note at this point that this procedure maybe
extended to complex structures by introducing
generalized kinematical fields [3-61. In the study of
electromagnetomechanical interactions including heat
and electronic diffusion and conduction phenomena, the
generalized kinematical fields will be the mechanical
velocity, the material time derivative of the polarization
and magnetization and the velocity of the different
carriers (impurities, electrons, holes).

a) Vectorial approach: impossibility of lowering spatial
dimensions

By recalling the basic elements and principles on which
the vectoriel, energy and hybrid approaches are based as
well as the advantages and drawbacks of each
formulation, we have paved the way for the
examination of the different approaches when applied to
interfacial science. Before moving to interfacial
considerations, let us note that dfAlembert's approach
may be used to derive Maxwell equations. This fact is
very useful when dealing with interfaces as it will be
shown in the forthcoming developments. In proceeding
in this manner one does not only obtain new results but
one also gains a certain unity when a comparison is
performed with mechanics. Indeed, in the same manner
as the symmetry of the stress tensor is a consequence of
rotational invariance, the skewsymmetry of the
magnetic tensor will be a consequence of gauge
invariance. In addition, one may show that in a
Lorentzian four dimensional space one recovers the
whole set of Maxwell equations through one postulate
subject to one constraint (gauge invariance) [ 131.

D, qf,H, J and D , if , G, j denote respectively the
electric displacement, the free charge, the magnetic
field, the electric current and their interfacial
counterparts. The three dimensional domain D is a
simply connected, open material region of E3 with
regular boundary aD having a unit oriented normal n.
C is a discontinuity surface contained in D. The two
dimensional domain S is an open material surface in E3
enclosed by a closed curve d S having a unit binormal
b (b = t x n) y is a discontinuity curve on S. dv , da and
dl denote respectively volume, surface and line
elements.

Position of the Physical
interfacial science

problem

concerning

In the forthcoming developments, I shall raise a number
of questions that deserve a special attention since they
concern the basic structure of continuum physics.
Indeed, although the %ndamental postulates seem to
apply to simple situations with no ambiguity using
either the vectoriel approach or the scalar one, serious
difficulties occur when dealing with interfacial
properties.

In the study of discontinuities and interfaces where the
classical jump and boundary conditions are not
sufficient anymore some of the pillars on which the
vectorial structure is based collapse. This is the case of
AmpBre's law and the like(1ine integrals). To see this
clearly let us recall that the introduction of surface
parameters in addition to well-known volume ones,
requires a lowering of the space dimension by one order
(n + n-I). Thus for Gauss's law for example one sets

as to Ampere's law, even in magnetostatics, the
lowering procedure breaks off

b) Scalar approach : impossibility of the multiplication
of distributions
One of the basic differences between the vectorial and
scalar approaches is that the basic fields in an energy
like formulation are postulated in the bulk while these
fields are postulated at boundaries (closed surfaces or
lines) as in eqs. (2) and (3), when the vectorial approach
is used. Consequently, no problem occurs with the
energy formulation when lowering the dimension, but
there is another problem in relation with the scalar or
energy approach. To see this let us recall that (i) an
energy is a scalar product, (ii) the usually continuous
functions must be replaced by discontinuous ones
(distributions) since the bulk medium is now cut by a
discontinuity surface and (iii) the product of two
distributions is not a well defined mathematical
operation. The three above mentioned propositions
clearly show the difficulty when distributions are to be
used simultaneously with scalar products. Notice,

however, that unlike the vectorial approach, the energy
method does not degenerate but the operation of
multiplication is ill defined, when the distribution
theory is used. This means that if a solution is available,
then it must avoid the use of distribution theory and one
should look for it in the framework of the energy
approach where not only the dimension can be lowered
from volumes to singular surfaces but also to singular
lines. Notice that in this last case, the vectorial approach
degenerates in electromagnetism and in mechanics as
well, since there exists no closed boundary for a
singular line. In brief, one may say that the trouble
comes from the gradients of the volume functions when
the latter are in close contact with the interfacial region
[5, 101. Mathematically one writes:

where W and w denote respectively the volume and
surface energies whose expressions can be given with
no ambiguity while ? indicates the energy that couples
the volume to the interface and that needs to be
determined.
Towards a new approach based on invariance
principles
Eq. (3) shows that the degeneracy occurs with surface
coefficients, while the impossibility of distribution
products concerns the discontinuity of the bulk field at
either side of the interface. One may take benefit from
this opportunity and combine the two methods to obtain
a consistent result. However, it must be emphasized that
such a procedure is neither practical since it is feasible
only in simple situations nor desirable since one looses
the elegance and the unity of the basic postulates. It is
simply a first step, of a heuristic value, that leads to the
discovery of a correct result, but the method is neither
self-consistent nor self-contained. This lack of
rationality and unity requires further investigations in
order to avoid having one foot in the vectorial approach
and the other in the scalar formulation and to obtain
independent, intrinsic postulates by cutting all links
with the vectorial approach. This second phase,
essential for further generalizations, is obtained by
imposing internal constraints on the scalar approach in
the form of invariance principles. More precisely, one
starts by postulating a first gradient theory in the bulk
and at the interface as follows [13] :

where a caret (") is used to indicate surface parameters
and operators. Then, one imposes gauge invariance

(invariance under the addition of the gradient of any
scalar field) leading to the following restrictions:

Notice here that unlike the volume tensor, the surface
tensor is not skewsymmetric in the general case. This
fact is very important since it clearly shows that as long
as one persists in treating electromagnetism in terms of
vectors and pseudovectors as is usually the case in
engineering sciences [14], one is bound to deal only
with particular solutions implicitly assuming kikn, = 0

6

for example. Indeed, in this particular case
becomes skewsymmetric and only then, it can be
identified to a pseudovector. There is a second
invariance principle needed for the full determination of
eq. (4) which we call "scale-change invariance" that we
do not reproduce here for lack of space [13, 151. Let us
note however that unlike gauge invariance which
characterizes Maxwellian electromagnetism, scalechange invariance is of a mathematical nature. It is a
substitute for the impossibility of distribution products.
Its form remains invariant when dealing with
mechanics, electromagnetism or electromagnetomechanical interactions. One would like to say it is of a
geometrical nature but there is a risk of ambiguity here
since gauge invariance may also be interpreted as a
curvature in a certain geometrical space [16, 171.
Application to
semiconductors

ferroelectric

and

piezoelectric

Now that we have established all the necessary
ingredients needed for the construction of complex
structures including interfacial properties, by use of a
unified mode of expression, let us give a plan showing
how the use of invariance principles associated with an
energy formulation and using Green-Gauss and
transport theorems [19] allows the construction of a
consistent theory of deformable, ferroelectric and
piezoelectric semiconductors.
Electromagnetism : As pointed out in the last section,
gauge and scale-change invariance lead to volume and
surface differential equations generalizing thus Maxwell
equations [13, 151.
Electromagnetomechanics : Here, the invariance under
rigid body motion and again the scale-change
invariance play a major role in showing the way the
different continua couple together and lead to a local
balance equation for each continuum [IS].

Thermodynamics : The above mentioned equations are
combined with the first and second principles of
thermodynamics, leading to the so-called ClausiusDuhem inequality, essential for the determination of
reversible and irreversible constitutive relations [4, 51.

1151
[I61
[171

Conclusion

1181
Although the attention has been focused on the methods
and on the basic principles, the origin of this work lies
in practical problems associated with the study of
volume and surface phenomena such as wave
propagation problems. As is usual in scientific
investigations one looks for new ideas, methods and
principles only when the old ones fail and cease to
satisfay. Here, the difficulties encountered through the
study of interfacial properties in semiconductors were
the chief motive for these general investigations.
Finally, as pointed out in the introduction, my concern
here was to give a qualitative and general understanding
of this subject matter through an overall picture. This
obviously required to work with one eye on the past
another on the future.
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Abstract

- The phase and amplitude noise in

many

technique reduces the noise floor by

NO.',

where N is

microwave components have yet to be understood.

the number of averages. This technique has been used

This is because conventional measurement systems aae
not sensitive enough. We have been able to measure

to improve the noise floor by approximately -15 dB,

the phase and amplitude noise in components such

achieving -165 dBc/Hz at 1 kHz offset [3]. The
drawbacks are; the amount of time needed to reduce the
noise floor; and that two measurement systems are

isolators, power limiters and voltage controlled phase
shifters and attenuators. This was possible due to the

needed for the correlation. We have built a new

advent of the ultra-sensitive Ivanvov-Tobar-Woode

measurement system with a noise floor of -193 dBc/Hz

0measurement system

above 1 kHz, and with the ability of measuring the

(Patent Pending).

For

example, the phase noise in an isolator is shown to be

noise in real time.

flicker of phase noise with a level of -184 dB&
at 1
kHz offset. The noise floor of the measuring system
was also flicker of phase below 1 kHz, and flat at a

We report on noise measurements of microwave

level of -193 dBc/Hz above 1kHz.

shifters and attenuators. The measurement of noise in

isolators, power limiters, voltage controlled, phase
these components was only possible due to the advent
of the new ITW noise measurement

I.

INTRODUCTION

example, we measured a level of -184 dB
offset in an isolator. This is substantially lower than

The latest generation of low noise microwave

the level of Isolator phase noise calculated by N.N.

oscillators have such low noise, that the noise level of

Kolachevsky [4] and D.P. Tsarapkin [5]. Note that

individual components such as isolators and vmctor

even the NIST cross correlation technique is idequate

phase shifters needs to be known [1,2]. The phase

for measuring the noise in isolators.

noise of these components has rarely been measured
because the noise floor of a typical measuring system
is usually worse than the devices under test. A

11. THE ITW MEASURING SYSTEM

standard X-Band double balance mixer phase bridge has
a noise floor of approximately -150 dBc/Hz at 1 kHz

The ITW detector can be ma& either AM or PM

offset kkquency.

sensitive with quadcam settings (0' or 904 with a
internal phase shifter as shown in figure 1. Thus the

The noise floor of a simple phase bridge may be

tuning procedure is similar to a simple phase bridge

lowered using a technique such as cross correlation

which incorporates a double balance mixer. The lTW

developed by the National Institute of Measurements

detector is calibmted by introducing a known phase

and Technology (NIST) [3]. This signal processing

modulation (PM) and measuring the phase to voltage
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conversion ratio. A typical S shaped detector output
curve is shown in figure 2, with the maximum
sensitivity of 110 VIRadian at 0'.

introducing aphase modulation into the measurement
port while monitoring the detector output. The
conversion ratio is dependent on the input power level
to the detector.
The device under test adds its insertion loss to the

Sensitivity

7

Calibration AM
,

pM

measurement. This can vary with each individual
component which increases or decreases the sensitivity
of the detector. 'be peak sensitivity of the detector
measured was approximately 160 V ~ R a d h which
resulted in a measmd noise floor of -193 dBc/Hz,
above a kHz. At kquencies below a 1kHz offset, the
noise floor followed the flicker law given by;

=-163-lOlog(f)
t ( f ) N.F
SSB

(I)

To Oseill~scopeor Multimeter
where

(f) is the single sideband noise floor in

[dBcMz] and f is the offset frequency.

To Spectrum
Anadyser

The detector noise floor in figure 3 showed some extra

noise at low offset frequencies, which was due to
external

w.
The I I W detector combined with a &ice

vibration

and

pickup

of

spurious

electromagnetic radiation.

under test (D.U.T). The sensitivity of the detector in
V/IRadian is measured by introducing a known phase
modulation and measuring the output on the
oscilloscope (C.R.0). The system noise floor is
measured by repking the DUT with a piece of plain
cable.
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lo4

10s

Offset Frequency [Hz]

Phase Shift [Radians]

The detector output voltage as afunction of
phase shift for the ITW measurement system The
conversion ratiofrornphase to voltage [VXUadian] may
be calculated from the slope of the output voltage.
The maximum slope is at the zero crossing and is 110
VXUadian. The conversion ratio was also confimd by

Eigyre 3. Measurement noise floor of the ITW ultrasensitive phase detector with +20 dBm incident power.
There is some excess noise at low offset frequencies
which is due to the vibration sensitivity. There is also
some evidence of electromagnetic interference.
A microwave amplifier with known phase noise was

tested. The amplifier was configured with attenuators
both before and after which maintained an acceptable
input power. Figure 4. shows the phase noise of the
microwave amplifier measured using the

ITW detector

as -133 dBcMz at 1

offset. This level of phase

noise is fairly typical and was within a dB of the noise
measured by a conventional mixer system.
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aPhase noise in a single microwave isolator
Offset Frsqwncy (Hz)

&re 4. The phase noise of a microwave atnpl@er
measured at 9 GHz using the I'TWdetector. This
measurement was coqtimred when comparing the phase
noise with the measured noise using a conventional
system.
III PHASE NOISE RESULTS

m e phase noise in a variety of active and passive
microwave components were successfully measured at

9 GHz using the ITWdetector.
Ferrite Isolators.

at 9 GHz and +20 dBm of incident power. Curve a;
The phase noise of a microwave isolator. Curve b;
The measuring system noise jloor. Below a f m kHz

the phase noise of the isolator was well above the
noise floor.

Microwave power Limiters.

The second device tested was a mimwave power

limiter. The limiter operated in the limiting regime
when more than +7 dE3m was passed through it. The
measured phase noise of the microwave limiter is
shown in figure 6. The phase noise of the limiter was
-158 and -168 dBc/Hz at 1 kHz offset for the limiting

and non limiting regimes respectively.

The phase noise in ferrite isolators has never before
been reliably measured. However there has been some
conjectm about the exact levels of noise, and the
processes involved [4,5]. Here we present the fmt
reliable phase noise measurements of an isolator. This
was possible because of the I'W measurement system
as shown in figure 1. The ITW detedor was
configured to be phase sensitive with a maximum
power of +20 dl3m incident on the isolator mdex test.
The phase noise of the isolator was measured as -184
dl3ch-h at 1 kHz offset and is shown in figure 5. The
phase noise measurements were repeated with multiple
isolators from different manufacturers. In all cases the
noise measured was at least 10 dB above the noise
floor and in the range of -183 to -186 dBc/Hz at 1 kHz
offset.
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Offset Frequency [Hz]

-re
6. The phase noise of a microwave power
limiter measured in the limiting a . rwn limiting
regimes. Curve a; The p h c i noise measured in the
limiting regime with +10 dBm input power. Curve b;
The phase noise in the non limiting regime, with an
input power of + 4 dBm. The noise floor for each
measurement was well below the levels measured here.

Voltage Controlled Devices.

Microwave voltage controlled devices are used in many
applications in which their phase noise is critical [1,2].
A selection of voltage controlled vamctor diode phase
shifters (VCPs) and voltage controlled pin diode
aaenuators were tested (VCAs). Figure 7. shows the
phase noise measured in two VCPs from different
10

manufactwen.

100

1000

lo'

1oS

Offset Frequency (Hz)

The phase noise level me as^ varied from -165 to

-172dBc/Hz for VCP 1 and 2 respectively. Both had a
similar dynamic mnge and were biased with batteries at
+3 volts. The VCP phase noise was found not to be
significantly dependent on the bias voltage. Changing
the batteries for a noisy bias supply saw the g a d
level of phase noise remain unchanged, however W
was a significant increase in electromagnetic spikes.
The phase noise shown in figure 7 was & t e e to
be intrinsic to the VCPs and not due to the conversion
of bias voltage noise to phase noise.

The phase noise of two voltage controlled
anenuatorsfromd@erent mfacturers, at 9 GHz mi
with an input power of +20 dBm. Both were b h d
with voltage supplied by a battery. Curve a; The
phase noise measured for VCA I. Curve b; The
phase noise of VCA 2. Curve c; The measuring
system noise floor.

N AMPLITUDE NOISE RESULTS
It is also important to characterise the amplitude noise
of the voltage controlled components as it can be as
critical as the phase noise for some applications.
The amplitude noise of VCP 2 shown in figure 9 was
very low at -184dF3dI-h at

]I

H z offset, which was

more than 10 dB lower than its measured phase noise.
'Fhe amplitude noise measured for VCA 1 and 2 is
shown in figure 10. The amnuators were biased so
that the sensitivity of the measuring system was the
lo

loo

1000

lo4

1d

Offset Frequency [Hz]

a The phase noise of two voltage controlled

phase sh@ersfromdifferent manufacturers measured at
9 GHz with +I0 dBm of input power. Both VCPs
were biased with batteries at + 3 volts. Curve a; The
Phase noise of VCP I. Curve b; The phase noise of
VCP 2. Curve c; The measuring system noise floor.
The phase noise measured in two voltage controlled
attenuators is shown in figure 8. The attenuam were
both biased so that the sensitivity of ?TW&teaor was
the same in both cases.

same as the previous phase noise measurements. The
attenuators amplitude noise was -157dBcMz at 1 kJ&
offset, which is more than 10 dB higher than the phase
noise.

important for u n d e r s m g the noise in advanced low
noise microwave circuits.
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Abstrucf In some applications of time metrology, the
measurement cannot be regularly spaced in time. This
problem occurs for instance in the case of time transfer
using GPS satellites in common view, since it is
necessary to wait to see the same satellite from the two
clocks being compared. This problem may also be
observed in millisecond pulsar timing measurements
since pulsars cannot be observed at regularly spaced
dates. However, it is of importance to measure the time
stability in these cases.
We developed several methods of spectral analysis of
irregularly spaced data based upon the multi-variance
method. The first class of methods involves different
types of interpolation of the missing data, as described
in Vemotte et al(1). The second class is an adaptation,
in the multi-variance framework, of the lowest mode
estimator introduced by Deeter and Boynton (2). The
details of these methods are described in this paper.
In order to compare their efficiency, we applied all of
these methods over different types of simulated signals.
The results are discussed in this paper.

INTRODUCTION
The time and frequency team of the Observatoire de
Besawon is involved in the spectral analysis of time
sequences for several years. In this connection, we
developed the multivariance method (4). However, such
a method need regularly spaced timing data. Ofcourse,
this is not the case for millisecond pulsar timing
sequences.
The first idea we got consistes in interpolating the
missing data in order to get a sequence of irregularly
spaced data. Unfortunately, such a method may add
erroneous information. Among four types of
interpolation method, we finally keep only one of them.
Following the works of Groth ,Deeter and Boynton (2)
developed a new method for the estimation of the
power spectrum of pulsar timing data : the lowest mode
estimator. This approach may be considered as an
extension of the structure function concept, introduced
by Lindsey and Chie, to the case of irregularly spaced
timing data, since the lowest mode estimator may be
optimized to one type of noise.

We have shown in a previous paper (3) the importance
of the choice of the spectral density estimator (variance
or structure function), particularly in the case of the
multi-variance method (4). For instance, a very low
frequency noise (f3 or f4 frequency noise which may
occur in pulsar timing) could be confused with a linear
frequency drift. In this case, a set of variances
containing variances insensitive to linear frequency
drift and converging for very low frequency noises
associated with variances sensitive to linear drift must
be chosen in order to determine both the low frequency
levels and the linear drift coefficient.
SPECTRALANALYSIS
The Power Spectral Density (PSD) of time error of an
oscillator may be modeled as a sum of power laws :
Sx(f) = 4.e + k.,.f + k-2.f2+ k,.f3 + k4.f4
Moreover, for the millisecond pulsar study, a f phase
noise should be added.
On the other hand, since the instantaneous normalized
frequency deviation y(t) is the derivative of the time
error x(t), its PSD is given by :
Sy(f)= 4 x2 f2 SX(Q
Then :
+2
a = -3
Estimating the PSD of y(t) consists then in measuring
the noise levels h,.
The most obvious way to find the PSD is by taking the
square of the Fourier transform (or the numerical Fast
Fourier Transform) of the time series. Although
straightforward, this is not always the best approach
nor is it always a possibility. Variances are calculated
using 1.fh order difference operators, one example being
the two sample variance or Allan variance:
1

1

?2(=) = I < [y(th) - Y(t)~2>
Variances in general have a smoother response than the
Fourier transform. However, a single variance is not
well suited to measure all possible power laws. The
multi-variance method was developed to better deal
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with a wide range of power law noise spectra (4). This
method uses different variances and gives the most
probable set of power law noise levels (most probable in
the sense ofthe least-squares). One severe drawback for
the study of pulsar timing data is the fact that none of
these methods can be used on nonequispaced data.
mTERP0I;ATION OF THE MISSING DATA

In order to pagolnm spectral analysis d nonequispacd
dalra, we first reconmcl: a squemce of q d l y q a c d
data by interpolating the missing data. The goal of the
reconstruction is to get N equally time-spaced data
from M inegaalarly spaced d a k without losing
i d o m ~ o ox
n dding information.
From M data we m e m e zo, the srndlest interval
tive tinning data. This s d l e s t
ic intewd bemeen all co
data of the rwomstructed sequence. N, the new number
of data, is then w d to the duration of the q u e n c e
dikded by zo, A W l y , in order to easily perfom Fast
FoEarier Transform over the reconstructed data, we
choose as N the first power of two greater than the
duration of the sequence &vidd by T ~ Let
.
us define to
the date of the first sample of the sequence and tM-l the
date sf the last sample of the squence, N is given by
the relationship :

Reconstruction of the r(t) data by cubic spline
functions
Obviousl~, the r*ll frequency deviation y(t) is not
constant over the time interval of each initial yk
samples. In order to avoid this hypolhesis of constant
samples within each initial sample, it is possible to fit
the x(t) data with cubic spline functions. The new zolong samples vary smoothly while preserving the same
average over the initid samples. The added information
is then an hygothesis of continuity (and derivability) of
the yk m p l e s , due to the continuous variation
(derivabiliiy of second order) of x(t).
Although the x(t) m p l e s are strongly correlated for
the low frequency noises, the hypothesis of continuom
vhation of the x(t) samples is completely wrong in the
case of a white noise ! Since the types of frequency
noises can vary from f=j (only in the case of millisecond
pulsars (5)) to fC2, i. t. from $5 to phase noises, this
only for comlated x(t) da@
but not in the case ofa white phase noise (P2
frequency
noise).
Reconstmetion by Binear hteqolatlm of the

yk

omples

Om the other hana it is possible to reconstruct directly

yl, samples by linear interpolation. The new

Generally, the available data are time error x(t)
measurements between the oscillators and a reference
oscillator. However, the time stability is mainly studied
from the instantaneous normalised frequency deviation
samples yk, obtained from the x(t) data by the

the

relationship :

In this case, the x(t) function is only derivable once.
However, the hypothesis of continuity of the yk

Reconstructing equally spaced data from the x(t) data
or from the
samples yields different ways of

sequence is then continuous but not derivable. The x(t)
sequence is obtained by the relationship :

"(+ +o)

-

=

x(k) + '0. yk

samples is wrong in the case of a white frequency noise
(fZ phase noise) or higher frequency noise. This
method may only be applied to low frequency noises.

reconstruction.
Reconstruction of the
Reconstruction by linear interpolation of the x(t)
data
This first method keeps the same yk samples as in the
original irregularly spaced sequence. The only
difference this method yields, is the division of each
initial yk sample into several to-long samples with the
same value. Thus, the added information is the
constancy of the frequency deviation during the initial
samples.

yk samples by cubic spline

functions.
Theoretically, this method could only be justified for
very low frequency noises (f-3 frequency noise) ;
nevertheless we decided to observe the behaviour of
such a method for all the types of noises in order to
confirm our theoretical considerations.
We demonstrated (1) that the reconstruction by linear
interpolation of the x(t) data gives the better results. In
the following we will only use this reconstruction
method.

LOWEST MODE ESTIMATION

The moment condition

An other way for estimating the PSD of a sequence of
irregularly spaced timing data consists in formulating a
general method of analysis. Let x(t) represent the time
series or noise process and (hl(t), ..., hj(t), ..., h,,(t)) be
a set of n sampling functions. We can now define :

To ensure the convergence of the estimator the moment
condition is imposed. We want H,(f) to satisfy

where P(fj) is an estimator of Sx(f), the PSD of x(t).
This continuous function formula can easily be adapted
to the case of discrete data. We have m discrete data
obtained at times {tl, ..., k , ..., b)

Jz9(t) tq m = o tor q < n

Jhlq(f)f

Pc~

finite

4

where Pis the red noise part of the power spectrum. If
hi(t) satisfies the following moment condition :

it can be shown that the estimator will converge for a <
2n+l. Thus for f S noise (f3 frequency noise) the
moment condition must be verified for n = 2. For
discrete data the moment condition is

N
denoting hjk = $($), the estimation is given by :

Lk=l

J

It can be shown that the expectation of P(3) for a large
number of processes may be written as :

z h j k t k q = 0 for q 5 2
k=l
Moreover, this condition implies $(t) is non-sensitive
to quadratic phase drift, i. e. linear frequency drift. In
fact we shall see that it is equivalent to having removed
a linear and quadratic term from the time series.

The orthogonality conditions
where

q(f)is the Fourier transform of the sampling

i2.1Ffjt
function $(t). If for example we choose e
as $(t),
we see &at H,(f) is a delta function and ~ ( f j )is
identified with S,(f) at each f = 5 just as we expect.
For a variance calculation hj(t) is an fi order difference
function, and Sx(fj) is related to P($) via the transfer
function H,(f). We may choose anything we like for
$(t), and & we shall see, a polynomial can give useful
results. Regardless of our choice for $(t), P(f) is a
filtered form of Sx(f), related by the transfer function
IHj(f)12.
We can now state that the sampling function $(t) gives
an unbiased estimate of Sx(f) if Hj(f) is centered on
some nominal frequency f and has a narrow
bandwidth. For a finite length data set, Hj(f) will not
be a single peak but will have sidebands. A sinusoidal
$(t) will no longer give a delta function and instead
yields a sinc function. This does not pose too great a
problem if Sx(f)is flat, i. e. a white noise spechum. But
if Sx(f) rises too steeply for low frequencies, i. e. a red
noise spectrum, the sidebands in fact dominate the
product of Iy(f)12.Sx(f) and the integral diverges.

The choice of an estimator verifying the moment
condition ensures that it will be unbiased on a red
noise, since it will reject the (unavoidable) drifts. If we
want it to be insensitive to the measurement white
noise, and be mostly sensitive to the suspected red one,
we are led to the orthogonality condition and to the
lowest mode estimator (2).
A set {hl(t), ..., hN(t)) of estimators applied over a
measurement noise (assumed as white phase noise) has
a covariance matrix, of which the elements may be
defined as :

k=l
where ak2is the variance of the observational noise at
the time and m the number of time measurements.
This is a kind of scalar product. Uncorrelated
estimators must have a diagonal covariance matrix and
are consequently "orthogonal".
On a red noise of known spectrum Sx(f)= k-2rf2', the
estimation is given by :

Moreover, denoting $Cr)(t), the fi integral of $(t), its
Fourier transform is given by :

Then, from (1) and (2), it becomes :

Thus,the covariances of the estimations for a f 2r noise
defines a new r-scalar product :
The independance of the estimations for a fZrnoise
leads us to a new diagonal rcovariance matrix.
The choice of sets of estimators, orthogod on both
measurement noise and red noise has the advantage
that we can estimate the variance of my sum of them,
as the sum of individd variances (as
mcomelation implies independence, even if opposite
examples are well h w n for non-gamsim
distribu~ons).
Dceter arnd Bopton suggest a basis of m orthogod
esemtors for measurement noise hii(t), using m
o f i s n o d p l y n ~ m J d spi@) of ascending degrees i,
defined iteratively by :
m
pi(&) pj(&) %2 =

Observatory (courtesy Joe Taylor). Our estimators must
then verify the moment condition up to order 2 in order
to converge up to f4 frequency noise (f6phase noise) :
165
for O S q S 2
k=l
On the other hand, the a priori knowledge of the
spectnun of the residuals leads us to optimize the
estimator for f 2 frequency mise by diagonalizing the
2ndorder covariance matrix.
The mmputaaion of all 165 pi($) r q ~ r e sa large
number of significant digits, but once it is done we
easily get the 162 doubly orthsgod estimtors (4,...,
h161), and we normalize them so h t

X~&¶=O

< &(-2)lhj(-2)>

= 8..
19'

It may be d e m o m a t 4 that the p1ynsomids 9(t)
eseimtes the PSD sf tbe derivative of y(t), for the
frequency 3.

C

DISCUSSION

k= l
and
m

htitt)=

C pi(t) Q '(t

.tk)

k= 1
o f i o g ~ d on mmlarrement
(h' l(t), ..., h',(t))
mise even for ine@xly sarnpld data. It may be
demonsltratd that each golj-omial pi@) vefies the
moment condition up to an order e q d to i, the degree
of ~s plynomid. ~ h redng
~ , the first n+l
po1yglomids ensures that ~ e respec;
y
~e moment
condition up to order n.
From (h',+l(t), ..., h',(t)) we derive an r-cruhogod
set of estimators by rotating the r-covariarnce matrix to
its principal axes, obtaining {&+l(t), ..., h,(t)) :
hj(t) = hj-lf2 x u j i hti(t)
i
uji the eigen-vectors components
with hi the eigen values of the r-covadance matrix
Thus :
< hi(-r)l$(-r)> = 6..
'J

Practical calculation of the lowest mode estimator
We want to study f 3 and f4 (if it exists) frequency
noise in pulsar timing, and we assume that no "redder"
noise is present. We have 165 residual times of the
monitoring of PSR 1937+21, obtained at Arecibo

In order to compare the performances of these m e t h d ,
we generated simulated signals of 8192 re@a1y
spaced data. We kept only 165 daaa, w a d as in a real
nxillisecond pulsar sequence.
For each choice of noise level, 100 rdimtions of the
same signal were generated. In the fslEoMing, we will
reference the
obtained with the
multivariance method over the whole sequence of 8192
equally spaced data. Qfcourse, the two methods (linear
interpolaaiorn and lowest mode estimtor) are applied
Over the sequences of
data
Thus, it is possible to see the effects due to the missing
data for both methods.

Pure noises
Table I shows the results obtained for signals composed
of only one type of noise (f3, f or P2frequency noise).
For f 3frequency noise (see figure I), the lowest mode
estimator (LME) yields a lower dispersion than the
linear interpolation (LI). This dispersion is closer to the
reference dispersion than to the LI one. The LME is
actually optimized for very low frequency noises.

-

Ir

I

1

I

I

0.6% 1 1 8 % 1 2 1 %
Table I :Dispersion of the noise level measurements
for pure noises. These dispersions have been
averaged over 100 realizations of the same noise.
The reference is obtained for sequences of 8192
regularly spaced data
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Figure I : Comparison of the results obtained over 100 realizations ofpure f
Separability
Pequency noise with 8192 regularly spaced data (re@rence), and 165
irregularly spaced data with the linear interpolation and the lowest mode
An other useful criterion is the
estimator.
number of null measurements : for
wee, since the f2 fifrequency noise exists in the
For f 2 and P2 frequency noises, the LI gives better
r ~ ~than
t sthe LME. O ~ ~ Othe~higher
~ Yfrequency
,
signal, if a method yields a null measurement, it means
noise We study, the more important the
of the
that this method confused this noise with another one
missing data are.
(fl or f frequency noise). So, this criterion informs us
about the separability of this method.
Figure 3 shows that, if we are interested in a 20% of
Mixed noises
null measurement, i. e. 1 chance over 5 to confuse a
Table I1 shows the results obtained for
signals composed of 2 or 3 types of
noises. The differences between the
LME and the LI are not very
significant. However this tables seems
to confirm that the LME is a bit better
for the low frequency noises.
Dynamics

In order to go further, we studied the
dynamics of the methods. The Table II :Dispersion of the noise level measurements for mixed noises.
dynamics may be defined as the range These dispersions have been averaged over 100 realizations of the same
in which a noise level can vary without noise. The reference is obtained for sequences of 8192 regularly spaced
data.

advantage of the multi-variance
method (4) : a wider frequency
range, a better accuracy for the
noise level measurement andan
estimation of the uncertainties
about
each
noise
level
measurement.
With such a system it should be
possible to find a more stringent
limit on the f 3 fkquency noise
level of millisecond pulsar and,
perhaps, a lower limit.
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noise type with another one, the range is wider for the
LME (4OdJ3) than for the LI (30B).
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The first conclusion of this study is that these two
methods shows performances similar. The linear
interpolation may be more accurate, especially for high
frequency noises, but its dynamics for rough estimates
(30 dB) is smaller than the dynamics of the lowest
mode estimator (40 dB). Moreover, the separability of
the lowest mode estimator seems also to be higher than
the the one of the linear interpolation.
Recently, using the lowest mode estimator we set an
upper limit (at 95% of confidence) to the f frequency
noise level of the millisecond pulsar PSR 1855+09 (5).
This noise level is too low to be
directly measured, thus, in this
30
\
case the lowest mode estimator
must be used because af its wider 3
dynamics.
d
Concerning the prospects of this
work, we will improve this method g! 20
by using it in the multi-variance 3
framework. Thus, we will define
several lowest mode estimators and 5
use them over the same signal.
c
3
First, these estimators may be
io
optimized for different types of $
noises (the exponent must be E
3
even).
Z
Secondly, these estimators may be
o
defined with different moment
conditions.
1.00~-12
1 OOE-11
Thus, it is possible to build up to 8
different estimators. Using all
these estimators in a multi- Figure 3 :Separability. Number of null measurements versus the ratio h-t/h+2
estimator system yields the
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A QUANTUM CHAOLOGIST'S VIEW OF QUARTZ RESONATORS

Mark Oxborrow
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1 Keble Road, Oxford OX1 3NP, England
and
Center for Chaos and Turbulence Studies (CATS), Niels Bohr Institute,
Blegdamsvej 17, DK-2100, Copenhagen 0, Denmark

Physicists have, over the last two decades, gained
many non-trivial insights into the behaviour of quantum systems whose corresponding classical dynamics are chaotic; the study of such systems is called
"quantum chaology". The main function of this
paper is (i) to tell the reader about the existence
of this knowledge and (ii) to explain how it relates
to the discipline of frequency control. Resonators
are analogous to closed quantum systems, in the
sense that the trajectory of a high-frequency wavepacket bouncing between the bounding surfaces of
a resonator is similar to the trajectory of a quantum wave-particle bouncing inside the walls of a
confining potential. Through this analogy, the same
universal laws that control the behaviour of closed
quantum systems should be applicable to the sorts
of resonators that are used for frequency-control applications.

tems, which, in the classical limit, exhibit chaotic
dynamics. For the purposes of this definition, a
"quantum system" is any finite system that can be
described by a wave equation; the words "classical
limit" denote the limit in which the characteristic
wavelengths of the solutions to this wave equation are
much smaller than the size of the system; "chaotic
dynamics" implies that the evolution of the system
is critically dependent on the initial conditions. Systems that exhibit quantum chaology include:

Any finite resonator has a discrete set of normal
modes. Quantum chaology places certain restrictions
both on the way in which the frequencies of these
normal modes are distributed in frequency space and
on the way in which these frequencies change as the
body is perturbed (by, say, a change in its operating temperature). These restrictions motivate the
use of "chaotic" resonators, which are inherently immune to activity dips and sudden shifts in frequency.

5) An irregularly shaped quartz resonator.

An experiment is described, which verifies the predictions of quantum chaology for a matchbox-sized
block of crystalline quartz.

QUANTUM CHAOLOGY
Before going any further, it is perhaps worth stressing that quantum chaology has absolutely nothing
to do with the sort of chaos that is induced through
non-linearities. This paper concerns the behaviour
of linear resonators. Since quantum chaology is a
rather obscure subject, a brief introduction to it is
given forthwith.

1) The helium atom;
2) A hydrogen atom in a strong magnetic field;
3) An irregularly shaped quantum dot;

4) An irregularly shaped microwave-cavity resonator;

It is perhaps worth stating here that most ideal
shapes, and almost all real ones, are irregular. The
articles by Berry[l] and Keating[2] explain the philosophy of quantum chaology in more detail. Many
of the quantitative results in quantum chaology stem
from Random Matrix Theory[3, 4, 5, 61 and Periodic
Orbit Theory[7, 8, 9, 101.
A finite object made from a continuous, elastic,
loss-free medium has the potential t o oscillate in
any one of a countably infinite set of normal modes,
provided the object is subject to loss-free boundary
conditions. Despite this incircumventable fact, most
high-Q (almost loss-free) resonators are designed t o
oscillate at a single frequency. Any resonances that
lie, in frequency space, near to the "desired" one
are deemed to be "unwanted"[ll, 12, 131, since their
presence can give rise to activity dips and/or sudden
frequency shifts. As regards the design of reliable
frequency standards, it is perhaps as important to
understand the nature and origin of unwanted modes
as it is to understand the behaviour of desired ones.

"Quantum chaology" is the study of quantum sys-
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Figure 1: From top left clockwise: the square billiard; the circle billiard; the "Bunimovich" billiard; the "Sinai"
billiard.
The modelling of real, high-&, bulk-wave, elastomechanical resonators is fraught with problems.
Experimental uncertainties often limit the accuracy to which a resonator can be specified, as regards its shape, orientation, and the properties
of the material from which it is made. Furthermore, there exist no truly effective/efficient algorithms for calculating the frequencies at which an
arbitrarily shapedloriented three-dimensional object resonates. The list of solvable (integrable)
systems includes the isotropic sphere[l4] the infinite isotropic cylinder[l5, 161 but little else[l7, 181.
Though there exist a plethora of numerical methods for calculating the frequencies at which solid
elastic bodies resonate[l9, 20, 21, 22, 23, 241, the
performance/convergence/efficiency of these methods is poor for (generic) systems, that cannot be
represented as a solvable system plus a small perturbation.
Quantum chaology concerns the way in which resonances are distributed in frequency space; the list
of frequencies at which an oscillator resonates is
regarded as a data set, which exhibits certain statistical properties. Even though it is often difficult,
if not impossible, to predict the frequencies of in-

dividual resonances, the form of certain statistical
measures, defined as sums over all of the resonance
frequencies, can be predicted exactly. The frequencies at which an object resonators can be regarded as
"levels" in frequency space; quantum chaology deals
with the statistics of these levels. Though the idea
of "level statistics" might sound a bit devious and
contrived, it leads to some powerful results; these
are presented in the next section.

PREDICTIONS
This section describes those aspects of quantum
chaology that are relevant to the design of resonators. To date, most of the relevant theoretical work has been done on ideal, two-dimensional,
scalar, isotropic, hard-walled, quantum billiards.
These "toy" resonators are both easy to visualize
and amenable to computer-based calculations.
The behaviour of the (single) quantum wave-particle
inside such a system is governed by Shrodinger's
equation:

TI2
2m

- -v29(r,

t)

+ V ( r ) S ( r ,t) = 45- W dr t, t ) ,

Frequency
Frequency
Regular

Perturbation

Chaotic

1
b
-

Figure 2: From left t o right: comparison between the resonance spectra of a regular and a chaotic system; level
dynamics of a resonance spectrum in response to a perturbation.
where r is the two-dimensional position vector, t is
the time, m is the mass of the wave-particle, V2 denotes the two-dimensional Laplacian operator, and
Q(r,t) is the wavefunction of the quantum waveparticle. V(r) is the potential of the wave-particle
at position r; it is zero everywhere inside the billiard and arises abruptly to infinity at the walls of
the billiard. As a result, the wavefunction Q(r, t)
vanishes at the walls ("Dirichlet" boundary conditions). The billiard is thus defined solely by the
shape of its walls. Such a system has an infinite discrete set of standing-wave solutions (eigenfunctions)
Qn(r, t) = Q,(r)eiEmtl" where En is the eigenvalue
of the n-th eigenfunction.
In the classical (ti -t 0) limit, the particle inside
the billiard will travel in straight lines at a constant speed, and bounce specularly off the walls. In
the case of elastodynamical systems, the classical
limit corresponds to the situation where the motion of the system's medium can be represented as
the propagation of high-frequency, short-wavelength
wave-packets, where the trajectories of these packets obey the laws of geometrical acoustics[l8, 251.
Waves of this sort are often referred to as "acoustic
beams". Such conditions are realised in (bulk-wave)
acoustic delay lines[26, 27, 28, 291, which once had
important military/commercial applications.
Universal Level Statistics
For certain simple shapes of boundary, the trajectory of a particle inside a billiard is r e g u l a r -as is
the case for the top two billards in Fig. 1; these are
known as integrable (or regular) billiards. For other,
more complicated shapes of boundary, the particle's

trajectory is chaotic -as is the case for the bottom
two billiards in Fig. 1; these are known as chaotic
billiards.
One might ask whether the regularity/chaoticity of
the classical trajectories affects the way in which a
billiard's eigenvalues (resonance frequencies) En are
distributed in energy space (frequency space). The
answer to this question is quite remarkable: all integrable billiards exhibit the s a m e sort level statistics,
known as Poissonian statistics; all chaotic billiards
obey the s a m e sort of level statistics, known as GOE
statistics[5]. Thus, the level statistics of a given a
system does not depend on the precise details of the
system; rather it depends only on whether or not
the system's classical trajectories are chaotic. This
amazing result is known as the universality of level
statistics.
Level Repulsion
The left half of Fig. 2 compares a typical series
of eigenvalues (resonance frequencies) for a regular
(integrable) system with a typical series of eigenvalues for a chaotic system. Note that the spacing
between the eigenvalues of the regular system is relatively more erratic, where the separation between
consecutive eigenvalues can be both extremely large
and extremely small. In regular systems, the desired
modes often lie perilously close to unwanted ones. In
contrast, the eigenvalues of the chaotic system are
spread much more evenly in frequency space. This
property is due to level-repulsion; this effect is the
hall-mark of "chaotic" resonators. In any system
whose classical trajectories are chaotic, level repulsion prevents unwanted modes from contaminating
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Figure 3: h o m top left clockwise: a segment of the raw spectrum; the staircase function; the deviation of the
staircase function from a polynomial best-fit curve, the unfolded nearest-neighbour spacing distribution.
the desired one(s).
Though not understood in terms of quantum chaology, level repulsion has been used in the quartz
industry for many decades: plate resonators are often bevelled/contoured on one or both sides. The
act of contouring a plate does not just facilitate
energy trapping; it also makes the resonator's classical trajectories more chaotic, Through the effect
of level repulsion, this ensures that the area in frequency space around the desired mode is devoid of
(unwanted) resonances.

certain statistical measures (e.g. the autocorrelation
function of the rate of change of frequency with respect to the perturbation). Though these measures
have only been calculated for abstract theoretical
models[30, 31, 32, 33, 34, 35, 361, it is conjectured
that they are universal: every resonator whose classical trajectories are chaotic exhibits the s a m e sort
of level dynamics, regardless of the sort of perturbation that is applied. This hypothesis has been
partially verified in the case of a hydrogen atom in
variable magnetic field[37]; to date, no equivalent experimental work has been done for elastodynamical
systems.

Level D y n a m i c s
Wavefunctions a n d E n e r g y Trapping
The properties of any real resonator vary with time
(ageing), temperature, magnetic field, and other
variables. A change in any one of these parameters
perturbs the resonator, and thus alters the frequencies at which it resonates. The variation of these
frequencies (levels) as a function of the perturbation
constitutes a type of dynamics; this is depicted in the
right half of Fig. 2. Here, it is assumed that the resonator's classical trajectories are chaotic; as a result
the levels obey a no-crossing law. The properties
of the level dynamics can be described in terms of

In physics, the concept of energy trapping in known
as localization. Standing waves 8,(r) corresponding to resonators whose classical trajectories are
chaotic have universal properties and exhibit certain characteristic features ("scars"). It is possible
to localize eigenfunctions through chaotic scattering
8 , 401 d'lscuss
and/or disorder. Various ~ a ~ e r s [ 339,
these issues in detail.

EXPERIMENT EVIDENCE
Do all these unbelievably general predictions work in
practice? In two dimensions, for standing-wave solutions, Maxwell's equations and the Schrodinger
equation both reduce to the scalar Helmholtz
equation[4l]. This correspondence implies that the
law of universal spectral statistics should hold for
suitably shaped microwave cavities -as has been
born out by various experiments[41, 42, 43, 441.
In contrast, no direct correspondence exists between
elastodynamics and quantum mechanics, other than
in trivial (one-dimensional) cases. Given the present,
non-existent state of relevant theory [45, 461, the
question as to whether, and to what extent, the laws
of universal level statistics apply to elastodynamical
systems is still an open one. The main objective of
the experimental work described below is to go some
way towards resolving this matter.
Using the technique of resonant u l t r a s o u n d
spectroscopy[49], I measured the lowest 3364 resonances of a matchbox-sized block of crystalline
quartz. The block's shape was (approximately) the
three-dimensional analogue of the Sinai billiard that
is depicted in the bottom left quadrant of Fig. 1, i.e. a
rectangular parallelepiped with a spherical octant
removed from one of its corners. The experimental
set-up was similar to the instruments described in
the articles by Migliori et a1[50] and Maynard[49],
but differed in some important technical details[51].

I have naively compared the experimental spectrum to the predictions of Random Matrix Theory, for the so-called GOE (Gaussian Orthogonal
Ensemble)[4, 5, 61. These predictions correspond to
those of Periodic Orbit Theory, in the case of a fully
chaotic, time-reversible dynamics. Several papers
have undertaken similar analyses[47, 45, 46, 481, and
the reader is referred to them for the mathematical
details.
The top left quadrant of Fig. 3 shows a small segment
of the raw experimental data; the entire spectrum
was judged to contain 3364 resonances.
The top right quadrant of Fig. 3 shows the "staircase
function" of the experimental spectrum, whose value
at a given frequency f is equal to the the number of
resonances with frequencies lower than f . A thirdorder polynomial in frequency (a b f c f
d f 3,
was fitted (least squares) to this staircase function.
The bottom right quadrant of Fig. 3 shows the deviation of the experimental staircase function from
this best-fit polynomial; the curve reveals certain periodic oscillations, which are related to the Periodic
Orbit Theory[46].

+ +

+

The list of resonance frequencies was then
"unfolded"[6] using the best-fit polynomial, such
that the average density of resonances in the
"stretched" frequency space was every unity. Random Matrix Theory predicts that the distribution of
the distances s (in frequency space) between neighbouring resonances should obey a universal (GOE)
curve, which can be approximated, to a reasonable degree of accuracy, by the2so-called "Wigner
surmisen[6]: P(s) = (7r/2) s e-"a I*. Note that this
function vanishes at s = 0, thus enforcing level repulsion. The bottom left quadrant of Fig. 3 shows the
nearest-neighbour spacing distribution (a histogram,
solid lines) for the unfolded list of resonance frequencies, together with the Wigner surmise (solid curve),
and, for comparison with the spectral statistics of
classically integrable systems[6, 101, P ( s ) = e-'
(dashed curve). The experimental distribution is in
reasonable agreement with the Wigner surmise, thus
indicating that the "3-D Sinai" block of quartz is an
irregular system, with chaotic classical trajectories.
More experimental work is in progress.
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Low Dose Proton Radiation Sensitivity of Quartz Resonators
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Introduction
The effect of low dose irradiation of 3rd overtone SC
( Stress Compensated) quartz crystals is not a
completely understood phenomenon. Earlier work of
~ o r t o n l and
* ~ Sute?s3 proposed the following
concepts:
(1) The low dose radiation sensitivity of
quartz crystal resonators is manufacturing lot
dependent. This effect contrasts to high
dose rate sensitivity, which is dependent on
impurities within the crystal structure.
(2) The low dose radiation sensitivity of
quartz crystals cannot be predicted by
examination of high dose data.
(3) The largest change in frequency per Rad
occurs at low dose rates.
(4) There is evidence that the influence of
gamma ray and proton irradiation is nearly
identical.
Norton and Suter's studies, and those which preceded
them, were performed on quartz crystals both AT-cut
conventional adhered electrode units, and BVA SCcut units, using 1.25 MeV photons from Cobalt 60
sources and protons from a cyclotron source.
Frequency and Time Systems( FTS) performed quartz
resonator proton radiation susceptibility testing under
contract from Lockheed Martin Corporation( LMC)
with the support of the U.S. Naval Research
Laboratories at the University of California at Davis
Crocker Nuclear Laboratory using 65 MeV protons.
The testing environment was selected to best simulate
the Low Earth Orbit conditions in which a space
borne Global Positioning System Receiver( GPSR)
would operate. Periodic exposures of 0.07 Rad(Si)/
min., for 10 minute durations, corresponding to lo3to
lo4particleslcm~secwere used to approximate the
orbital environment. The following report presents
the results from the testing which was completed on
September 26, 1995. Distinguishing features of this
testing were the number of devices tested (13) and
methods used to monitor and control the
environment. Discussion will include, for
comparison, test data taken by FTS on 4.0 MHz 3rd
Overtone SC-Cut crystals. These crystals are used in
the FTS9500 oscillator currently being tested for
LMC on the EOS( Earth Observing Satellite)
program under Cobalt 60 gamma irradiation.

-

Test Conditions
The test vehicles for the quartz resonators were
FTS 1 130 oscillators. The FTS 1 130 is a double
ovenized high performance oscillator which exhibits
temperature coefficients of less than 5 x lo-''/ "C.
The crystals tested were 3rdovertone SC- Cut crystals
in a HC-40 style holder manufactured by Bliley
Electric Company. The crystals were made from
synthetic swept quartz and were preconditioned by
irradiating the devices to a level of 23.3K( dosimetry
average) Rad using a Cobalt-60 source. The crystals
were of two frequencies 10.24 MHz( 6 units) and
10.95 MHz( 7 units). These resonators were spares
from the production lots of space flight oscillators.
Dosimetry at the cyclotron facility utilized LiF
thennoluminescent diodes( TLD)on top of the crystal
enclosure, on top of the inner enclosure and on the
outside of the test bed oscillator. The cyclotron beam
pattern was nearly uniform over an 8 cm wide
diameter. The scintillation counter detector (NaI and
photomultiplier) was placed in the beam path in a
position symmetrical to the area of irradiation on the
crystal enclosure. Dosimetry for each exposure was
accurate to better than 10%. A scintillation counter
measured the energy spectrum and total integrated
beam charge for each exposure. 65 MeV proton
energy was chosen as a realistic indicator for effects
in the 40-100 MeV range representing the broad peak
for solar protons passing through a typical 1 gm/cm2
of aluminum. The quartz blank of the resonator(=0.3
gm/ cm2) absorbs approximately 2-3% of the energy
of each proton. The test bed oscillator shielded the
crystal by 1 gm/cm2 of equivalent aluminum. The
effective shielding degraded the proton spectrum
peak to 57 MeV which resulted in a 15% increase of
dose at the crystal relative to the observed scintillator
detector dose. The incident doses were adjusted
accordingly. The frequencies of two oscillators were
measured concurrently. The oscillator in the path of
the protons was the device under test, and the second
out of beam device served as the control unit. The
control oscillator showed no effects during testing,
demonstrating the validity of the results from the
device under test. This verified that the stray
magnetic fields and other environmental effects had a
negligible effect. The oscillator under test was
attached to a temperature controlled aluminum plate
held to within h0.2"C. This temperature, as well as
humidity and barometric pressure were monitored and
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recorded during the testing.
The frequency of the oscillators were measured by
mixing the output frequency against a synthesizer
with a 100 Hz offset from the nominal oscillator
frequency. The synthesizer was referenced to an
FTS Cesium Standard to provide absolute frequency
accuracy. The output of the mixer was measured
using HP53 132A counters. The fractional frequency,
temperature, humidity, barometric pressure, event
markers and time interval were recorded on a
computer for subsequent analysis. The fractional
frequency was also recorded on a strip chart recorder,
for the purpose of making continuous measurements
and to back up the computer recorded data.
The sequence of irradiation was consistent throughout
the testing. The test bed oscillators were positioned to
place the crystal in the path of the protons with the
quartz blank perpendicular( + Z-axis) to the beam.
Ten minute irradiation periods at rates of 0.07 rad
( Si)/min( 8 x lo3 part./cm2-sec)and 0.15 rad
( Si)/min( 1.8 x lo3 part./cm2-sec)were followed by
20 minute recovery periods. The majority of the
crystals experienced 4 cycles at both radiation levels.
Three important additional tests were performed.
The first was measurement of recovery response
following 9 hour and 36 hour time periods after the
initial cycles of radiation. The second measured
directional sensitivites of two crystals in the rtZ, *Y
and X direction. The third test measured the effects of
high levels of radiation exposure, 300K Rad and 1M
Rad on two oscillators.
Definitions
The following characteristics are defined and
analyzed:
y= Aflf Change in frequency versus a
reference frequency.
y=O
The arbitrary baseline or starting
point
Ay
Change in offset with respect to a
previous y
dyldt Time rate of change of y
Measurement Precision and Noise
The intrinsic frequency fluctuations of the cesium
standard used as the primary frequency reference
show Allan deviation, a,(~), equal to 3 x 10"'/tO*
within the observation time period. During the
observation period of 10 seconds, the reference will
contribute 1 x lo-" of noise. The observed noise in

the measured frequency of each oscillator under test
is a combination of device under test and reference
noise. The Allan deviation of the oscillator is = 1 x
10'12over the measurement period of 10 seconds.
Test Results
The summary of test results is shown in Tables 1 and
11. These tables show the frequency variation after
each irradiation cycle, the total change during testing,
and the mean variation in the frequency normalized
on a per rad basis for the 0.07 radmin and 0.15
radmin exposure levels. Note that the sequential
exposures show, in general, a trend of diminishing
sensitivity within each sequence. Tables I and I1
include the maximum frequency variation measured
and environmental variations (pressure, humidity and
temperature.) Tables I and I1 include a brief
statement concerning the relative sensitivity of the
crystal and observations which distinguish the
performance of the crystal. The relative sensitivities
were labeled as either low, moderate or high. Figures
1-3 were selected from 13 charts produced from the
measured data. These figures show the fractional
frequency and dyldt.
Figures 4 and 5 show total dose effects on two
oscillators, SN1490 and SN1489, at accumulated
levels of 300K Rad and 1M Rad, respectively.
Table 111 presents susceptibility of ten 4 MHz 3rd
overtone SC-Cut crystals used for the EOS program.
Analysis
The analysis of the data is divided into key
characteristics; Ay sensitivity, recovery
characteristics, drift after testing, directional
sensitivity, total dose frequency variations.
Ay Sensitivity
Generally, the accumulation of 0.7 rad and 1.5 rad
doses of proton radiation over ten minute intervals
causes positive excursions of 3 to 5 x lo-" per rad.
This rate is specific to each crystal and can vary from
least sensitive to most sensitive by a factor of 50.
Two notable exceptions showed negative Ay for
initial doses. Sensitivity to successive doses of
radiation at a given rate usually diminishes as dose
accumulates. This conditioning effect appears to be
permanent, over hours, based upon the data for
SN1488, in which irradiation of the crystal was
repeated after 9 hour and 36 hour time periods.
Obviously a larger sample set of long term
conditioning would be required filly to support this
statement. The testing showed two crystals, SN1479

and SN1487, with sensitivities of <l x lo*" and 2 x
lo-". These devices were the least sensitive, in
comparison, SN 1488 had initial sensitivities of 6 x
10-''per rad.
Recovery Responses
The 10 minute on and 20 minute off irradiation
testing revealed a wide range of frequency drift
recovery responses, from nearly zero to complete
return to the pre-irradiation levels. One possible
theory is that some recovery always takes place,
however the rate of each crystal is unique and is
dependent on the rate of irradiation. Data from
SN1488 strongly supports this concept. Notice that
the post irradiation frequency drift after exposures of
0.7 rad is nearly zero. After exposure to 1.5 rad, the
post irradiation drift contains a negative slope which
flattens out after a time period of 4 to 5 hours. The
variation in drift slope is indicated in serial numbers
1481, 1482, 1484 and 1485. Within the context of
"conditioning" of the sensitivity effects, Figure 2
shows an interesting result for the most sensitive of
the crystals: SN1488. Following a total of 10
exposures, the oscillator was left unperturbed for 9
hours. It was then subjected to a low dose rate
exposure of 0.7 rad and the response was 12.9 x lo-''
I rad; i.e. less than for any previous 0.7 rad exposures.
The oscillator was then left for 36 hours and exposed
again to 0.7 rad and 1.5 rad in succession. The
responses were 8.6 x lV1'/rad and 5.3 x lo-" Irad,
both less than for any of the original 10 exposures.
Post Irradiation Drift
In cases where we could establish pre- and post
irradiation drift rates, the drift rates appeared to show
little long term change after the transient effects were
recorded. By way of contrast, Norton4has shown one
example of low dose data for a BVA crystal in which
the post irradiation drift was - 1.5 x lo-" per hour
compared to nearly zero before exposure.
Directional Sensitivities
Testing included measurement of the sensitivities
with respect to the orientation of the crystal to the
proton beam. This test was required to justify the
methodology of tests made normal to the crystal
surface. The sensitivities were measured in both
normal( Z) and three parallel directions( A Y and
+X.)The sixth orientation( -X) was obscured by the
oscillator electronics and was not measured. In
general, the sensitivities are similar in the five
directions. This supports the idea that thetesting
which performed is valid for the typical space
(spherical) exposure.

Total Dose Sensitivities
The total dose frequency variations of SN1490( 300K
Rad ) and SN1489( lM Rad) of -5.4 x lo*' and -32.4
x lo-', respectively, are important since they clearly
show the non-linear effect of the total vs, low dose
radiation. The sensitivity of the two oscillators are 2
x 1@I4/rad and 3 x 10'14 Irad. This is three orders of
magnitude lower than the low dose rate measured
sensitivities on the same resonators.
4 MHz Resonator Test Results
Table 111 shows summary results from testing of 4
MHz SC-Cut quartz crystals( conventional, adheredelectrode, Bliley Electric Company) at low dose rates
of Co-60 gamma irradiation. Here also there is a
wide scatter of results, but the general trend seen is
positive Ay for single low doses, and are very similar
in magnitude to the present proton results,
Conclusions
The results of the testing of 4 MHz, 10.24 MHz and
10.95 MHz 3rd overtone SC-Cut quartz crystals
~
confirms the earlier work of Nortonlv4and S ~ t e ? .on
5thovertone AT-Cut, SC-Cut crystals. The testing
showed that low dose rate radiation sensitivity is
manufacturing lot dependent. Frequency variations
due to low dose rate proton and gamma ray exposures
varied between <1 x lo-" and 4 x lo*'' per Rad. The
majority of the crystals exhibited radiation
sensitivities of 3-5 x lo-" per Rad. The hypothesis
that a non-linear relationship exists between low dose
rate and high total dose rate was confirmed. Testing
indicated that the majority of crystal$ exhibited a
conditioning effect during successive exposures to
low dose radiation.
The effect on performance of these types of
sensitivities is highly system dependent. However, the
capability exists to screen low sensitivity resonators
for use in applications where this characteristic is
important. In fact, crystal screening was employed
for the EOS program.
In comparison to previous data taken on low dose
sensitivities of quartz resonators, the 4 MHz, 10.24
MHz and 10.95 MHz crystals have similar
responses.
In conclusion, the sensitivities of 10 MHz 3rd
Overtone SC Cut quartz resonators are most likely
manufacturing lot dependent, and vary within the lot.
Furthermore, the effect of repeated exposure to low
dose proton irradiation appears to systematically
reduce the sensitivity of the crystals.
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ABSTRACT
This paper is an attempt to prove the interest of a 3D
simulation for micromachining of quartz. For this
purpose new results related to doubly rotated plates are
discussed, The 3D simulation based on the tensorial
model of dissolution constitutes a convenient computer
aided design for masks patterns. But care must be taken
that for quartz crystal the major problem remains the
accurate adjustment of the dissolution slowness surface.

property of this model which is used in the simulation
results from this behavior : the propagation vector P
which at any etching duration describes the displacement
of a given surface element can be calculated from the
equation for the slowness surface. By comparing all the
displacements P of elements potentially present at the
starting surface it becomes possible to reconstruct
numerically the final etching shape.

THEORETICAL BASIS OF SIMULATION

Applications to micromachining

The tensorial model of dissolution
The graphical and numerical simulation is derived in the
framework of the tensorial model for the anisotropic
dissolution previously proposed by C.R. TELLER and
co-workers [I]. In this model at a surface element of
orientation (9,8) we associate a reciprocal dissolution
slowness vector L(q, 8), whose magnitude, L, is equal to
the dissolution rate, VN and whose direction co'incides
with that of the unit inward normal, n, to the surface
element.
It is obvious that when the angles of cut (q, 0) vary the
vector L generates in space a dissolution slowness
surface whose equation can be conveniently written as

where DO,Di,
Du,... are components of dissolution
tensors and nl, n2, ng are the cartesian components of
the unit normal n, The number of dissolution constants is
reduced by the crystal symmetry to give for the class 32
a general analytical expression involving the angles of
cut (q, 6). For a dissolution process exclusively
governed by orientation surface elements move along
straight lines within the crystal during etching. The main

In micromachining etched structures are obtained by
starting with an inert mask. So depending on the shape of
the initial mask we are concerned with 2D or with 3D
etching and consequently we work either with a polar
diagram of L lying in a particular cross-section of
orientation (qo, 60) or with a large part of the
slowness surface. For example dissolution profiles for
grooves of infinite length can be derived from a polar
graph whereas the simulation of etching shapes for
membranes or mesa micromachined with an initial
circular mask involve the entire slowness surface. So
when we start with a square mask (figure la) we can
distinguish regions on membranes and mesa which
clearly are matter for a 2D etching such as the square
sides and for a 3D etching such as corners.
At this point it is of interest to recall the criteria [3]
which are commonly used to predict approximate etching
shapes. Consider two planes 4 and P2 forming an
intersection of angle 6 so that the criteria can be stated as
follows :
1. A concave intersection is stable (its angle 6 remains
unchanged) provided there is no plane between 4 and
P2 with a larger dissolution slowness.

2. Conversely a convex intersection remains stable when
there is no plane between them with a smaller dissolution
slowness.
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c
Figure 1 : a : 2D and 3D etchings for hole and mesa structures, b : convex top contour of mesa.
It is clear that stable intersecti,ons are connected with
converging displacements whereas diverging trajectories
give rise to curved intersections. Applying these criteria
we infer that maxima maximora of L determine primarily
the final etching shape of a starting "circular" membmne.
For a membrane micromachined with a square mask
maxima maximora of L give the final shape of comers
whereas the local etching under the mask at the square
side is correlated to the maxima in polar graphs of L
provided the inert mask remains perfectly rigid duing the
etching process. Thus depending on the orientation of the
cross-sectional plane these maxima are not necessarily
connected with protuberances in the slowness surface.
The analysis of limiting shapes for mesa like structures
seems to be more complicated because depending on the
viewing angle the structure appears to be composed of
successive either concave or convex intersections.
Effectively if we put attention to dissolution profiles
under the mask we work with successive concave
intersections but as soon as we look to the upper contour
of mesa we are concerned with convex shapes (figure
lb). Consequently in terms of previous criteria the final
shave results from a competition between minima
mi&nora and maxima maximora of L. In the numerical
simulation we have thus to decide which type of extrema
plays the most important role because in the simulation
we provide numerical tests to distinguish diverging and
converging trajectories which depend on the nature of
intersections [2]. To answer to this question it seems
reasonnable to undertake a prior analysis of experimental
mesa shape.

and then optically polished. To etch structures in a
concentrated NH4F. HF solution maintened at a
constant temperature of 60°C we used conventional
photolithographic process passing through the fabrication
of a mask chemically inert in etchant. For this purpose
Chronium-Gold films were thermally evaporated. To
induce relaxation of internal stresses due to structural
defects frozen in the film during the evaporation asdeposited films suffered an "in-situ" "natural"
restructuration at ambiant temperature. Then the
annealing process was continued with several isothermal
agings performed at increasing temperatures. Figure 2
shows a magnification of a Cr-Au mask after a prolonged
etching indicating that films present only some threading
"dislocations" which extend to the free surface of films.
Such films allow us to provide etchings whose duration
can reaches 24 hours. It is in particular the case for the
cut X+30° which was immersed during 24 hours in the
etching to obtain a depth of etch of about 250 pm on
each face. For the Y+ go cuts we adopted an etching
duration of about 7 hours because the two faces etch
differently so that we have to perform two successive
etchings to characterize completely the anisotropic

EXPERIMENTALS
Experimental details

Several singly-rotated plates (500 pm thick) wit11 angles
of cut (rp = oO,9 = f go) and doubly-rotated plates
with angles (rp = 90'. 9 = go) denoted, X f go and

Y f On plates
respectively were cut in the same quartz
blank. Prior to etching they were mechanically lapped

Figure 2 : The Cr-Au mask after prolonged etchings

Micromacl~inedstructures

Figures 3 to 6 give some SEM images of etched
membranes and mesa obtained with mask of circular
shape. These images indicate that all etching shapes are,
as expected, orientation-dependent. The anisotropy
affects principally :
(i) the number of planar facets (PF) which 1imit etched
structures and whose extent and inclinaison v;ary with the
cut,
(ii) the development of somewhat curved regions (CR)
which partly bound micromachined structures,
(iii) the formation of dissolution profile with acute angle
in the so-called sharp region (SR) characterized by the
presence of a sharp edge which penetrates deeply within
the crystal under tlie mask.
Figures 3 to 6 reveal also other features which merit
some comments :
(i) For several cuts we observe the presence of jagged
sidewalls which in most cases are constituted by grooves
aligned along preferential directions. Hence one can
expect to recognize the mean orientation of such
sidewalls because dissolution figures such as pits and
hillocks are directly connected with the cut. In contrast
curved regions must be free on any dissolution texture
provided the absence of structural defects on the
sidewalls.
(ii) The bottom surface of structure is also covered by
dissolution figures initiated by defects due to the
mechanical lapping. However, for the Y+ go cuts the
geometrical features of these dissolution figures are only
slightly modified for go increasing from 30' to 60'. In
this condition for these cuts it remains difficult to
distinguish the presence of a shoulder slightly disoriented
with respect to the reference surface.

Figure 5 : Y+15 diaphragm

Figure 6 - Y+15 rnesa
more witl~inthe crystal for mesa (convex undercutting)
than for membrane (concave undercutting).. Thus we
infer that for rnesa as for membranes the final etching
shape is primarily connected with the maxima in the
dissolution slowness. This conclusion deviates from
previous explanations which argue for large convex
undercutting induced by minima in L.
THEORETICAL 3D SHAPES
Theoretical ~rocedures

Figure 3 :X+30 etched structure
But the most important experimental fact which emerges
from the SEM micrographs is that the bevelling planes
and curved shoulder related to membrane resemble to
those connected with mesa. This typical behavior is
conveniently illustrated by the SEM image of deeply
micromachined X+30 mesa and membrane. It should be
also pointed out that sharp edges seem to penetrate much

The dissolution constant are evaluated from experiments
using a procedure proposed in a previous paper [3]. In
practice we analyze essentially two types of 2D etching
shapes :
1. Out-of-roundness profiles associated with the etching
cross-sectional shape of initially circular thick quartz
plates. Such analysis gives informations on the shape of

polar diagram for L lying in the same sections but does
not offer a great accuracy on the amplitude of successive
extrema in L.
2. Profilomeuy traces whose geomeuical features depend
on the nature and on the number of extrema for L present
in a particular part of tile polar diagram. Here again we
cannot extract directly the true amplitude of extrema
from data. For this reason the procedure for the
evaluation of dissolution constants remains iterative and
requires several verification steps in which we compare
predicted and experimental 2D shapes. Following this
procedure we have estimated 41 dissolution constants to
generate a dissolution slowness surface from which 3D
shapes can be numerically derived. The 3D simulation is
performed by making tests of some nature for
membranes. Tests of different nature are successively
made for mesa assuming that final etching shape is also
composed of slow etch surface elements.Actually the
graphical simulation gives two types of representations
(see figure 7 for example) : a constant level contour
shape which allows us to depict easily regions where
planar facets or curved sidewalls develop and crosssectional profiles corresponding to various intersecting
lines which make an angle l+Vi with the rotated axis .xffl.
Predicted sl~apes

Figures 7 to 10 give some predicted shapes for structures
micromachined on X+30, Y+15 and Y+70 plates. Let us
first put attention to the deeply etched X+30 plate. The
adequation between experimental and theoretical shape
seems very good. The agreement concelxs the formation
of planar facets and curved region as well as the
development of sharp edges along specific directions.
Moreover predicted value and experimental value for the
ratio of the maximum underetch (which occurs in the socalled sharp region) to the depth of etch are in close
accord.
Owing to the general agreement observed for various
X+
cuts. Surprisingly a careful cornparison of figures
8 to 10 with figures 4 to 6 reveal some deviations wllich
affect the extent of curved regions. In contrast
inclinaisons of planar facets show very small departure.
Moreover in theory the Y+15 cut dissolves more slowly
than the Y+70 cut but the predicted ratio for the two etch
rates departs from the experimental ratio by about 30%.
These departures suggest that we have only to adjust a
part of the Y -polar diagram of L.
Practical aspects of simulation

In this section we put attention to the possibility of
evaluating technical problems such as lateral underetch
and convex undercutting generally encountered for in
micromachining. As seen in the above section constcantlevel contour diagrams give conveniently evidence for
the formation of curved regions or planar facets with
large extent which give rise to non-symmetrical
mechanical structures. Dissolution profiles furnish
rapidly qualitative informations on the geometrical
features of built-in structure such as presence of a curved

shoulder or of a sharp edge. More important than this
qualitative approach is the numerical evaluation of some
parameters characterizing the geometry of
micromachined structures. The lateral underetch, UL ,
under the mask is one of parameters generally retained to
discuss the faisability of structures. For a given cut we
have to follow the evolution of UL with the angle yi
related to cross-sectional line Li.Figure 11 gives
changes in polar plots U L ( l y i ) with angle of cut

e0 for

several Y+

cuts. Clearly we observe a continuous

evolution in the

uL ( l y i ) plot which with increasing 80

reproduces progressively the polar plot L.(VI)
corresponding to the Z-cut. This behavior may be
interpreted in terms of the great influence of maximamaximom in L which precisely ly on the Z-polar plot.
Sharp edges penetrate more deeply within the crystal for
mesa than for membranes. Thus we need to follow the
evolution of such convex undercutting with several cuts.
Figure 12 gives the changes in the largest underetch us
(independently to the depth at which marked
undercutting occurs) with angle lyi for a X+30 mesa.
We observe that the convex undercutting is, along
specific lines Li,three times more larger than u~ . A
numerical evaluation of u, is thus necessary to design
new structures micromachined on non standard cuts.
CONCLUSION

Micromachining was performed on various singly and
doubly rotated quartz plates. Etching shapes for mesa
and holes are analysed and compared with 3D shapes
derived from a numerical simulation which starts with
the equation for the dissolution slowness surface. Clearly
etching results in unsuitable geometrical features such as
blocking facets and sharp edges. The 3D simulation
allows us to evaluate these features provided an accurate
experimental determination of dissolution constants was
achieved.
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Figure 8 : Predicted constant-level contour diagram and dissolution profiles for a X+30 mesa.
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Figure 9 : Predicted shapes for Y+70 diaphragm (a) and mesa (b).

Figure 10 : Predicted shapes for Y+15 diaphragm (a) and mesa (b).

Figure 11 : Polar plots of the lateral underetch UL . a, b, c are for Y+15, Y+40 and Y+70 membranes respectively.

Figure 12 : Comparison of polar plots of (a) the lateral underetch, UL,and (b) sharp underetch
mesa.

u, : the case of X+30

THE INFLUENCE O F PcCu
OF SAW GAS SENSORS

LAYER CRYSTALLINE STRUCTURE ON THE PARAMETERS

J. Hechner, T. Wrobel
Institute of Electronic Materials Technology ,

Wolczyhska 133, 0 1-919 Warsaw , Poland

EXPERIMENTAL PROCEDURE

ABSTRACT
This paper presents some problems concerned with
SAW NO, sensors employing copper phthalocyanine
(PcCu) as the chemical interface. We have investigated
the influence of crystalline structure of PcCu coating on
the sensor sensitivity of generated frequency.
The experiments were camed out for SAW delay lines
on STX quartz and 128% lithium niobate.
It was found that for the investigated range of
parameters the P-PcCu layer provides several times
better sensor sensitivity and temperature stability of
SAW delay line generation frequency than a-PcCu
layer of the same mass. This is valid for both used
substrates.

We used polished single crystal STX-quartz and 128"

YX LiNbO, wafers produced at ITME. Dual-delay
lines on both these substrates have been designed.
The SAW sensing element consists of two identical
delay lines. One of the lines is covered with PcCu as the
chemical coating, while the other is used as a reference
in order to compensate for the variation of such
parameters as temperature, pressure, etc. (Fig. 1.).

INTRODUCTION
SAW gas sensors have been the subject of intensive
research over the last years [ 1-4 1.
We have been working on nitrogen dioxide SAW
sensors. The monitoring of NO, concentration is of
increasing interest [ 5, 6 j because of the importance of
the gas in environmental pollution as a consequence of
its emission from power plants, industry and traffic.
SAW sensors are made by applying a thin chemically
sensitive film onto the surface of the SAW delay line.
In general the detection principle of the SAW gas
sensor relies on the change of the SAW velocity upon
absorption of the reactant by the sensor film. This
velocity change can be brought about by three effects:
the change In the mass density of the film, the change
in its elastic constants or the change in its electrical
conductivity.
This paper presents some problems concerned with
SAW NO, sensors employing copper phthalocyanine
(PcCu) as the chemical interface of SAW delay lines on
STX-quartz and 12S0YX lithium niobate.
The lnfluence of piezoelectric substrate material,
cnstalline structure and morphology of the PcCu
coatings on the sensors sensitivity, on the response time
and on temperature stability of generated frequency is
discussed

-

Fig. 1. Schematic diagram of SAW dual-delay line
The geometrical and electrical characteristics of the
delay lines were chosen to provide low insertion loss of
about 17dB before and 20dB after coating with PcCu
and appropriatelly large surface area to be coated. The
parameters of delay lines on both substrates are shown
in Table 1.
Table 1. The parameters of delay lines.

number of transducers
number of electrodes

Fig.2, illustrates the experimental measurement system
It contains three modules: the gas-mixing system (A),
SAW device (B) and electronics circuits (C).
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RESULTS
The Sensitive Film

A
-

-

gas
mixing, system
P,,P,,P,-mass flowmeters
M - mixer of gases

B - SAW device
1 -piezoelectric substrates
2 -heater
3 -flatpack

-

C electronics circuits
W -amplifier
&-frequency mixer
L -frequency counter

Fig.2. Experimental measurement system.

The interface material was copper phthalocyanine,
which is an organic ptype semiconductor [ 7 1.
PcCu is not an intrinsic semiconductor. However, the
chernisoxption of NO, causes the creation of a chargetransfer complexes with PcCu molecules by accepting
electrons from PcCu, which results in increasing of the
concentration of holes.
These processes may be represented by the followingquilibha:
Ph srsorpuon
Char c
Gas

+

PCCU 4

G- PC CU+

<

J~wlon

r

Dclocallzatlon

GPcCU

trA e r

> G- PCCu + hole

ED

SAW delay lines were fabricated using standard lift-off
process. Aluminium was used as a material of
transducer electrodes.
Tlun films of PcCu were prepared in a two stage
process. At the first stage the input material was
purified by vacuum sublimation and at the second one
vacuum deposited on piezoelectric substrates at a
pressure of the order of lo4 Tr.
The source temperature was 400°C, the &stance
between the source and the substrate was 40+100mm.
The substrate temperature was varied between 100°C
and 400' C.
The structure of the films was determined by X-ray
diffraction measurements, while their morphology was
examined using a scanning electron microscope. Film
thickness was monitored in situ with a quartz crystal
oscillator and later ex situ be an optical interferometer.
The piezoelectric substrates were bonded to alumina
ceramic plates by means of the special silicone
adhesive, which proved to be an adequate material for
the supression of bulk modes and unwanted SAW edge
reflections.
The sensor was heated by a cermet thick film resistor
deposited on the back side of the ceramic plate. The
SAW device was mounted in the flatpack and
introduced into the exposure chamber, containing the
gas inlet and outlet. The surface of the SAW delay-lines
was aligned in parallel with the gas stream line within
the chamber.
The electronic system is connected to the delay lines by
coaslal cables. This system includes amplifiers, mixer
and frequency counter.
Oscilation is obtained using a wide band amplifier for
each SAW delay line. The frequencies from these
oscilators are mixed and the frequency difference is
measured.
Nitrogen dioxide (NO,) with nitrogen (N,) was used as
the test gas. The mass floumeters were used to control
the input gas flow and concentration.

where G is the molecule of gas interacting with the
PcCu cycles of the film, G ' the ionized gas molecule,
,E -the energy of charge transfer, and ED the energy
required to free the charge, i.e., to create a mobile hole.
In our experiments we have obtained monocrystalline
films of a-PcCu and P-PcCu structure, and also two
phase a and P films. These types of PcCu film
morphology are ilustrated in Figs. 3 5.

-

-

Fig.3. a PcCu diffraction spectrum and morphology
a diffraction spectrum (CuKa radiation)
b film morphology
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The a-PcCu film depicted in Fig.3. was deposited at
substrate temperature of about 100°C. Microscopic
examination has shown that the film is homogeneous
and formed by small particles (d = 100nm). X-ray
e c t i o n pattern exhibits a single disniguished peak
at 28 =24O.
Two-phase a and P film shown in Fig.4. was
evaporated at substrate temperature of 200°C.
The P-PcCu layer illustrated in Fig.5. was deposited at
substrate temperature of 300°C. The layer is also
homogeneous but formed by needles (L 2 lpm). Two
distinct peaks at 28 = 12.5 and 28 =18.5 respectively
are visibie in the X-ray diffraction pattern.
We varied the coating layer thickness from 0. lpm to
1.5pm and it's density from 0. 17g/cm3to 1.6g/cm3.
In this paper we present as an example the results
concerning only well ordered monocrystalline films of
a and P-PcCu.

Temperature Stability of Generated Frequency

-

~ i ~ . and
T aj3 PcCu dfiaction spectrum
and morphology
a diffraction spectrum (CuKa radiation)
b - film morphology

-
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The temperature stability of SAW delay line generated
frequency was investigated in the temperature range
from 20°C to 120°C.
The frequency of a single oscillator and the differential
frequency were continuosly measured during the
heating process. The measurement was stopped
approximately 1 hour after temperature stabilization.
Typical plots are shown in Figs. 6 8.
The frequency change of coated und uncoated delay
lines on quartz substrate during heating up to the three
different temperatures is illustrated in Fig.6.
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Fig. 5. P PcCu diffraction spectrum and morpholog
a - diffraction spectrum (CuKa radiation)
b - film morphology

Fig.6. The relative frequency shift of PcCu-coated and
uncoated delay lines on quartz substrate during
heating up to three different temperatures
Af - frequency shift
fo - frequency of generation at room temperature
- - - - uncoated delay line
- - PcCu - delay line
coating a - PcCu, mass - 3.2
g

The frequency versus time curves for the uncoated and
PcCu-coated delay lines almost coincide for temperatures below 45OC.
The discrepancy between the curves grows with the
increase of temperature. The shape of the curves
indicates that the differential frequency increases with
the temperature.
Heating causes frequency decrease of a single
oscillator. This is true regardlless of the PcCu
morphology and type of the substrate, however the
value of frequency change depends on the structure of
the layer.
Figure 7. illustrates the relative frequency shifi of
PcCu-coated delay line on quartz substrate during
heating up to 85OC.

Fig. 8. The relative frequency shift of PcCu -coated
delay line on LiNbO, substrate during heating
up to 85OC.
Af frequency shift
fo frequency of generation at room temperature
1 p PcCu, coating mass 5
2 - uncoated delay line
3 a PcCu, coating mass 1 1 0 ' ~ ~
4 a PcCu, coating mass 3 1u7g
5 a PcCu, coating mass 5 l ~ - ~ ~

- -

- - - -

Fig.7. The relative frequency shift of PcCu-coated delay
line on quartz substrate during heating up to 85OC.
Af frequency shift
fo - frequency of generation at room temperature
1 - a PcCu, coating mass 4.8 " 104g
2 - a PcCu, coating mass 3.2 1 0 ~ ~
3 - @ PcCu, coating mass - 4.8 10'g

-

-

-

From the graph it follows that the value of frequency
change with temperature is greater for the delay line
covered with a-PcCu film, than for the line employing
the P-PcCu layer of the same mass.
The similar effect is observed in the case of devices
using lithium niobate as a substrate, as can be seen in
Fig.8.
Of course the loading mass and the type of piezoelectric
substrate affect the relation between the frequency shift '
and the temperature [ 8, 9 1.
Our measurement results show that for the investigated
range of parameters the P-PcCu layer provides several
times better temperature stability of SAW delay line
generation frequency (hence also the stabilit\.
differential frequency) than a-PcCu layer of the same
mass.

-

The difference in behavior between the a and P-PcCu
coated delay lines can be explained by the difference in
the value of stress imposed by the two coatings on the
substrate surface [ 10 1. Small round grains of a-PcCu
coating form densely packed film. In contrast to astructure the film of P-PcCu is not continuous. For this
reason for P-PcCu the influence of elastic properties of
the film and its thermal expansion on the stress is much
weaker than for a-PcCu.
At constant temperature the differential frequency drift
is practically independent of the PcCu film parameters
(see Table 2).
Table 2. The differential frequency drift.

Temperature
["Cl
20
45
120

Differential frequency drift
Delay line on
Delay line on
lithium niobiate
quartz
I2Hzlmin
IlI-IzImin
I6HzImin
I2Hzlmin
57HzImin
53HzImin

Sensor Sensitivity and Response Time
The sensor sensitivity was determined as the value of
differential frequncy shift during the film exposition on
the reaction with NO,, till saturation took place.

The relation between the sensor parameters and the
structure of PcCu films will be presented for a and PPcCu layers of the same mass deposited on lithium
niobate substrates.
The frequency change as a hnction of time was
measured for NOz concentration in the carrier gas equal
to l0ppm. The flow rate was lllmin. These
measurements were taken at room temperature. Typical
plots are shown in the Figs.9- 11.
It can be seen that the response time and the sensitivity
strongly depend on the film structure and it's
morphology, but the largest sensitivities do not
correspond to shortest response times.
The response time of SAW device designed on lithium
niobate employing a-PcCu (Fig.91, was shorter than
Smin., whereas that of P-PcCu was approximately
5Ornin. (Fig.10). On the other hand the measured
sensitivity of P-PcCu film was several times higher
than the sensitivity of a-PcCu film.
The response rate of SAW sensors is determined by the
physical and chemical processes taking place at the
chemical interface. The physisorption, the pore
difision, the charge creating process and its transver
can be the factors which limit the response time.
Contray to the P-PcCu film the a-PcCu layer has
revealed low saturation levels due to densely packed
film and small working surface. So in the case of aPcCu the response was rapid and in the case of P-PcCu
it was slow.
To illustrate the influence of the type of piezoelectric
substrate on the sensor parameters we compared the
results of experiments carried out for P-PcCu layers
deposited on quartz and lithium niobate in the same
conditions (Figs 10, 11).
In the case of SAW device based on quartz the
frequency change is significantly smaller than in the
case of lithium niobate with the similar response time.

Fig. 10. The differential frequency change versus time
for p PcCu SAW device on lithium niobate
(coating mass 5 x lo-' g)

-

-

Fig 11. The differential frequency change versus time
for p - PcCu SAW device on quartz
(coating mass 3.2 x 10a g)

-

Flg 9. The differential frequency change versus time
for a - PcCu covered SAW device on lithium
111obate(coating mass - 5 x lo-' g)

The SAW sensor fractional frequency shift due to
conductivity change is proportional to electromechanical coupling coefficient, which is a measure of the
piezoelectric strength of the substrate.

The electromechanical coupling for LiNbO, is about 40
times higher than for quartz.
The fractional frequency shift due to mass loading is
proportional to the mechanical coupling constant which
is several times lower for lithium niobate than for
quartz. The larger the electromechanical coupling the
greater the influence of layer's conductivity change on
sensor's response. The larger the mechanical coupling
the greater the effect of change in loading.
For our experimental situation both mass loading and
conductivity changes may cause a sensor response. In
the case of low concentration of NO,, the effect of
change in mass was insignificant in comparison with
the effect of conductivity change (therefore the
sensitivity of SAW device on quartz was much smaller
than on LiNbOJ, but if the concentration is greater
than about lOOppm conductivity change will cease to be
a function of NO, concentration.

CONCLUSION
The results of this work confirm that SAW delay line
used as a reference element to compensate for the
ambient temperature variations is not a universal
solution and should be implemented with great caution.
Our measurements show that for the investigated range
of parameters the 0-PcCu layer provides several times
better sensor sensitivity and temperature stability of
SAW delay line generation frequency than a-PcCu
layer of the same mass.
It seems interesting to try to optimize NO, detection by
simultaneously using both lithium niobate and quartz
sensors in the same detection system, utilizing P-PcCu
as the chemically sensitive layer. This should make it
possible to widen the 'measurement range of gas
concentration and to increase the sensor sensitivity as
well as selectivity.
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MEASUREMENT OF MECHANICAL QUANTITIES USING QUARTZ SENSORS
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tors and BAW (bulk acoustic wave) resonators. The

ABSTRACT

measurement principle is the same for all of them. A
Quartz crystals supply a resonant frequency highly

transceiver sends RF pulses over an antenna in order to

stable in time. However, temperature, strain, etc. can

stimulate the sensor that produces a pulse response.

affect this frequency. Usually a quartz crystal is part of

There is enough energy to retransmit this signal for

an oscillator and housed in order to avoid any influence

some time. In the case of the sensor being a resonator,

of the environment. On the other hand by clamping it

the signal consists of a damped harmonic oscillation

in the most sensitive direction it may work as a sensor

with the sensor's resonant frequency, whereas a SAW

for strain and thus for any mechanical quantity.

delay line produces several echo pulses after defined

So far quartz sensors have no advantage to conven-

transit intervals. In either case the information on the

tional wire strain gauge. The important difference is

measured quantity (strain) is contained in the signal.

that quartz crystals can mechanically store energy.

Considering known geometrical and material properties

Once they are provided with a certain mount of energy

any interesting mechanical quantity is determinable.

they can operate for a while without any active part, i.e.

The advantage of this system is based on the passive

without power supply or oscillators. Provided with this

operation of the sensor which only has to be coupled

capability and considering the high resonant frequency

with an antenna but works without direct power supply

quartz sensors are ideally suited for wireless measure-

or other devices. So very small and very reliable ar-

ments. This allows applications on inaccessible or

rangements are possible. The achieved resolution

moving objects, e.g. torque measurement on rotating

comes to 0.5% with measurement rates of up to lo4 per

shafts or tyre pressure measurement while driving.

second. If two sensors are used, an effective tempera-

There are three kinds of quartz sensors to be presented:

ture compensation can be ensured.

SAW (surface acoustic wave) delay lines, SAW resona-

ST-cut quartz

I~

transducer

i1: Quartz
~ . sensor types. Top left: SAW delay line, bottom left: SAW resonator, right: BAW resonator
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ever, its transducer is positioned in the middle and the

SENSORS

reflector fields on either side cover nearly the whole
top. An induced acoustic wave with the system fre-

SAW Delay Lines

quency causes a standing wave by constructive interferGenerally, a SAW device consists of a strip of piezo-

ence. The resonant frequency is given by the interdigi-

electric material, in this case ST-cut quartz (fig. 1). On

tal distance a and the propagation velocity v:

its surface an interdigital structure works as transducer
between electrical and mechanical fields. The distance
a between the digits determines the system frequency fi,.
A delay line furthermore contains reflectors (fields of
aluminium strips). An RF pulse with the system fre-

The pulse response of a resonator is a damped harmonic oscillation. The damping originates from resonant and load resistance or an antenna. A strain E in xdirection effects a change Af of the resonant frequency:

quency at the transducer produces a surface acoustic
wave train. It propagates like an earth quake wave
along the delay line and is partly reflected at each re-

Like a delay line, a SAW resonator shows no rernark-

flector. After certain intervals the echo pulses arrive at

able sensitivity in other directions than x. The mount-

the transducer where they effect an electrical signal.

ing onto an object is as easy as with a delay line.

The transit times TJ, depend on the distances Lg between the corresponding reflectors and the propagation

BAW resonator

velocity v. The phase difference between two echoes
follows fmm
2Lk
qik= 2 d 0 .Tik = 2 d 0 .v

A quartz crystal may not only be stimulated to surface
(1)

A strain E in x-direction leads to a change of geometry
and

- influencing material properties - propagation

velocity. This results in a change of the phase differences:

waves, but can perform several modes of volume oscillations (bulk acoustic waves, BAW). By far the highest
resonant frequency is achieved using the thickness
shear mode. For this one usually uses thin discs of ATcut quartz with electrodes on top and bottom. The
quartz may have an enforced rim for easier mounting.
The resonant frequency shows the same dependence of

However, the sensitivity in directions orthogonal to

wavelength and wave speed as a SAW resonator. Since

propagation is negligible.

in the case of a BAW there are no coupled modes, one

As the surface wave only runs on its top, a SAW device

can replace the wave speed with an expression contain-

may be glued with its bottom side onto the object the

ing but material properties:

strain of which is to be determined. The glue transfers
up to 99% of the strain from the object to the sensor,
Ion etching makes frequencies up to 200 MHz possible.
SAW resonator

The e e s s ~6~ is responsible for shear movements. In
x-direction this stiffness is extremely sensitive to strain:

Beside the delay line, there is also a SAW resonator. It
is shaped, too; as a small beam of ST-cut quartz. How-

++
resonator

Sensor
Strain E

-'I+'+

,,lay line
Fig. 2: Measurement system for all quartz sensor types
Neglecting other (geometrical) effects this induces the

quency f,

relative frequency shift

tenna transmits its pulse response back to the trans-

which stimulate the sensor (fig. 3). Its an-

ceiver. As the band width of the sensor signal is tight, it
is advisable to mix it down in an IF range with the
Hence, and considering that the quartz plates are very
thin (e.g. 23 p for a resonant frequency of 72 MHz),
BAW sensors are especially suited for measurements of

small quantities (e.g. < 1 mN). However, since the
active volume must be able to freely vibrate, either the
quartz needs an enforced rim or one has to carve a
hollow into the measured object or use a special

emitted frequency foin order to increase the accuracy of
the measurement. In case a quadrature demodulator is

used, one can avoid ambiguities in the frequency position of the signal. After demodulation the signals I(t)
and Q(t) are digitally evaluated. For a delay line, the
measured value c p ~ follows
:
directly from the time domain:

mounting. Interesting are applications on a diaphragm,
which amplifies forces onto its surface by transforming
them into a bending momentum. The thin quartz plate

For resonators, the exact resonant frequency is obtained

does not interfere with the bending of the diaphragm.

after a (complex) Fourier transform FlT(1 + jQ), in-

This layout fits well for pressure measurements.
MEASUREMENT SYSTEM

Usually resonators operate as the frequency determining device of an oscillator. However, since quartz sensors are capable of storing energy and their resonant
frequencies are in the RF range, a wireless operation
mode suggests itself. The principle is the same for the
three kinds of quartz devices (fig. 2): The sensor is
attached only to an antenna. At regular intervals a
transceiver emits RF pulses close to the resonant fre-
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Fig. 4: Left: Aq-&-characteristicof single delay line, right: fm-&characteristicof single SAW resonator
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I

antenna

torsion on the shaft, which results in strain proportional
to the effecting torque at i45O-angles with respect to
the axis of rotation.
For the measurement (fig. 5) two sensors of either the
SAW resonator and delay line are glued onto the shaft

SAW resonators
or delay lines

Y
torque M
strain E

-M

\Fig. 5: Torque measurement on rotating shaft

at *45O angles and, for comparison, a conventional
torque sensor has been added. Each SAW sensor has its
own antenna wound around the shaft. The mounting of
the sensors has hence hardly an effect on the measure-

terpolation with second order terms and maximum

ment. Another advantage of this layout is that there is

search.

no hard wear.

There are several conditions to satisfy for the measure-

The SAW resonator has a sensitivity of -760 Hz/Nm

ment system to operate: The band width of the emitted

(fig. 4) with variations of about 1 kHz at the resonant

RF pulse has for all possible strains to cover the sensor

frequency of 433 MHz (390 kHz in IF range after de-

spectrum. However, a band width too broad results in a

modulation). The driving range comes to 200 kHz, thus

poor energy transfer into the quartz. Furthermore, an

the resolution of the system is 0,5%. The power emitted

amplifier in the receiver branch must compensate for

by the transceiver is about 25 mW. The delay line per-

the insertion loss of the sensor (30 dB for resonators

forms not so good and needs more emitted power (1

and 50 dB for delay line) and twice the free space at-

W), but still grants an accuracy of 1%. On the other

tenuation (30 dB for antenna distance 30 cm).

hand, the measurement rate of a delay line can be lo4
per second, which is 10 times more than that of a reso-

APPLICATIONS

nator. The sensitivity of a single delay line can be determined to 1.5O/Nm (fig. 4).

Torque measurement on a rotating shaft

The second sensor in both cases is needed for temperature compensation. A change of temperature effects

Often it is important to measure the torque on a rotating shaft, e.g. for boost development, process control,
stress analysis or power measurement. Torque causes a

before all a strain equal for either sensor.

IFig. 6 : Plate bent under different Dressures I
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Fig. 8: Af-&characteristicof BAW resonator

Each sensor is very small and will hardly influence a
measurement. They all operate wirelessly, passively

1Fie 7: Beam bent under momentum.

I

and reliably. Several sensors with slightly different
system frequencies can be connected parallelly to one
single antenna.

Measurement of bending momentum

The advantage of the SAW delay line lies in its high
measurement rate, but comes along with a lower effi-

The measurement of pressure in moving parts such as
tyres plays an important role for safety and reliability.
A layout well suited to this job is a diaphragm with a
BAW sensor glued on its top (fig. 6). The different
pressures on either side cause a bending and hence
strain, which can be determined. In this context, the
bending momentum of a plastic beam has been measured (fig. 7). The sensor was glued onto a hollow in the
middle of the beam and connected to a small antenna.
This situation is equivalent to bending under pressure,
but easier to realise.
The measured characteristic of the BAW sensor (fig. 8)
with the resonant frequency of 72 MHz ( f =
~ 220 kHz)
illustrates the high sensibility to small quantities; in
this case a bending moment of 1 Nm would effect a
frequency shift of about 3 MHz and surely destroy the
sensor. The sensibility originates partly in the larger
dependence of strain and partly in the small thickness
of the quartz disc.

ciency, which demands more emitted power. The SAW
resonator shows a good sensitivity and low power consumption. Either type of SAW sensor can easily be
mounted, as the bottom face is passive and may be
glued.
Ideal for measurements of bending or any small value
is the BAW resonator. For mounting the quartz needs
either an enforced rim or a special clamping, or the
measured object must have a hollow. Though it is a
little bit more difficult to handle with, it offers by far
the highest sensitivity.
The temperature dependence of each sensor type is
reproducible; in most cases thermal strain from the
mounting dominates thermal variations of material
properties. It can easily be eliminated using two sensors.

Table 1:Comparison among the three discussed sensor types
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ABSTRACT
For a decade and a half GPS Common-View time transfer
has greatly served the needs of primary timing
laboratories for regular inter-comparisons of remote
atomic clocks. However, GPS as a one-way technique has
natural limits and may not meet all challenges of the
comparison of the coming new generations of atomic
clocks. Two-Way Satellite Time and Frequency Transfer
(TWSTFT) is a promising technique which may
successfully complement GPS. For two years, regular
TWSTFTs have been performed between eight
laboratories situated in both Europe and North America,
using INTELSAT satellites. This has enabled an extensive
direct comparison to be made between these two high
performance time transfer methods. The performance of
the TWSTFT and GPS Common-View methods are
compared over a number of time transfer links. These
links use a variety of time transfer hardware and atomic
clocks and have baselines of substantially different
lengths. The relative merits of the two time transfer
systems are discussed.
1) INTRODUCTION
The comparison of ultra-stable atomic clocks located at
distant laboratories requires the development of high
precision methods of time and frequency transfer. For
many years the use of common-view of GPS satellites has
been the only method used regularly to compare atomic
clocks contributing to International Atomic Time (TAI)
(Lewandowski and Thomas (1)). The recent development
of Two-Way Satellite Time and Frequency Transfer
(TWSTFT) has provided a wholly independent method of
time transfer that may be used both as an independent
check on the GPS common-view method and ultimately
as an alternative method (Kirchner (2)).

An increasing number of primary timing laboratories are
commissioning TWSTFT systems. TWSTFT offers
several advantages over the one-way GPS common-view
method. The use of small directional antennae with the

TWSTFT system enables high C/No links to be
established, resulting in low measurement noise. The use
of a two-way time transfer method either eliminates or
substantially reduces many of the systematic errors
associated with one-way time transfer methods. These
include errors associated with earth station coordinates,
satellite coordinates, ionospheric and tropospheric delays.
The cost of both commissioning and operating TWSTFT
instrumentation is however significantly higher than the
costs of GPS receiving instrumentation. A small transmit
and receive satellite earth station must be commissioned
at each laboratory. Satellite time must also be purchased
on a commercial geostationary satellite. The performance
of a TWSTFT system is of importance when justifying the
additional costs required over GPS receiving equipment.
Preliminary comparisons of regular TWSTFT and GPS
common-view time transfers, made between five
laboratories have been reported (Davis et a1 (3)). In this
paper the work is extended. Comparisons are made on
both European and transatlantic time transfer links. Values
of o, are calculated fiorn the TWSTFT measurements,
GPS measurements and the (TWSTFT-GPS) differences.
The results obtained are explained in terms of clocks used
at each location, and the characteristics of the time
transfer methods. During the TWSTFT campaign, the
Intelsat satellite was upgraded fiorn the VA-F13 satellite
to the VII-F6 satellite. The effects of this change on the
TWSTFTs are examined. At present TWSTFT is
performed between all possible combinations of
laboratories. Operating a reduced schedule would result in
some inter-comparisons being made using intermediate
stations. The characteristics of links performed via
intermediate stations are compared with direct TWSTFT
links. Finally discrete changes in either the TWSTFT or
GPS time transfers are considered in terms of the delay
changes in the corresponding instrumentation.
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larger in the case of both primary and commercial caesium
clocks.
TWSTFT measurements were made on Mondays,
Wednesdays, and Fridays. This measurement schedule
resulted in a regular but unevenly spaced data set. The
conventional formula for the calculation of a, has to be
modified in order to efficiently calculate a, values. The
following equation is used to calculate a, from the
available data set:

N

USNO

Hydrogen
Maser

Mitrex
2500A

ST1 502B

Table 1: Atomic clocks and TWSTFT instrumentation
2) METHOD
Regular TWSTFT and GPS common-view measurements
have been performed over a period of two years. Six
European and two North American laboratories have been
participating in the measurement campaign. The results
presented in this paper have been obtained from
inter-comparisons of data fiom five of the Laboratories.
These were the Technical University Graz, Graz, Austria
(TUG), National Physical Laboratory, Teddington, UK
(NPL), Physikalisch- Technische Bundesanstalt,
Braunschweig, Germany (PTB), National Institute of
Standards and Technology, Boulder, Colorado, USA
(NIST), United States Naval Observatory, Washington,
DC, USA (USNO). The atomic clocks, GPS receivers and
TWSTFT modems used at each location are surnrnarised
in Table 1. Two years cost-fiee satellite time was provided
by INTELSAT. Two separate schedules of European and
transatlantic TWSTFT measurements were each
performed three times per week, starting at 10:OO UTC
and 14:OO UTC or 15:OO UTC respectively. Each
individual time transfer lasted for five minutes. GPS
measurements were made according to the BIPM
International GPS common-view schedules 22,23,24 and
25.
3) DATA ANALYSIS
The characteristics of the TWSTFT and GPS data sets are
significantly different. The measurement noise of the
TWSTFT data is much lower. TWSTFT data consist of
spot measurements of five minutes duration made every
two or three days. In contrast, GPS data is obtained from
the processing of a series of up to 30 thirteen-minute
measurements, spread throughout each day. Several days
data may contribute to the final time transfer. Underlying
both sets of measurements are the variations of the atomic
clocks. These short and medium term clock variations are
small in the case of the Hydrogen Maser, but significantly

where T = ~ T Y T, ~
and a2=&/&
.
y,,
y,
and
are
successive
T,
is
of
the
data
set.
- . .the intervals between the occurrence of y, and
Similarly T, is the intervals between the occurence of y,
and y, . N is the number of elements in the summation.
The above approximation has several important
characteristics. When T1=T2=Tequation (I) reverts to the
standard formula for a, (A Gerber and A Ballato(4)).
When applied to a data set consisting only of a linear drift,
a zero result is obtained, again similar characteristics to
the standard a, function.

y,.

A detailed description of the processing of the GPS
common-view data is given in (3) including the use of
Vondrak smoothing (Vondrak (5)). Longer transatlantic
GPS links were not corrected for ionospheric
measurements, more accurate tropospheric modelling and
post-processed precise ephemeris. This is being done and
should be addressed as part of a later study.

Table 2: Standard deviations calculated fiom the
(TWSTFT-GPS Common-View) differences.

4) RESULTS
4.1) Time Transfers, Time Transfer Differences and
Standard Deviations.
Curves of the (NIST-NPL) time transfer made over a two
year period are shown in Figure 1. The offset between the
two curves is due in part to the delay asymmetries of the
TWSTFT instrumentation not being calibrated, and in part
to an offset of 500 ns being added to display the two
curves clearly. Curves of the (TWSTFT-GPS) differences,
again with arbitrary offsets, are shown in Figures 2 , 3 and
4 for the (NIST-NPL), (USNO-PTB) and (PTB-NPL)
links .
-e-

TWSTFT + 500 n~

-

+GPS Common View

Figure 1: NIST-NPL TWSTFT and GPS common-view
time transfer.
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Figure 2: NIST-NPL TWSTFT
differences.
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Figure 3: USNO-PTB TWSTFT-GPS common-view
differences.
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Figure 4: PTB-NPL TWSTFT
differences.
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Several trends emerged. There is good agreement in the
shape of the time transfer curves obtained using the
TWSTFT and GPS common-view methods. Values of the
standard deviation calculated from the (TWSTFT-GPS)
differences are shown in Table 2, both for the complete
data set and for a sub-section. Outlying points that
deviated substantiallyfrom the mean value were removed
before calculating the standard deviation using the points
shown in Figures (2,3 and 4). The NPL-TUG differences
exhibited the lowest standard deviation when calculated
over the whole period. In order to compare (TWSTFTGPS) differences over shorter periods standard deviations
have been calculated from subsets of the data which are
free from known instrumentation changes. The results
obtained were encouraging. Standard deviations of
between 1.4 ns and 3.7 ns were obtained over periods
ranging from 350 to over 500 days. The most stable
operation occurred on the (PTB-NPL) link where a
standard deviation of 1.4 ns was obtained for the
(TWSTFT-GPS) differences, over a period of 350 days.
Delay changes occurring in the NIST-NPL (TWSTFTGPS) differences (Figure 2) correlated with known but
uncalibrated TWSTFT instrumentation changes at NIST
on MJD 49560 and MJD 49595. TWSTFT
instrumentation delay changes also occurred at USNO on
MJD 49485 and MJD 49842, corrections have been
applied before producing Figure 3.

4.2) Calculation of a, values
Values of a, (r= 2.3 days) are calculated for TWSTFT,
GPS Common-View time transfers and (TWSTFT-GPS)
differences. Results are shown in Table 3. In order to
average out the white phase noise present within the
transatlantic GPS common-view time transfers the cut off
period of the Vondrak smoothing may be as high as four
days. In these cases the presence of common data prevents
a meaningful value for a, being calculated when r= 2.3
days. In these cases an averaging time of 4.7 days is used.
When comparing against TWSTFT two successive
TWSTFT readings were averaged before calculating the
a, values. Under these circumstancesno additional benefit
would be obtained fiom the direct calculation of a, as all
the available data is averaged before calculating a,. The
data sets contained only data that was collected on the
same MJDs. When data was missing from one data set,
the corresponding data was removed from the other data
sets before processing. Any discrete delay steps occurring
due to known instrumentation changes were removed
before the a, values were calculated.

Values of a, varied considerably between the time
transfers. The principle reason for this was the variation in
the stability of the atomic clocks used at each location.
The (NIST-NPL), and (USNO-NPL) links (r= 4.7 days)
had the lowest values of a,. These results were attributed
to the use of an active Hydrogen Maser at NPL and
USNO and real time composite clocks, heavily weighed
in Hydrogen Masers at NIST. With these clocks the values
of a, were lower for the TWSTFT time transfers when
compared against GPS common-view time transfers for
the (USNO-NPL) links and slightly higher for the (NISTNPL) link . It must however be remembered that a four
day cut-off period has been used for the Vondrak
smoothing on the NIST-NPL GPS link, this may also have
the effect of smoothing some of the clock noise. With
Active Hydrogen Maser based clocks at each location, the
a, values (I= 2.3 days) for the (TWSTFT-GPS)
differences were higher than the a, of the component time
transfers, and were reasonably consistent with the
relationship:

This suggests that there is no correlation between the
instabilities in the TWSTFT and GPS common-view time
transfers. The clock instabilities on these links are small
(T= 4.7 days) and the instabilities are due to uncorrelated
delay changes occurring in the two time transfer systems.
Most of the time transfer links under study operated with
either a primary caesium clock or commercial HP5071A
caesium clock at at least one location. With averaging
times (T) of 2.3 days the principle instability contributing
to the a, values was then clock noise.
For a given time transfer using caesium clocks, values of
a, were in almost all examples lower for the GPS
common-view measurements when compared against the

TWSTFT measurements. In most cases the difference in
a, values was quite small but clearly significant. Despite
the lower o, values obtained from the GPS time transfers,
the conclusion should not be drawn that the GPS
common-view method offers the best technique for
comparison between caesiurn clocks. The lower a, values
is most likely due to the choice of TWSTFT and GPS
measurement schedules, rather than to an intrinsically
higher accuracy of the GPS method (3). A significant
amount of data is averaged before computing the a,
values from GPS common-view data. In contrast, only a
relative small amounts of data is averaged before
computing a, fiom the TWSTFT data. This averaging of
data results in a lower a, when calculated fiom the GPS
common view method. a, values calculated fiom colocated clock measurements have been used to illustrate
this result (3). In all examples involving caesium atomic
clocks, the values of a, (r=2.3 days) obtained fiom the
(TWSTFT-GPS) difference were significantly lower than
the a, values obtained from the individual time transfers.
This indicated that when using caesium clocks, the major
contribution to the o, values is from clock noise. A
significant proportion of this noise cancels in the
(TWSTFT-GPS) differences, due to the partial elimination
of noise from the clocks.

Table 3: Values of a, calculated from TWSTFT and GPS
time transfer and (TWSTFT-GPS) differences.
4.4) Delay Steps
Hardware changes will induce discrete changes in the
instrumentation delay of either the TWSTFT or GPS
system. Where possible these steps are calibrated and
corrected. However, there are several examples of delay
steps that do not correlate with known instrumentation
delay changes. Determining the laboratory where the
delay step occurred is straightforward, however

determining whether the step occurred in either the GPS
common-view or TWSTFT instrumentation is more
difficult. Averaging data from the laboratory where the
step occurred over several time transfer links may reduce
other instabilities and enable the origin of the steps to be
determined. An example of uncorrelated delay steps
occurred on MJD 49558 and MJD 49576 observed on the
PTB (TWSTFT-GPS) differences. These steps were
identified as occurring within the PTB GPS receiver.
4.5) Satellite Transponder Delays
The effects on a TWSTFT, of delay changes within the
satellite transponders depends upon the link configuration.
European TWSTFTs use the same transponder for both
transmissions forming the time transfer. This results in
zero transponder delay asymmetry. Transatlantic
TWSTFT transmissions are made via separate
transponders, resulting in non zero delay asymmetry. Any
delay change in the transponder will effect the overall
time transfer. The replacement of the Intelsat satellite on
MJD 49908 may result in a change in transponder delays.
To investigate this further the four time transfers (NISTNPL), (NIST-PTB), (USNO-NPL) and (USNO-PTB)
were all averaged over the period of the satellite change.
Examining both TWSTFT and (TWSTFT-GPS) data
revealed that delay changes of several nanoseconds have
occurred in some of differences at the time of the satellite
change. These steps were observed on links involving
USNO but not NIST suggesting that their might be an
alternative cause. The study did however place a limit on
the possible change in the transponder delay asymmetry
of a few nanoseconds.

4.7) TWSTFT Links via Intermediate Stations
At present TWSTFTs are performed between every
possible pair of laboratories. A significant advantage may
be obtained in terms of both usage of satellite time and a
reduced measurement schedule if the number of time
transfers were reduced. This would however result in
several "two stage" comparisons between clocks at many
locations. TWSTFT have been calculated using both
single links and intermediate stations. Values of a, are
given in Table 6 . The use of an intermediate station does
not significantly degrade the a, values.

Table 5: Values of a, calculated from TWSTFTs using
both direct links and intermediate stations.

Figure 4: a, calculated from the sum and differences of
transatlantic TWSTFT links.
Delay changes in the satellite transponder may effect the
stability of the transatlantic TWSTFT links. TWSTFT
measurements taken from pairs of transatlantic time
transfers, coupled only through the use of common
transponders, were combined to form both a sum and
difference. Any transponder-induced delay instability
would then correlate in the sum of the time transfers but
cancel in the differences. Values of a, (~=2.3days) are
shown in Table 4. The results demonstrate that over a
period of a few days there is no significant delay
instability introduced by the satellite transponders.

5) CONCLUSIONS
The TWSTFT and GPS common view methods have been
shown to be capable of providing high precision time and
frequency transfers. Values of ~ ~ ( ~days)
4 . as
7 low as
4 . 3 ~ 1 0 ' ' ~and
. 5 . 3 ~ 1 0-I5 have been reported for GPS
common view and TWSTFT respectively. a, values
calculated between laboratories using caesium clocks
were found to be dominated by clock noise. (TWSTFTGPS) differences displayed a standard deviation as low as
1.4 ns when considering 350 days of data. Further work
is required to obtain the optimum performance from both
systems, and to calibrate the absolute delay of the
TWSTFT system.

6) ACKNOWLEDGEMENTS
This work has been supported under the UK National
Measurement System Program for Time and Frequency.
The work has also been funded by grants from the
Austrian Academy of Science and the Jubilee fund of the
Austrian National Bank.

REFERENCES
(1) W. Lewandowski, C. Thomas, "GPS Time Transfer,"
in Proceedings of the IEEE, Special Issue on Time and
Frequency, vol79 no 7, pp. 99 1- 1000, July 1991.
(2) D Kirchner, "Two-Way Time Transfer Via
Communication Satellites," in Proceedings of the IEEE,
Special Issue on Time and Frequency, vol 79, no 7, pp
983-990, July 1991.
(3) J A Davis , W Lewandowski, J A De Young, D
Kirchner, P Hetzel, G De Jong, A Soring, F Baumont, W
Klepczynski, T Parker, K A Bartle, H Ressler, R Robnik
and L Veenstra. "Preliminary comparison of Two-Way
Satellite Time and Frequency Transfer and GPS Common
View Time Transfer during the INTELSAT field trials",
Proceedings Precise Time and Time Interval (PTTI 95)
Applications and Planning meeting, November 1995.
(4) E A Gerber and A Ballato, "Precision Frequency
Control", Volume 2, Oscillators and Standards, pp 202,
Academic Press inc 1985.

(5) J. Vondrak, "A contribution to the problem of
smoothing observational data," Bull. Astron. Inst.
Czechoslovakia, vol20, pp. 349-355, 1969.

GLONASS COMMON-VIEW TIME TRANSFER BETWEEN NORTH AMERICA AND EUROPE AND
ITS COMPARISON WITH GPS

W. Lewandowski
Bureau International des Poids et Mesures
Pavillon de Breteuil
92312 S h e s Cedex, France
J. Danaher
3 s Navigation
23 141 Plaza Pointe Drive
Laguna Hills, California 92653, USA
W.J. Klepczynski
United States Naval Observatory
3450 Massachusetts Avenue NW
Washington DC 20392-5420, USA

ABSTRACT
GLONASS common-view time transfer between two
North American Laboratories and the BIPM in
France is in operation since June 1995. GLONASS
time receivers manufactured by the 3s Navigation,
operating in these three locations, observe according
to the 1st BIPM International GLONASS CommonView Schedule since 4 January 19%. As GPS
common-view time transfer between Europe and
North America is accomplished with an uncertainty
of several nanoseconds, it gives here an excellent
reference with which to evaluate the ultimate
performance of GLONASS common-view time
transfer. This comparison shows a slightly lower
performance for GLONASS which is mainly due to
very approximate evaluation of ionospheric delay for
GLONASS observations and to limited possibilities to
obtain accwate GLONASS ground antenna
coordinates. In addition, the principles of developing
a GLONASS common-view schedule are explained
and some basic features of GLONASS time receivers
are reported. Data processing and possible
standardization of GLONASS international commonview time transfer are also discussed.

INTRODUCTION
Russian Global Navigation Satellite System,
(GLONASS) was inaugurated in 1982. The full
constellation of twenty four satellites plus one spare
satellite was completed on 18 January 1996. Because
the GLONASS signal is free of intentional
degradation and available world-wide, it offers to the
international time metrology community an

additional tool for high accuracy time transfer. Its
combined use with GPS provides robustness,
redundancy and reliability. The first comparison of
GLONASS and GPS common-view time transfers
was performed three years ago between the BIPM and
the VNIlFTRI near Moscow. The baseline is about
3000 km and period of comparison extended over one
month (Lewandowski et a1 (1)). Although the results
were encouraging, this comparison was limited by the
necessity to operate the GLONASS navigation
receivers, which were roughly adapted for the needs
of time transfer, in a manual mode. In addition, at
this epoch the adapted observation mode of
GLONASS satellites in common-view necessitated a
weekly renewal of the schedule. Since then another
mode of GLONASS observation in common-view was
devised allowing fully automatic operations.
GLONASS common-view time receivers were
developed according to these new procedures, and the
1st BIPM International GLONASS common-view
schedule was published and implemented on 4
January 1996. Its principles and a comparison with
the GPS schedule is provided in this paper. The data
analysis presented here covers the first month of
implementation of the 1st BIPM GLONASS schedule
at two laboratories situated in North America, the
USNO and the 3s Navigation, and one situated in
Europe, the BIPM. All three laboratories are
equipped with R-100/10, the first CIA Code
GLONASS receivers for automatic common-view
time transfer. Two are equipped with permanently
operating CIA Code GPS time receivers (at the BIPM
and at the USNO). This allows a comparison of
GLONASS and GPS common-view time transfers
over a baseline of about 6000 km. Detailed
description of the treatment of GLONASS and GPS
data is provided. The difliculties linked to the use of
two different coordinate reference frames by the two
systems are described. The need for GLONASS time
transfer standardization is also discussed.
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GPS AND GLONASS COMMON-VIEW
SCHEDULES
The GPS constellation is composed of 24 satellites
situated 20000 km above Earth on 6 quasi-circular
orbits inclined by 55'. GPS orbits are sidereal so the
satellites are observed every sidereal day at nearly the
same location on the slg and the scheduled common
views are repeated every 23 h 56 min. The GPS
common view schedule is kept without change for
about 6 months, then a new schedule is issued.
The GLONASS constellation also has 24 satellites.
The satellites are located on 3 near-circular orbits at
a height of 19100 km with periods of about 11 h 15
min and an inclination of 64,8O. Within each plane
satellites are located in 8 almanac slots (plane 1:
slots 1 to 8, plane 2: slots 9 to 16, plane 3: slots 17 to
24). Due to their height GLONASS satellites do not
have, as GPS, sidereal period. That apparently creates
a problem of scheduling automated GLONASS
common views. But GLONASS orbits are, in certain
sense, sidereal. GLONASS satellites repeat the same
path across the sky every 8 sidereal days. Most
importantly slots within each plane have such
rotation that on successive sidereal days successive
slots appear at the same location on the sky (Fig. 1).
This feature of GLONASS constellation allows fully
automated GLONASS common-view tracking
schedule resembling the GPS one. All the track times
should be decremented by 4 minutes each day. Slot
number should be increased by 1 each day, within
each of 3 orbital planes. There is only one difference
between GLONASS and GPS schedules: with GPS
we observe on successive sidereal days in the same
direction of the sky the same GPS satellite and with
GLONASS a different satellite.

Plane 1

PIane 2

Figure 1. GLONASS slots.

Plane 3

1st BIPM international GLONASS common-view
schedule was implemented on 4 January 19% in
several time laboratories around the world.

DESCRIPTION OF HARDWARE
During this expriment, CIA Code GLONASS
receivers, of type R-100/10, for automatic commonview time transfer, were used for the first time.
Among the three sites involved in this exercise two
are equipped with permanently operating C/A Code
GPS time receivers: at the BIPM and at the USNO.
At the USNO the GPS time receiver is a ST1 502 unit
and at the BIPM a SERCEL unit. These are
connected to the same clocks as the GLONASS
receivers. The clocks are a hydrogen maser at the
USNO, a HP5071A caesium at the USNO and a
commercial standard caesium at the 3S Navigation.
The two GPS receivers were differentially calibrated
with uncertainty of 2 ns. The GLONASS receivers
were roughly compared side-by-side at 3s Navigation
for several days before being shipped to the BIPM
and the USNO. Their differential delays are thought
to be known to within a few tens of nanoseconds. The
calibrated GPS link allows in this study a better
assessment of GLONASS time link.

DESCRIPTION OF GEODETIC
PARAMETERS
GPS satellites operate in the WGS 84 reference
frame, but the coordinates of the GPS antennas we
use, are expressed in the reference frame ITRF88
(close to WGS 84 to within decimetres, but more
accurate) with an uncertainty of 10 cm for the USNO
and 30 cm for the BIPM (kwandowski et al (2),
Lewandowski (3)). The uncertainties of the GPS
ground antenna coordinates can have an impact on
the accuracy of the BIPM-USNO GPS common-view
link of no more than 1 nanosecond. GLONASS
satellites operate in the SGS 90 reference frame
which differs by weral metres from WGS 84. No
accurate relationship between SGS 90 and WGS 84 is
yet known (Misra (4)). Therefore, the sole method of
determining GLONASS antenna coordinates is to
average a series of navigation solutions. The
uncertainties of such coordinates are no better than
several metres and can have an impact on the
accuracy of the common-view link of a few tens of
nanoseconds. The coordinates of the GLONASS
antennas at the BIPM and the USNO were expressed,
for this experiment, in the ITRF88 reference frame
with an estimated differential uncertainty of 30 cm.
This ensures coherence of the ground-antenna
coordinates between the two sites. The disadvantage
of this solution is the lack of coherence between

ground-antenna
coordinates
and
satellite
ephemerides. For short baselines of several hundreds
kilometers this difference has a negligible impact on
common-view time transfer. This impact, however,
increases with the length of the baseline. The
coordinates of the GLONASS antenna at the 3S
Navigation were determined from GLONASS
navigation solutions with an uncertainty of several
meters. The accuracy and precision of GLONASS
links with 3 s Navigation are affected by this
uncertainty.

DISCUSSION OF RESULTS
In this paper we consider three time links of the
baselines of respectively 3700 km, 6000 km and 8400
km. The length of baseline affects precision and
accuracy of satellite common-view time transfer, The
longer is the distance, the larger is the effect of
uncertainty of satellite ephemeride and ionospheric
delay on time transfer. The data analysis covers the
first month of implementation of the 1st BIPM
international GLONASS schedule which corresponds
to the 26th BIPM GPS schedule. Both, GLONASS
and GPS common views were computed at the
midpoints of the tracks. There were about 40
GLONASS common views available daily for 3S
Navigation-USNO link, 17 common views for
USNO-BIPM link and 13 common views for 3S
Navigation-BIPM link. GPS USNO-BIPM link had
about 15 common views available daily. During this
exercise GPS satellites were subject to Selective
Availability, so strict common views were required
(Allan et a1 (5)). A Vondrak smoothing (Vondrak
(6)), which acts as a low-pass filter with a cut-off
period of about 5 days, was performed on the raw
common-view values of three GLONASS links and
one GPS link (Figures 2 and 3). This cut-off period
was chosen as representing, approximately, the limit
between short time intervals, for which measurement
noise is dominant, and longer intervals for which
clock noise prevails.

The uncertainty of GPS broadcast ephemerides range
within 10 m to 15 m. They are not affected by
Selective Availability (SA). Uncertainty of
GLONASS broadcast ephemerides is believed to be
slightly higher and should range within 15 m to 20
m. Post-processed precise ephemerides of GPS
satellites are publicly available with a delay of several
days. Their uncertainty of several decimetres is
continuously improving. There is no available
information on possible computation of GLONASS
post-processed precise ephemerides. However, there
are already some geodetic civil institutions
considering international efforts to compute publicly
available GLONASS precise ephemerides. During
this study we did not apply GPS precise ephemerides
as their sole use, without applying measurements of
ionosphere, would have limited impact on the quality
of GPS time link.
IONOSPHERIC DELAY
The GPS time receivers correct time observations for
ionospheric delay using a model based on broadcast
parameters. As GLONASS navigation message does
not contain ionospheric parameters, GLONASS time
receivers use a model based on fixed parameters. This
limits precision of GLONASS links studied in this
paper. Especially as these links are long distance
where low elevation angles must be considered.
Ionospheric measurements using two GPS
frequencies are performed at the BIPM and the
USNO. But USNO GPS ionospheric data was not yet
operationally available at the time of this study. For
this reason BIPM-USNO GPS link was not here
corrected for these measurements. There are already
commercially available double-frequency GLONASS
time receivers measuring ionospheric delay. Their use
should greatly improve quality of GLONASS
measurements.
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Fimve 2. BIPM clock USNO clock by
GLONASS common views raw and
smoothed.

and GPS values of BIPM-USNO for the 0 h UTC of
each day (Table 2).
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Fimve 3. BIPM clock USNO clock by GPS
common views raw and smoothed.
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3SNAV-USNO
USNO-BIPM
3SNAV-BIPM

Distance
(cord)

-166.3
-169.6
-172.7
-175.5
-178.9
-183.1
-188.3
-194.3
-200.6
-206.5
-211.8
-215.9
-218.7

-222.7
-227.1
-231.1
-234.8
-238.8
-243.2
-248.3
-254.1
-260.2
-265.6
-270.6
-274.2
-276.9

Ins

Ins

61.4
57.5
58.4
59.3
59.9
60.1
60.0
59.8
60.2
59.1
58.8
58.3
58.2

2.1
-1.8
0.9
0.0
0.6
0.8
0.7
0.5
0.9
0.2
-0.5
-1.0
-1.1

-

Table 2. BIPM clock USNO clock smoothed and
interpolated values for 0 h UTC.

The rms of residuals to the smoothing was computed
for all time links. It was adopted to express the
uncertainty of these links. Table 1 gives its numerical
values.
Lab(i) Lab@

50092.0
50093.0
50094.0
50095.0
50096.0
50097.0
50098.0
50099.0
50100.0
50101.0
50102.0
50103.0
50104.0

Ins

GPS
-GLO
-59.3

Aun

Uncert.
of GLO
Ins

Uncert.
of GPS
Ins

3700
6400
8400

8
9
11

5

-

There is a constant bias of -59,3 ns between two
methods which is due partly to the lack of very
accurate calibration of GLONASS receivers and
partly to less accurate geodetic parameters and
modeling of ionospheric delay for GLONASS. We
report also residual to the mean with rms = 1.1 ns.
These are strikingly low, most of them below 1 ns,
with three departures above 1 ns at the edges, due
probably to the effects of smoothing.

NEED FOR GLONASS
STANDARDIZATION
Table 1. GLONASS and GPS common -view links
and their uncertainties.
The better performance of GPS USNO-BIPM link is
easily explained by the use of very accurate grouna
antenna coordinates expressed in a reference frame
coherent with the one used for broadcast ephemerides
and better quality of the modeling of ionospheric
delay. We can also observe increasing of the
uncertainty of GLONASS links with increasing
distance between stations. This is associated, as stated
above, to the effects of the uncertainties of satellite
ephemerides and ionospheric delays. The calibrated
GPS common-view time link of good quality is here
an excellent reference with which to evaluate the
performance of GLONASS common-view time
transfer. We have interpolated smoothed GLONASS

GLONASS common-view tracks are now observed
and reported according to the standards developed for
GPS common-view time transfer drawn up by the
CCDS Group on GPS Time Transfer Standards
(Allan and Thomas (7)). This satisfies most
immediate needs, but must be considered as a
provisional solution. There are some particular issues
which should be defined specifically for GLONASS
and for GLONASS and GPS used together in double
system time receivers which will be soon
commercially available. Use of different coordinate
reference frames, modeling of ionosphere and
troposphere can be cited among them. It is suggested
that the upcoming 13th CCDS meeting considers
transformation of the CCDS Group on GPS Time

T r a d e r Standards into the CCDS Group on GPS
and GLONASS Time T d e r Standards.

CONCLUSION
1) A successful automated international GLONASS
common-view time transfer according to the 1st
BIPM GLONASS schedule has been proven by this
exercise.
2) Performances of GLONASS time links are only
slightly lower than those of GPS, which is easily
explained.
3) More accurate determinations of GLONASS
antenna coordinates in the SGS 90 reference frame
and use of double-frequency ionospheric delay
measurements would
significantly
improve
GLONASS common-view time transfer.
4) Combined use of GLONASS and GPS provides

robustness, redundancy and reliability.
5) Need for more rigorous standards for GLONASS
common-view time transfer is stated.
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SUMMARY
The paper presents a validation test for two-way
clock comparison with the help of the PRARE
instrument onboard ERS-2 and with two of the
PRARE system stations, which are provided with
atomic clocks. A "Common View" ground-clock
synchronization scenario has been performed,
using the PRARE instrument and GPS time receivers connected to an atomic clock at each
ground station site. By computing and comparing
the results respectively the accuracy for the
PRARE instrument has been estimated. The
achievable synchronization accuracy for the
PRARE equipment in this "Common View" mode
is around 1 ns, due to the sub-optimum design of
the existing PRARE system for time purposes. The
experiment turns out that the PRARE system
combined with a highly stable frequency source
onboard a suitable satellite is qualified to be a
basic element for a future GNSS II.
1. INTRODUCTION

When investigating navigation systems of the next
generation new methods for synchronization of the
ground and satellite clocks (SIC'S and G/CPs)have
to be discussed. Besides the conservative oneway method with its known drawbacks in combining clock and ephemeris errors, two-way methods
seem to be important concerning better synchronization accuracy. In Bedrich (1) a precise two-way
microwave time transfer link has been described.
It has been shown that the existing PRARE system
can be modified for such purposes. The
IWARETlME instrument has been introduced. A
detailed study can be found in Hahn (2).
To test the described in these papers two-way
clock comparison method, an experiment has
been planned between DLR and GFZ in 1995
performing a "Common View" (CV) G/C synchronization scenario by means of PRARE onboard
ERS-2 and GPS time receivers. For DLR it was
the first ex~erimentwith PRARE eaui~mentdata.
The main goal of this experiment was clock comparison via two-way microwave time links. Existing
systems like MITREX use geostationary satellites
(GEO) for this purpose, ~~t a GEO onlycovers a
certain area of the. Earth. For global time compari-

son operation or time dissemination a polar orbiting reference has to be used. Two-way clock synchronization using an orbiting time reference has
been studied.
2. MEASUREMENT PRINCIPLE

During the measurement campaign two different
clock comparison techniques have been used
simultaneously: clock comparison via
e
e

GPS CV and
PRARE instrument onboard ERS-2.

These methods are outlined below.
2.1 GPS-"Common View"

The GPS CV is a well proved time comparison
method of remote clocks using the BlPM GPS
tracking schedule (presently schedule no 26). Following this schedule, all participating time receivers monitor a dedicated GPS satellite clock simultaneously.
Each GPS time receiver with its reference clock
REF, records the time difference (REFI-SF), averaged over a certain interval (780 sec) at time tm,
where j is the pseudo range number of GPS satellite SV. Data correction accounting for ionospheric, tropospheric, relativistic and range delays
are implemented in the receiver with different effort.
By exchange and substracting the recorded files
the clocks RE6 and REFk can be synchronized
GPS-CV
at time m
t
respectively and the clock offset Dik
IS

D ~ ( ~ , , , ) = ( R E-ST),,,F:
-(REF, - S T ) ,
= (REF: - REF,),.

(1)

Repeating this procedure for any available time,,t
m
t r,i m
t2i, ... the rate R between the clocks can be
computed over a certain time interval. The aCCU-
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racy for this comparison method is around 3.6 ns
following Lewandowski (3).
2.2 PRARE Clock Comparison

The PRARE instrument operates in two-way mode
(signal flow: space-ground-space). This allows to
measure the clock offset D;(t,) of the involved
SIC REFsand GIC REFk, if the asymmetry ATSk(tm)
of the two paths is determined. This is fulfilled by
measuring the signal travel time at the SIC, roundtrip travel time ~d~~(t,,,), and additionally
(simultaneously) at the GIC site, one-way travel
time Ad,k(t,,,) (cf. fig. 1).

possibility to correct very precisely for ionospheric
delays (different down- and uplink frequencies in
X-band). If ~ ; ( t , ) and Adpk(tm)indicate the
one-way travel times in X- and S-band (fx and fs)
respectively, the ionospheric delay time Az,(t,)
for the X-band signal will be equal to
(lm - ~

f

(lm
k

(3)

'~('m)=

fx[+-+]

.

Tropospheric corrections have to be included by
meteorological rrieasuements and appropriate
modelling; all other influences depend on the calibration efforts.
The simultaneous PRARE Doppler measurements
f~~(two-way in PRARE) have to be included to
solve for the range asymmetry AT^

REF, erne scale

Ad2k .- fD2
AT, = 2 Df0,
'

(4)

with f~~, being the downlink frequency.
I

Relativistic effects have to be considered for utmost accuracy requirements.

-

IDTWk(k)l

__)__c

Fig. 1 Principle of two-way clock comparison (CV
mode)

The clock offset can be determined with

~ , y < t , >= A4,<tm>-

k

t

+A

s k m

(2)

2

The microwave signal transmitting the frequency
and time information is subject to diverse disturbances on its way from clock to clock causing
asymmetries (AT,,) between the signal paths.
One can distinguish between internal, i.e. hardware and measurement errors on both sides, and
methodic, i.e. signal transmission and correlation
errors. The residual accuracies of models or supplementary measurements which correct those
deviations define the achievable clock synchronization accuracy.
While the microwave signal travels the ionosphere
with frequency fx, a coherent signal on a second
frequency fs with correlated reception gives the

In the neighborhood of culmination point at time
, , t the asymmetry A7sk(tm) reaches its minimum
due to almost reciprocal signal paths. This time
moment has to be preferred for data processing.
Exchange of the measurement results between the
clocks has to be done by data transfer (for example in the message frame of the PRARE microwave links). The main advantage of two-way
measurements is the fact that slant range
- r and
clock offset
(t,) are achievable one without

DF

the other, i.e. the clock offset D Z ( t , ) is obtained
without knowledge of the clocks' distance, and the
slant range r is obtainable without information
about the clocks' deviation. On the other hand for
picosecond level of accuracy relativistic effects
have to be calculated using precise orbit information.
Synchronization of remote GIC's mutually is possible by CV observation of the SIC. Fig. 1 gives a
scheme for comparison of clocks REF, and REFk.
When substracting the computed clock offsets
D z ( t , ) and D F ( t m ) ,the clock offset D,"(t,)
between the ground clocks can be calculated.

3. EXPERIMENTAL SETUP
Fig. 2 presents an overview of the experimental
setup with ground station sites in DLR's branch in
Lichtenau near Weilheim and GFZ's branch in
Oberpfaffenhofen near Munich. Each station was
equipped with an appropriate PRARE station and
GPS time receiver and are described in section 4.

ated. Finally the bias between the two ground receivers presently valid could be estimated with
presently about 40 ns and considered in the data
computation.
4.1 Ground station site in Lichtenau (station 1)

-

The principal structure of the experimental setup in
DLR's branch in Lichtenau can be obtained from
fig. 3.
GPS antenna

PRARE dish

roof

GromdQswn 1 brkemuj

~ m m d ~ ~ l (ob*plafb*h]
one

Fig. 2 Scheme of experimental setup

dlmatlc mom
in basement

Fig. 3 Setup at DLR's ground station site
4. HARDWARE CALIBRATION
The always critical matter is careful calibration of
instrumental hardware. Only by this way utmost
accuracy can be reached.
The PRARE instrument performes the calibration
by itself (calibration loops, etc.). Corresponding
figures are available in the recorded data files.
The additional one-way measurement must be
calibrated by the experimenter. This concerns
essentially cable delays between clock, PRARE
processor and time interval counter (TIC), and
electronic switches, plugs, isolation amps.
In the GPS time receiver, common receiver, antenna, and clock cable delays must be accounted
for. These delays are considered in the data processing. During a 7 weeks measurement campaign
in 1990 a comparison between the two involved
GPS time receivers had been performed. Here
both receivers had been operated at the same
location with the same clock. A bias could be determined with an order of about 200 ns.
To overcome this problem in the present experiment, a new comparison was neccessary and initialized. A third GPS time receiver A 0 TTR5 was
used, operating at each ground station site with the
same ground clock respectively for a duration of
one week. The bias between the ground station
receiver and this third receiver has been evalu-

The reference clock, a H-maser CHI-75 of Russian company "KVARZ" is located in a climatic
room in the basement. The GPS time receiver A 0
TTR6 operates in the time lab where the TIC for
the one-way measurement is placed too. The
PRARE processor with antenna dish at roof is
connected via cable to the TIC in the time lab. The
cable delays have been determined as shown in
61.1 ns,
figure 4 and will be denoted as AT,,,=

AT,,,,= 96 ns. The cable delay of 292 ns to the
GPS antenna is considered in the TTR6 data
processing.
4.2 Ground station site in Oberpfaffenhofen
(station 2)

The setup in GFZ's branch in Oberpfaffenhofen
which corresponds particulary to the PRARE
Master Station configuration can be seen in fig. 4.
The reference clock is represented by a Rb-clock
in phase locked redundancy by EFRATOM which
is DCF-77 disciplined to follow the UTC(PTB) time
scale, cf. Bedrich (4). Also a GPS time receiver
A 0 TTRG with a TIC for registration of one-way
measurements is located in the operation room.
The PRARE processor with antenna dish at roof is
connected via cable to the TIC in the operation
room. The cable delays have been determined

and can be obtained from fig. 4 respectively and
will be denoted as ,,A
T
,
= 5 ns and ,A
,T,
=
209.5 ns. The cable delays of 298 ns and 5 ns to
GPS antenna and clock reference point are considered in the TTR6 data processing.

time scale. That can be seen in fig. 5 - each third
day a correction is applied, the rate is due to this
Rb-clock. The observed offset of 40 ns between
the two GPS time receivers has been considered.
5.2 PRARE data

PRARE dish

e

For clock comparison, the following data were
available from the PRARE instrument data processing (the station index will not be added for
simplification),

B

Y

external calibration
---

8

system calibration (PRARE)

in either range and Doppler measurement files:
date and time of event, tm;
azimuth az and elevation el at ground station,

["I;

o
DFD 4mfbor

Fig. 4 Setup at GFZ's ground station site
o

5. DATA EVALUATION

o

air pressure pr, [hPa], air temperature T, [K]
and air humidity hu, [%I at ground station;
tropospheric refraction correction (2-way)
AT,
A,T
,,
[PSIor [cycles];
ionospheric refraction correction (2-way)
-.
ATI2, AT,,
[PSI or [cycles];
satellite centre of mass correction (2-way)
AT,,
Arm, [PSIor [cycles];
onboard PRARE antenna phase centre correcAr,[ps]
or [cycles];
tion (%way) AT,
ground station mechanical centre correction (2way) AT,
A
,T,
, [PSIor [cycles];
external calibration correction (2-way)
AT,
ArE2 [PSI or [cycles];
X-band versus S-band travel delay measurement (1-way, space to ground) AT
,,
[ps];
1

All data have been recorded between December
1995 and February 1996. Below an example of the
data analysis of GPS and PRARE observables is
given.
5.1 GPS-CV

Fig. 5 presents the result of GPS clock comparison
between the two clocks involved in Lichtenau (Hmaser) and Oberpfaffenhofen (Rb) respectively
over the whole observation duration.

in only range measurement files:
two-way travel time (each second) including
internal calibration of the space segment and
ground station and 91 value range correction
Ad, [PSI;
1

and in only Doppler measurement files:
measured Doppler cycles (2-way) including
internal calibration of the space segment and
ground station Ad,,, [cycles];

20

44

611

UJO

-

92

116

140

frequency offset relative to nominal satellite
frequency 8.489 GHz AT,.

YaOO

Fig. 5 Result of GPS CV between DLR's H-maser
and GFZ's DCF77 disciplined Rb-clock
It has to be mentioned again that GFZ's rubidium
clock is DCF77-disciplinedto follow the UTC(PT6)

One-way travel time measurements Adl were
recorded at each ground station site with date and
time of event tmand figures in [ps].
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Fig. 6 Example of two-way clock comparison between DLR1sH-maser and PRARE onboard clock
Generally the time offset has been determined
following equation (2). The data designated at

4 ATB2 ATE2

ttnl Ar12 ATK2 ATp2 ArpCZ
AT
,,
Ad,, Ad,
and AT,
8

1

1

I

1

1

1

have been applied in the present work to compute
the time offset and account for asymmetries on
the propagation path.
The two-way range measurement Ad, has been
corrected to Ad, following instructions from the
PRARE processing team to be

(here the station index is added).
An example of two-way clock comparison between
the H-maser reference in Lichtenau and PRARE
onboard clock (ERS-2) during a 600 sec pass on
25 November 1995 presents fig. 6. Here the rate
of the PRARE oscillator can be identified; it includes relativistic effects which have not been
accounted for yet.
6. DISCUSSION OF RESULTS

where AT, being the correction for range asymmetries due to different up- and downlink paths
and calculated as

,

Az,:Azf -eq.(4).
The one-way signal travel time Adl was corrected
to A4, using

In the following, the results of the differential data
processing of the PRARE pass from 25 November
1995 (cf. fig. 7) are presented.
The pass had a duration of about 650 sec. Data
points calculated are smoothed over 30 sec. The
standard deviation from the linear regression line
is given by a figure of 770 ps (lo). To compare the
processed time offset with the GPS CV results, the
midpoint of the regression line has been determined to be

DIT(tm= 75878 sec of 25 NOV1995) =
= 4485.66 ns.

AT, [ps]:AT,

+eq. (3).

Finally the time offset between satellite S and
ground station k was evaluated with

For the time corresponding to the above evaluated
midpoint GPS CV clock data have been processed
in the following manner: For the 25 November
1995 a linear regression line has been computed.
The clock offset corresponding to the midpoint of
PRARE pass has been evaluated by interpolation
to be

'

1

i
I

Two,Clock Cimpariso" DLR - dR,25.1 1:85
via PRARE on ERS-2 (smoothed over 30 sec)
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Fig.7 Result of PRARE clock comparison, DLR's H-maser - GFZ's Rb, 25.1 1.95
GPS-cv

Dl,

(1, = 75878 sec of 25 Nov 1995) =
= 4550.63

ns.

Here the standard deviation from the linear regression line is given by a figure of 8.91 ns (1o).
With a areat number of other PRARE CV data
processi:gs the fact could be verified that the
precision of PRARE two-way clock comparison in
present design is always around 1 ns.
Concerning accuracy, a bias discrepancy of 65 ns
to GPS CV computation was computed. The reasons are:
uncertainty of time offset between the GPS
time receivers;
the calibration measurement was not sufficient
for accurate GPS calibration;
missinn one-way travel time calibration of the
PRAREground stations.

PRARE like type is carried onboard a polar orbiting satellite. The results point out that in conjunction with an ultrastable onboard reference this
configuration could be applied for clock synchronization wihin future satellite navigation
(GNSS I and II) and for benefit of the whole time
community.
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IMPROVING THE NIST IONOSPHERIC MEASUREMENT SYSTEM'

Marc A. Weiss, Steven Jefferts, Laurent Gaudron2
NlST Time and Frequency Division
325 Broadway, Boulder, CO 80302, U.S.A.
ABSTRACT
Two problems of the NIST lonospheric Measurement System have been addressed. A new software lock on the
received satellite frequency allows the system to lock more robustly in the presence of selective availability. We obtain
about 30% more measurements. Also, biases in the measurements largely come from the front end antenna system.
Preliminary results indicate that for the most part the problem is neither due to multi-path interference nor phase center
offsets in the antennas, as was previously thought. There is indication that some of the effect is due to an interaction
between the two quadrafiler helix antennas.
INTRODUCTION
Measurements of the delay of GPS timing signals
through the ionosphere are important for cornrnon-view
time transfer. The longer the baseline, the more
important that real measurements be used in place of an
ionospheric model. The NIST Ionospheric
Measurement System (NIMS) is used routinely for
intemational time transfer for the generation of
intemational atomic time (TAI) [I]. Measurements
from various NIMS's and other ionospheric
measurement systems have been shown to significantly
improve international time transfer, especially during
periods of maximum solar sunspots [2].
The NIMS measures the relative phase of the pseudorandom code called the P-code as received between the
two frequencies L1, 1.6 GHz, and L2, 1.2 GHz,
transmitted by the Global Positioning System (GPS)
satellites [3]. The P-code is transmitted coherently on
the two frequencies.[4] Since the group delay of the
code is inversely proportional to the square of the carrier
frequency, the differential arrival time is a measure of
the ionospheric delay on the signals. The NIMS
measures the differential arrival time of the P-code
between the L1 and L2 signals using a codeless
technique [1,5,6]. The system does not use the actual Pcode, rather it determines the relative phase of the code
using a delay-and-multiply technique. Since we do not
track the pseudo-random codes per se, we must find
some way to differentiate among the GPS satellite
signals received, since they are all nominally on the
same frequency. The differences of the received
frequencies are due to Doppler shifts of the received
signals resulting from the motion of the satellites. We
use the frequency offsets of the satellites and the rates of

change of these offsets due to satellite motion to
discriminate among satellites. The NIMS software
tracks each satellite by using individual frequencylocked loops to each satellite.
The GPS signals are deliberately corrupted using a
process called selective availability (SA) to deny the full
accuracy of the system from users who are not
authorized by the U.S. military. SA causes the received
frequencies to fluctuate so rapidly that the original
NIMS frequency-locked loop was unable to maintain
lock consistently. We have redesigned and implemented
a new loop, increasing the bandwidth. In the redesign
we now implement a frequency lock on both the L1 and
L2 signals instead of only the L1 signal. Since we
receive the signals sequentially, dwelling 7.5 s on each,
we now have lock information every 7.5 s instead of
every 15 s. Unfortunately, this does not double the
bandwidth. Because the frequency average is a
difference of the measured phase now minus the
measured 15 s ago, the frequency measurement on L 1 at
time T is correlated with the correction applied based on
the measurement on L2 at time T-7.5s. Yet the increase
in bandwidth is significant enough to provide consistent
locking on GPS satellites with approximately a 30%
increase in available data.
Another problem with the NIMS has been biases in
measurements of the order of Lt6 ns. Measurements of
the delay from the same satellite at the same time with
two different receivers show such offsets, which repeat
each day. Research suggests that averaging these biases
over all satellites tracked in one hour by correcting the
received delay for the vertical ionosphere shows an
agreement with Faraday rotation measurements of the

'Contribution of the U.S. government not subject to copyright.
2Guest researcher from Technical Institute, Strasbourg University, Strasbourg, France
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ionosphere at about the 3 ns level [7,8].
Our studies suggest that the biases come from the front
end antenna system. While at first glance the problems
seem to relate to the geometric relationship of the
receiver to the satellites and multi-path interference, our
study indicates that for the most part this is not so.
Therefore, the problem is probably neither due to multipath interference nor phase center offsets in the
antennas, as was previously thought. There is indication
that some of the effect is due to an interaction between
the two quadrafiler helix antennas.
THE NEW TRACKING LOOP
A complete description of the NIMS has been published
elsewhere. We describe here three functional portions
of the design relevant to our discussion. The front end
mixes a signal from either L1 or L2 with a frequency
midway between them. The system sequentially locks
on L1 for 7.5 s and L2 for 7.5 s. This design allows
both frequency channels to follow the same paths after
the first mixer. This is an important feature for stability
and accuracy of the NIMS.
The codeless phase measurement is based on a delayand-multiply technique. Both the L1 and L2 signals
cany a pseudo-random code called the P-code, with a
chip rate of 10.23 MHz. The NIMS recovers this 10.23
MHz clock by delaying the signal by half of one chip,
about 50 ns, multiplying the delayed signal by the direct
one, then band-limiting the result. We now have a
signal consisting of a sum of sine waves coherent with
the 10.23 MHz clocks from the satellites. This signal is
then mixed down so the central frequency is
approximately 78.74 Hz. The Doppler offsets vary
about k 25 Hz. This signal is sampled at 250 Hz by a 8
bit AID converter and passed into a microprocessor.
The microprocessor tracks each satellite in the 250 Hz
bit stream using a frequency lock loop as well as
deriving the ionospheric delay for each satellite on the
L1 signal. We process the 250 Hz data for 7.5 s, obtain
a phase of the P-code on the received L-band, then
switch to the other L-band for the next 7.5 s. The 250
Hz data are processed as follows. At each 250th of a
second, we compute, for a given satellite, a sine and
cosine value based on an estimate of the satellite's Pcode received frequency and rate-of-change of the
frequency. We sum for the entire 7.5 s the product of
the sine value and the received data, as well as summing
the product of the cosine value and the data. The
arctangent of the ratio of the sine product sum divided
by the cosine sum gives us a phase of the P-code for the
7.5 s interval for the received L-band.
Thus for each satellite, we have a sequence of P-code
phases, one every 7.5 s, alternating between L1 and L2.
Let us label phases as cP1,,cP2,,@Iz,cPZ2,a ' , , cP2,, ...,
where the superscript refers to the L band frequency,

and the subscript is a sequential count of the phases.
The difference between neighboring phases, such as
cP2,-@I,,cPZI-cP12,give us our measurements of the
ionospheric delay. The difference cP1, - a ' , , being the
change in the relative L1 phase over 15 s, is a measure
of the offset in our estimate of received frequency for
this satellite. The change in the relative L2 phase over
I , , also measures our estimate of received
15 s, cP I,
frequency for this satellite.

-

We report here that we now use both the change in the
relative L 1 phase over 15 s, cP I, - cP I,, and the relative
L2 phase over 15 s, cP2, - cPZlin the frequency-locked
loop. Previously we used only the change in L1 phase
over 15 s to close the frequency lock loop. This was
done for two reasons. First of all, it was enough to
allow us to lock consistently on satellites before the
advent of SA. Secondly, the L2 change in phase is
coupled with the L1 change in phase, so that using both
measures does not double the information over using
one of them. In addition, the signal power of L2 is
specified to be 6 dB lower than L1. The L2 and L1
phase changes are coupled because we alternate
measurements of phase on L1 and L2. Hence between
consecutive L1 phase measurements there is an L2
phase measurement, and vice versa. If we adjust our
received frequency estimate after an L1 phase
measurement using a', - a ' , , then the phase change cPZ2
- cPZl,will be corrupted by that adjustment, since the
steering will have occurred midway through the cPZz
cPZ, measurement.

-

We implemented a tracking loop which adjusts the L2
phase difference measurement by subtracting 112 of the
previous phase correction which had been applied
midway through the L2 measurement. So if A1 was the
previous phase correction applied after the L1
measurement, we now use
A2 = cPZz - cPZI - %A1
as the phase applied to close the frequency lock loop
after this L2 measurement. Similarly, after the next L 1
7.5 s measurement, we now use
A3 = a', - cP', %A2.
The factor of 112 comes since the rate adjustment from
the previous cycle occurred half-way through the current
one,

-

The result of the new lock loop is that the receiver takes
about 30% more data. As a result, the effect of SA
seems no longer to interferes with the operation of the
receiver. Since measurements of the ionospheric delay
must be made nearly simultaneously with GPS commonview measurements in order to correct the common-view
measurements, this will allow for less noise in
international time transfer.
MEASUREMENT BIASES
If we measure ionospheric delays using two NIMS's and

difference these values, biases appear. For a given
satellite we found a non-constant bias pattern that
repeats with each pass, once per sidereal day. Examples
of this are shown in figures l a and lb. Each point is the
difference of midpoints to 15 minute linear fits to the 7.5
s ionospheric measurements. Note that the pattern is
different for different satellites, even if they are tracked
at common times.
We wish to point out that even with these biases,
agreement with measures of the vertical delay through
the ionosphere using Faraday rotation is approximately
at the 3 ns level [4]. This level of agreement requires
averaging all NIMS data taken over one hour after
correcting them for the vertical delay.
Because we are using a codeless technique, we expected
that multi-path interference would be a significant cause
of biases. We decided to attempt to reduce these biases
by physically rotating the antenna. We hoped rotation
would reduce multipath corruption since measurements
of the antenna pattern of one such antenna showed a
field reversal with a rotation of 180 degrees of azimuth.
Figure 2 shows how the two NIMS antennas are offset
from each other and surrounded by a choke ring ground
plane. For simplicity we decided to rotate the entire unit
and look for a reduction in the changing biases. Though
this rotation was less than optimum since it meant that
the antennas moved as well as rotated, we felt this
should serve to demonstrate the possibility. Figure 3
illustrates the system built for rotating the entire front
end antenna system. We built two rotators, one for
NIMS# 106 and one for # 1 10. They both rotated
coherent with the 7.5 s measurement sequence of their
respective NIMS processor. The antenna with
NIMS# 106 rotated in 7.5 s in one direction, then
reversed for the next 7.5 s. The antenna system with
NIMS#110 rotated in 22.5 s in one direction, then
revered direction for the next 22.5 s. Thus in one
direction we measure sequentially L1, L2, then L1 each
for successive 120" intervals, then reverse and measure
L2, L 1, then L2 in the opposite 120" intervals. For the
15 minute linear fits, these should average appropriately.
The results of rotating the antenna are null. We see no
significant change in the pattern of biases. Compare the
data in figures 4a and 4b, the biases while rotating, with
the data in figures l a and lb. The two satellites chosen
for these figures display biases w h ~ s eday-to-day
variances are typical. The patterns themselves and the
peak-to-peak changes in the biases vary among
satellites. The fact that rotating the antenna produced a
null result suggests that the biases may not be a function
of the geometry of the received signal and any multipath
interference. In particular, the orientation of the antenna
systems does not seem to contribute to the biases we are
measuring, or we would expect to find a significant
change in the biases after rotating the antenna system
continuously. From this we conclude that a potential

phase center offset between the antennas does not
significantly contribute to the problem represented in
figures 1a and 1b.
Two other simple experiments were done. In the first
one, the antennas and front end electronics were
swapped between the two rotating NIMS units. Thus
the systems consisting of Ll and L2 antennas, choke
ring ground plane, and front end electronics were
reversed between their positions on the roof, and
connected to the opposite systems of cables, rotators,
and the electronics in the lab. The result of this reversal
was a reversal in the sign of the biases, keeping data
associated with the laboratory electronics. The values of
the biases were apparently the same within the
uncertainty, but with the opposite sign. This result
suggests that the biases are not associated with antenna
position. That is, the differential biases we measure are
not associated with the differential multipath
interference associated with position, but rather with
biases associated with differences in the specific front
end antenna systems.
A second experiment added another piece to this puzzle.
The L1 antenna on one of the NIMS antenna systems
was rotated by 45". The resultant change in the biases
was large. Figures 5a and 5b show the biases for the
satellites of 4a and 4b after this rotation. We want to
emphasize that though the peak-to-peak values in figures
5 are small, they represent the differential biases
between the two systems. We have no information
about the biases in either single system.

CONCLUSIONS
We have discussed work on two problems of the NIMS.
For the problem of loss of lock because of SA we
developed a new frequency lock. The new loop has
largely eliminated the problem caused by SA. We now
reliably lock on most satellites. The problem of biases
in the ionospheric measurements was not solved, but
substantial progress has been made toward discovering
their cause. At this time the most probable cause lies in
the relationship between the two quadrafiler antennas for
receiving the L1 and L2 signals. These results on biases
are preliminary, and more research is necessary.
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Figures 1a and 1b: The difference of ionospheric measurements from NIMS# I 10 minus NIMS# 106 made at the same
time on the same satellites. The two units were not rotating during these measurements. Curves represent data taken on
successive days, and adjusted for the approximately 4 minld shifi of the satellite ground track. We see that there is a
repeated changing bias in the offset between the two systems.
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Figure 3: An illustration of the NIMS rotation system.
One system, NIMS# 106, rotated each direction in 7.5 s,
coherent with the NIMS measurements. he other,
NIMS#llO rotated each direction in 22.5 s, also
~oherentwith the n-itxsurements.

Figure 2: Shows the geometric relationship among the
two antennas of the NIMS, L1 and L2, and the choke
ring ground plane. The rotation system rotates the entire
system around its center.
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Figures 4a and 4b: As in figures 1, the difference of ionospheric measurements from NIMS#110 minus NIMS#l06 made
at the same time on the same satellites. In this case the two units were rotating during these measurements. Curves
represent data taken on successive days, and adjusted for the approximately 4 minld shift of the satellite ground track.
The repeated changing bias in the offset between the two systems does not seem to have changed.
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Figures 5a and 5b: As in figures 1 and 4, the difference of ionospheric measurements from NIMS#110 minus
NIMS#106 made at the same time on the same satellites. The antenna packages have been reversed between the units,
and the L1 antenna for the unit # I 10 as been rotated by 45 ". The two units were rotating during these measurements.
Curves represent data taken on successive days, and adjusted for the approximately 4 midd shift of the satellite ground
track. The repeated changing bias in the offset between the two systems seems to have changed significantly. Note that
a reduction in the differential bias does not necessarily imply that the bias itself has been reduced.

SPECIFICATION OF LONG TERM RELIABILITY OF FREQUENCY CONTROL PRODUCTS

David Brown (C-MAC Ourutz Crvstals) and Jonathan Clarke (Solicitor with Attwater & Liell)
C-MAC Quartz Crystals Ltd and Attwater & Liell, Harlow, Essex, England

The paper is intended to highlight some technical,
commercial and legal issues in the specification of
frequency control products, which are of concern to
manufacturers. The difficulties inherent in predicting
frequency ageing are looked at as are some legal
implications.

conformance one can be issued based on these factual
results.
Ageing

BACKGROUND TO SPECIFICATIONS

Unfortunately there is also a tendency for the frequency
of crystal products to age, for the frequency to drift
slightly with time.

The products of our industry are intended to define a
reference frequency with a relatively high degree of
precision. That frequency is then used to enable the
function of some communication, navigation or other
system. When such products me sold, particularly to
large customers, they are normally supplied to meet a
customer specification.

Very likely some aspects of the specification will
attempt to set a limit on the maximum amount of this
"ageing" of the frequency. From the user point of view
this is reasonable because there will be some limit on
the acceptable variation of frequency to ensure overall
performance within the system requirements. In a typical
specification over half the paper area is occupied by
statements about ageing.

The specification for a frequency control product, such
as a crystal oscillator, typically may include ten or
twenty different statements. Some of these describe
basic functional parameters such as the amount of power
it is allowed to consume, its physical size and shape and
the waveform of its output.

Now we have made a huge step from parameters which
are fully verifiable at any time to predictions only
verifiable at some future time, if at all. Since the
frequency ageing performance varies with time it
normally is not possible to exactly repeat and verify an
earlier measurement.

The specification will usually also limit the allowed
perturbation of the frequency by external factors.
Typically there will be bounds on the amount the
frequency may vary when subject to a variation in
temperature or supply voltage or perhaps under
conditions of mechanical stress.

What does a typical specification for an oscillator
actually call for. First there may well be a general
statement like this example for a TCXO:

For any particular example of a product it is normally a
relatively simple matter to discover whether its
performance in these respects conforms to specification.
Although we can sometimes be working close to the
achievable limits of parameter measurement the
measurements can be repeated or carried out by different
people with an expectation of reasonable agreement. In
short there is a definite and immediate answer to the
question "does the performance of this item fall within
the range allowed by the specification". When tested it
is either a pass or fail and objective reference can be
made to independent standards or experts in case of
dispbte.
If it is required that the product has a certificate of

The devices shall start up and operate under any
combination of supply voltage and ambient temperature
specified below. The devices shall meet all of the
paranaeters of the specification under these conditions.

Parameter

Min

Max

Unit

Supply Voltage

+4.7

+5.2

V

Operating
temperature

-20

+70

"C

Operating Life

20

years

This introduces the general expectation of a long life and
as far as catastrophic failure is concerned we should use
materials and design so that one might expect the device
to function for 20 years. That is not a major problem in
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itself, but the specification goes on to define limits on
the future accuracy of the frequency.
Parameter
Stability in 24 hours after
an initial 72 hours
operation

MIL-0-55310although Bower et a1 (2) concluded it
should be regarded as unreliable.
The particular customer ageing spec5cation shown
above is also shown graphically in Fig, 1 and it can be
seen that it does not anyway correspond exactly to a
"MIL"curve.

==t
Unit

Ageing 90 days
Ageing first year
Ageing 20 years
So here is a requirement to meet an ageing specification,
what do we do about it?
Prediction of Ageing Performance
There has been much past study of ageing mechanisms
and a comprehensive report was presented in 1991 by
Vig and Meeker (1). One conclusion of that paper was
that "Even though several possible ageing mechanisms
are well understood, the ageing of resonators is not well
understood."

Fig 1.

Ageing Measurements
Because absolute proof of the real life ageing
performance of a particular product example can only be
obtained in real time we cannot be absolutely certain
that every product we ship will meet the specification.
Even products made at the same time through the same
intended process will vary somewhat in their behaviour.
Clearly we can't wait ten years measuring the ageing
before shipping the product and anyway if we did the
next ten years would produce a different result. In the
modem environment of short lead times we would prefer
not to wait at all. Clearly we need to observe the ageing
for a relatively short time and deduce what it will be
over life.
Now we have to rely on several assumptions, the big
one being that the drift of frequency over a short period
allows reliable prediction of the drift over a much longer
period.
Conventionally there is a working assumption that
normal ageing behaviour corresponds to a logarithmic
function of time in the form:
f = A In(1 + Bt)
where f is the fractional frequency shift from time t=O
and both A and B are temperature dependent parameters.
This relationship has been incorporated in MIL Std

In a precision oven controlled oscillator (OCXO) the
environmental sensitivity of the device frequency is
normally small enough that it is possible to make
meaningful measurements of the ageing drift over
periods of a few days. In such devices the frequency
determining element, the crystal, is at essentially
constant temperature during its operating life so such
measurements can be expected to be reasonably accurate
predictors of likely drift in normal operation although
the accuracy will not reach 100%.
Temperature compensated oscillators can now provide a
frequency sufficiently constant to replace OCXO
products in many applications and TCXOs are widely
used in communication systems. In a TCXO the crystal
is subject to the full rigours of the environment and the
frequency drift with changes in temperature etc. may
well be much larger than the weekly ageing drift.
Determination of the ageing rate in a short time now
becomes a problem and the crystal may be subject to a
wide range of conditions.
It is customary to accelerate the ageing by subjecting the
device to a high temperature so that the ageing is faster
and can be measured with more certainty. Unfortunately
this now introduces a further variable which is the actual
acceleration factor i.e. the real relationship between the

frequency drift measured in a short time under
conditions of acceleration and real life. The observed
frequency drift under any particular conditions is at least
in part a function of the previous history of the device.
In a typical product specification a wide range of
conditions are possible and it is simply not reasonable to
study performance under every possible combination.
Fig. 2 shows some ageing results for a group of 52 MHz
fundamental resonators when aged at 125°C and -2°C
after an initial burn in period at 125'C.

In practice we would no doubt aim to satisfy our
customer if possible but in the case of a large problem
we might have to consider the legal options.

THE LEGAL IMPLICATIONS OF SELLING A
PREDICTION
The Commercial Problem
The practical situation which I propose to address is as
follows:-
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A seller manufactures a device which has to comply
with a specification. That specification provides that
the device will perform within specified performance
parameters throughout a pre-determined period.
When he sells the goods the manufacture warrants that
the goods comply with the specification. Additionally
he guarantees the goods for a year. He says that if they
are found not to fall within the definition and pammeters
contained in the specification,he will either replace them
or take them back and refund the purchase price.

Fig. 2

Two problems might arise. Firstly goods which should
have continued to operate within the specified
panmeters throughout say a 25 year period, drift away
from that parameter in say year 20.

It is interesting to note that operation at -2°C produces

an ageing sign change compared with 125"C, rather than
just a reduction in rate which might be expected. This
is thought to reflect movement back towards some
equilibrium state. Incidentally storage at 125°C and
operation well below -2°C are within the range required
by this specification. Certainly in this example
prediction is not simple.
CONSEQUENCES

I hope there is agreement that prediction of long term
performance from short term information carries with it
some real risk of being wrong. Usually we are proved to
be conservative in our assumptions but our customers
tend to use the best they have been offered as the
reference point for future specifications.
Well we only give a one or two year warranty don't we'?
Or does the ageing specification override our warranty
clause? What really would be the legal situation if some
product which was supposed to stay within limits for 10
or 20 years drifted out after 8 or 9?

What remedy does the buyer have bearing in mind the
year's guarantee has expired'?

The second problem is as follows. The situation is the
same but the purchaser does his own tests on the device
and concludes from those tests that, on his prediction,
the goods will not operate within the defined parameters
within say, 20 years time.
What remedy does the
purchaser have against the seller in these circumstances,
if any?
In both situations can the seller protect himself against
liability or avoid liability altogether?
The Legal Background
The law relating to the sale of goods in England is an
enormous topic. It was consolidated in one substantial
statute about 100 years ago. The development of that
statute and the refinement of the law has been
undertaken by the courts and the legislators to take into
account modem trading conditions ever since.

There is now one body of law which has two distinct
sections. However, there are links between those two
sections. The first is the law that relates to a private
consumer buying from a merchant, trader, manufacturer
or supplier.
The second section deals with a trader, merchant or
trade purchaser (who has some expert knowledge of the
goods that he is buying) purchasing from another
manufacturer, trader, merchant or supplier.
The Private Purchaser. Thus if I am a normal "off the
street" consumer when I go to buy any goods from a
"professional seller" (not my next door neighbour or
fellow man in the street) the law gives me cemin rights
and guarantees. Whether I am buying a teaspoon or
television I am entitled to expect that the item being
bought will be of "merchantable quality". Merchantable
quality is rather unhelpfully defined as being fit for the
purpose for which goods of that type are commonly
bought. If I have explained the purpose for which I want
the goods or the purpose is reasonably clear from its
description or general usage, I can expect that the items
bought will be fit for its purpose. Similarly if I have
asked for the goods by reference to some sort of specific
description I can expect the goods to comply with that
description.
The Exclusion Clause
The trader who is selling me the goods can affect my
position, or attempt to, in two ways. Firstly, he can try
and limit the rights that I have as a consumer. He
might in his invoice which is presented to me with the
goods try to say that he does not accept responsibility if
the goods are not of merchantable quality. He will not
succeed in such an attempt. The law will declare such
an exclusion clause invalid. It will be ineffective and
ignored.
The Manufacture's Guarantee. The other possibility
is that he might give me a guarantee with the goods,
By and large such guarantees are of negligible value.
They rarely give a purchaser more rights than he has
already under law. The purchaser may feel comforted
to see them set out on paper. A g u m t e e is normally
limited in time. Invariably they are said to last for a
year, three years or perhaps five years and so on.
However, if you buy goods which can reasonably be
expected to continue to work faultlessly for five yem (if
there is such a thing) and your guarantee gives you the
right for replacement during only one year, the guarantee
in those circumstances appears to reduce your existing
legal rights. It will not stop your existing legal rights

taking precedence. In law you have a "gumtee"
which is worth more than the written guarantee.
The Commercial Contract, The situation between
traders or merchants or colleagues in business is
different. The law recognises the fact that they are
entitled to regulate their own business arrangements
between themselves. Therefore a lot of the rights of the
avenge domestic consumer has either do not exist in the
business world, or if they do exist, can more easily be
restricted by the business parties in their trade dealings
between each other.
The notions of fitness for purpose and merchantable
quality are still there.
However, what the trader is
entitled to do is to exclude his liability in respect of
them and he has a greater power to do so. The law
considers the respective trading positions of buyer and
seller in these circumstances.
It looks at the
reasonableness of such an exclusion clause with more
commercial realism that it would in the case of a private
domestic purchaser. It looks at the respective trading
strengths of the two parties. It looks as their respective
powers to insure against difficulties arising from faulty
goods.
In short it allows them more control on
regulating their respective positions in the market place.
The First Problem. Against that background let us
consider the practical problem that has been identified.
Let us assume that a manufacturer produces some sort of
component which he believes will perform true to
specification for the next 25 years. He cannot run a 25
year test on the item. He has to sell it now and not in
25 years time.
Under his standard terms and conditions he says that the
product is free from defect. Secondly, he says that it
has built in accordance with its specification. Thirdly,
he says that he guarantees it for a year.
In the specification he sets out the physical
characteristics of the component. He then goes onto say
that it will operate within certain performance
parameters for the 25 year period. Thus he has made
the "25 year condition" part of the contract.
Limitation of Liability. It should also be noted at this
stage that elsewhere in his conditions of sale he has
probably stipulated that his financial liability under the
contract only goes to the extent of the cost or value of
the goods sold. In other words if the items sold only
cost £10.00 but as a result of its use and a deficiency
in it, damage occurs which costs a million pounds to
rectify, his limit is the original £ 10.00.

This clause is the exclusion clause. It will be subject
to the scrutiny of the Court who will consider whether
or not it is fair. The Court will look at the trading
relationship between the parties. If it is considered to
be unfair the Court will not allow the supplier/seller to
rely on its terms.

The Seller's Guarantee. Let us go back to the seller's
guarantee. He is guaranteeing the goods for a year.
That is part of his normal terms and conditions for all
goods that he sells.
This is an example of a guarantee which is perhaps a
comfort to the purchaser but is not likely to give the
seller any greater obligation that he has already under
Law.
The goods fail to operate within the pimeters in year
twenty. The buyer might want to try two remedies in
this situation. He might like to give the goods back and
recover his money. He is unlikely to succeed in that
respect. He has had the goods 20 years. The Court
will tell him that he has had a fair crack of the whip.
If he has a remedy it will be for damages from the
seller. In the normal course of events the amount of
damages would relate to the financial loss that the buyer
has suffered as a result of the deficiency.

As can be seen in this situation the seller's gucuantee is
irrelevant.
Limiting the Amount of Damages. We must
remember that when looking at the law and applying it,
the Courts must take account of the fact that they are
working in the real world with real people having to go
about their business and e m a living and attempt to
make a profit. What the court has to do is react to the
problem taking into account the commercial realities.
Thus if a supplier says I have done all that I can
reasonably do to test the reliability of this component
over the next 25 years. I have used all available current
technology. I can demonstrate that my testing of this
component is sensible and reasonable bearing in mind its
cost and the facilities available to me. I have made
known to the purchaser the processes which I am using.
I wmnted the physical construction of the component
and made the purchaser aware of that construction. In
other words I have done all that is reasonably possible
for me to do.
Let us then propose that the seller goes onto say that
having done all that he feels reasonable he cannot
gumntee 100% forecasting of what is going to happen
in 24 years time. He therefore seeks to exclude his
liability for something that he cannot test against and

which neither he nor the average purchaser could
possibly foresee.

In those circumstances one can look favourably on the
proposition that the court should allow the seller to make
use of and take advantage of this sort of exclusion
clause. It seems reasonable in all the circumstances.
How does the court test the reasonableness of the
Limitation Clause? The Court considers whether the
clause is fair and reasonable having regard to the
circumstances which existed when the Contract was
made.
In reaching that decision the Court is directed to
consider the following:(i) The strength of the bargaining positions of the two
parties relative to each other including taking into
account alternative means by which the purchaser's
requirements could have been met, i.e. whether he could
have bought the goods elsewhere.
(ii) Whether the buyer received an inducement to agree
to the clause or whether there was available to him at
the time that he entered into a contract the opportunity
to enter into a similar contract with another seller but
without the limitation clause.
(iii) In a case where the buyer is saying that he did not
know of the existence of the limitation clause, whether
he should have known bearing in mind the previous
trading relationship that he had with the seller and
trading situation in the business generally.
(iv) Where the clause excludes or restricts liability if
some condition is not complied with, whether it was
reasonable at the time of the contract to expect that
compliance with that condition would be practicable.
(v) Whether the goods were manufactured or processed
to the special order of the customer.
Where, as is usually the case, the limitation clause
restricts the seller's liability to a particular sum of
money, and considering whether the clause was
reasonable the Court must have regard to:(a) The resources which a seller could expect to be
available to him for the purpose of meeting the liabilities
should it arise and
(b) How far it was open to him to cover himself by
insurance.
Taking all this into account. And on the hypothesis that
I set out above it does seem that in those circumstances

the limitation of liability could well be effective. As a
result the seller can provide himself with some
protection, but he will end up paying a reasonable
amount of damages.
The Second Problem
We also have the interesting problem of a conflict of
predictions. The seller says that he has done his tests on
the component and concluded that it will not vary
outside the defined parameters for a period of 25 years.
He has reached that conclusion as a result of accelerated
tests that he has camed out over the space of 6 months.
The purchaser buys the goods on that basis. During the
space of 2 yexs he canies out testing which is
"accelerated" but less accelerated than the sellers. He
says that according to his tests after 10 yexs the
performance drifts beyond the required parameters. Let
us suppose for the purpose of this example that we are
now 3 years from the date of the original purchase. Ten
thousand of these components have been bought that
fitted to the end product and shipped. The buyer now
says that the are only going to work for 3 fifths of the
period required. He wants to know what recourse he
has got against the seller.
Is a Prediction Proof? Clearly the goods do not
comply with the specification, or do they? The hurdle
that the seller has to over come first of all, before he can
consider any remedy is that of proof. He would have
to go to the court and satisfy the court that on the
balance of probabilities his prediction of what is going
to happen in 10 years time is reliable and sufficiently
reliable for a Judge to act upon it. I would have
thought that the average Judge is going to be very
cynical about deciding a case on the basis of a
prediction.
What is the Remedy? However, let us assume that the
Judge does agree with the buyer. How is he going to
give the buyer some remedy for the breach. What is the
buyer loss at the stage that he is in court? The difficulty
is that he has no loss. The components are still working
perfectly satisfactorily and as yet nobody has
complained. He might have a go at persuading the
Judge that he has to recall all the goods and refit the
components. The cost of doing that would presumably
be enormous. It is likely to be caught by the seller's
exclusion clause limiting his liability. Addiliollally and
in any event a Judge is going to take a good deal of
persuading to accept that result when he has only based
his decision on a prediction.
Thus in those circumstances the buyer has a fairly

substantial hurdle to overcome in proving his case. If he
can prove it he is at a very practical disadvantage in
trying to demonstrate what remedy he is entitled to.
The Guarantee? Let us then consider the situation of
the component having been sold with a years guarantee.
After 9 months the buyer having done his tests states
that his prediction is different from that of the seller.
He says that therefore the goods are not within
specification. He relies on the guamntee to say that he
wants to either give the goods back and get his money
back, or he wants them replaced.
The strict terms of the guarantee allow him replacement
goods. However we go back to the argument of whether
predictive tests of the buyer are any better of those than
the seller. Again ultimately that is a question of
evidence before the Judge. The Judge will have to hear
the expert evidence of each side and, given that both are
predictions, make up his mind as to which he thinks the
best. If he decides the buyer has the best expert and
can prove his case he will allow him a remedy under the
Sale of Goods Act or any additional remedy given under
the terms of the gumntee. For the buyer to get his
money back and give back the goods would be difficult
to achieve. He would have to show that fundamentally
what he had bought was different from that which he
had contracted to buy. Almost certainly that would not
be the case.
It would however depend upon the
precise nature of the goods sold and the purpose for
which it was going to be put, and how useful or useless
the component would be in carrying out that purpose
given the diminished specification.

I am assuming that the gumntee does not specifically
state that under its terms the buyer can require a refund
of the price. If the guarantee says that the buyer is
entitled to get it. The sellers might not be happy with
that result bearing in mind that we are talking about is
a divergence in predictions.
Does English Law apply to the Contract
In deciding what law governs a contractual situation
between two parties the determination is made in one of
three ways:1. By the parties choosing which law should be
applicable,

2. By the Court inferring a selection from the
circumstances of the contract or, failing either of these,

3. By the Court deciding which system of law has the
closest and most real connection with the contract.

In most commercial contracts there is a clause which
states which law is to apply. Often the seller puts into
his terms and conditions a clause stating that the law of
his country shall be applicable.
The Court will usually accept that. Similarly the Court
would probably accept a situation where the parties
choose the law of the country different from that of
either party. English law is often selected to govern
contracts and the Courts usually accept that.
In the unlikely event of there being no choice of law the
Court will look at h e circumstances and where
appropriate reach a conclusion on whether the parties
have an inferred choice of law or one can be implied.
They can reach a conclusion from such things as the
currency expressed in the contract, the language used,
the connection with preceding transactions and so on.
If there is no place that it can be implied and none
stated the Court then decides what is the closest and
most real connection. It will look at such factors as the
place of contracting, the place of performance of the
contract, the place of residence or business of the parties
and the nature and subject matter of the contract.
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SAW TWO RESONATOR FILTER USING SYNCHRONOUS COUPLING
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It is the purpose of this work to show, that in the case of
short circuited reflectors strips, coupling IDTs can be
placed inside reflectors.

Abstract
Surface acoustic wave (SAW) two resonator filter with
coupling interdigital transducers (IDT) placed inside
reflectors, was designed, fabricated and tested. In the
filter, electrodes of the coupling IDTs are in spatial
synchronism with reflectors' electrodes. Compared to
the case when the coupling IDTs are between reflectors,
resonators are shorter, the unwanted longitudinal
modes are suppressed and better rejection should be
obtained in the stopband The filter, fabricated on STcut quartz, had the centre frequency of 302.6 MHz,
insertion loss about -14 dB, and minimum rejection in
a stopband higher then 40 dB.

2. FILTER DESIGN
The structure of the filter is shown in Fig.2. Each
reflector consists of three parts: bus bars for input and
output IDTs, coupling IMs and the remining part of
short circuited strips. Coupling IDTs are parallely
connected by the rear parts of reflectors. Input and
output IDTs are apcbsed, while coupling IDTs are
una@sed.

1. INTRODUCTION

Coupling networks in SAW two resonator filters are
usually placed between reflectors (Fig. 1). To obtain
resonable coupling
in the case of
low
electromechanical coupling substrates, the coupling
networks should be long (Rosenberg and Coldren (1)).

Fig.2. SAW two resonator filter with coupling IDTs
placed inside reflectors
1,2 - input and output IDTs,
3,4, 5,6 coupling IDTs,
7, 8,9, 10 rear parts of reflectors.

-

Fig. 1. SAW two resonator filter
1, 2 IDTs, 3,4, 5,6 - reflectors,
7 - coupling network.

-

Therefore resonators are also long, the nearest
longitudinal modes are close to the centre frequency,
and rejection near the passband is low. A possible
solution to this problem can be placement of the
coupling network inside reflectors. For example, it was
recently shown, that coupling network can be formed
by connecting open reflectors' strips (Soluch (2)).

-

Scattering matrix theory was used for the calculation of
the amplitude transfer function of the filter (1). To
determine the scattering coefficients of reflectors, the
reflection coefficient for: one aluminium strip on ST-cut
quartz r= -0.5hlX was used, where h is the thickness of
the aluminium layer, and A is the wavelength
(Dundrowicz (3), Tanski and van de Vart (4)). The
scattering coefficients of the apodised IDTs were
calculated from their input admittances (Soluch (5)).
ST-cut quartz parameters were taken from Slobodnik
(6). In this calculations, the cross channel coupling
coefficient was used as a parameter. It will be
determined from the comparison of calculated and
measured amplitude responses of the filter.
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The following data of the filter were used: acoustic
aperture - 1 mm,total number of each reflector strips 600, number of electrodes of coupling IDTs 101,
number of electrodes of the input and output IDTs - 6 1,
number of bus bar strips - 10, period of electrodes - 5.2
pm, width of electrodes - 2.6 pm, lateral shift of
resonators 0.3 mm, aluminium layer thickness - 0.12
pm. The input and output IDTs were placed at the
postions of maximum coupling.

-

-

3. MEASUREMENTS AND CALCULATIONS

Electron beam was used for photolithographic mask
fabrication. Electrodes of the filter were deposited on
the ST-cut quartz substrates by the lift-off method.
Filters were monted in metallic packages. Transfer
properties of the filters were measured in a 50 O
system (HP Network Analyser 8752A). Typical

start 382.6 MHz

stop 382.7 MHz

start 298.8 MHz

stop 388.8 MHz

b)

b)

Fig.3. Measured amplitude responses
a) narrowband response,
b) broadband response.

Fig.4. Calculated amlitude responses
a) narrowband response,
b) broadband response.

amplitude responses of the filter are shown in Fig.3.
Spurious transverse mode is seen above the centre
frequency (Fig. 3a). Characteristic asymmetry of the
transfer response (Fig.3b) is the result of the
synchronous placement of the coupling IDTs. In this
case, the centre frequency and insertion loss were equal
to about 302.6 MHz and -13.3 dB, respectively. The
stopband rejection was higher then 40 dB at frequences
below the passband, and higher then 50 dB at
frequences above the passband.

To obtain an agreement between the measured and
calculated results, several parameters used in
calculation should be properly corrected. It was found
that:
1. Velocity of the SAW in the periodically metallised
areas v,, = 3147.46mls,
2. Coefficient, which takes into account an attenuation
of the SAW at the effective length of a resonator, T =
0.984,
3. Cross channel coupling coefficient C = 0.033,
4. Load impedance Z = R + joL, where R = 50 O and L
= 0.05 pH. L represents a parasitic inductance of
connecting wires.
Calculated value of the reflection coefficient
centre frequency was equal to 0.999.

r

at the

The amplitude responses, calculated from an analytical
expression (I), are shown in Fig. 4.
Reasonable egreement exists between the measured
and calculated amplitude responses of the filter. In
particular, the asymmetry of the responses is similar,
and the stopband rejections are in good agreement. The
shape of the stopband is determined mainly by the
frequency responses of the coupling IDTs and
reflectors. It is worthy of note, that excellent
feedthrough supression was obtained in the filter.
Fig.5 presents measured amplitude responses for the
case when one of the coupling IDTs was short circuited.
In this case the spurious transverse mode does not exist
and the insertion loss is equal to about -14.9 dB.
4. CONCLUSIONS
SAW two resonator filter with synchronous coupling
IDTs was designed, fabricated and tested. As compared
to the filter with coupling IDTs located between
reflectors, these filters are shorter and better rejection
should be obtained in the stopbands. This conlusion is
especially important in the case of low
electromechanical coupling substrates, like quartz.
However, asymmetry of the frequency response, which
is characteristic for the synchronousplacement of IDTs,
makes the rejection smaller at the frequences below the
passband.
Location of the coupling IDTs in the reflectors' areas
can be used as a method of obtaining additional
coupling in filters with coupling IDTs located between
reflectors.
b)
Fig.5. Measured anlplitude responses for the
case of one coupling
short circuited
a) narrowband response,
b) broadband response.

Compared to the filters with stopband multistrip
couplers (2), application of the synchronous coupling
IDTs should be more useful, since they can be easily
weighted. Therefore the frequency response of the cross
channel coupling and coupling to the spurious
transverse modes can be varied.

When coupling IDTs are located inside reflectors, a so
called QARP method can be used for SAW to bulk
scattering loss suppression (Ebata (7)). In this case, no
additional gaps between input and output IDTs and
reflectors exist, but period of the lDTs is smaller than
that of reflectors. It makes possible to use large
reflection coefficient for one strip, reflectors can be
shorter, which leads to farther reduction of filter length.
It also means, that the aluminium layer thickness will
be larger, which is important for lowering of ohmic
losses at high frequences. Smaller number of reflectors
strips also means a higher yield in technology.
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INTRODUCTION.
Low frequency noise with hyperbolic power spectral density (the so-called l/ f noise) is a ubiquitous
and fascinating phenomenon of nature. Despite its
chief importance in solid state high technology devices its explanation still remains a challenge [1,2].
11f noise is also observed in the frequency generated
by LC and quartz crystal oscillators and in atomic
clocks. The state of the art in the domain of frequency fluctuations metrology results from the use
of two basic tools for stability characterization: Allan variance in the time domain and Fourier spectra
in the frequency domain. In the time domain llf
noise leads to a flicker floor of the Allan variance.
The statistical analysis of the series of frequency deviations cannot be of any help for further progress.
In other to get round the statistical bolt, we recently
proposed an alternative method [3,4]: the series of
frequency readings was processed by means of an
effective sliding filtering window and interpreted in
terms of a series of local multiscale stability exponents. The discontinuities in this series were transformed into a binary coding in which remote correlations were observed. The binary data were mapped
onto the steps of a devil's staircase [5] which clearly
demonstrated global correlations in the time series,
correlations that are not detected in the traditional
statistical approach. These results were obtained in
the low frequency part of the spectrum of a LC [3]
and of a quartz oscillator [4].
It is shown in this paper that the frequency
fluctuations a r e controlled t o a l a r g e e x t e n t
b y synchronization processes and c a n be acc o u n t e d f o r b y a nonlinear m a p p i n g . This provides the theoretical framework for the previously
observed correlations in the low frequency noise. In
addition we present a simple experimental set-up and
data to support our conclusion.

EXPERIMENTAL SETUP.
The experimental arrangement is aimed at the
study of what we term 'carrier-envelope' resonances

of a delay line oscillator. These resonances are revealed as steps, that is synchronization zones on
a frequency-amplitude characteristic, on which the
frequency stability is considerably enhanced (up to
eight orders of magnitude). The frequency fo and the
root mean square (r.m.s.) amplitude u of the carrier
is set from an external injection source. Thanks to
an active modulator (MOD) this high frequency signal is splitted in wavepackets of which the duration
K is controled in a loop built from a surface acoustic
wave delay line (SAW), an envelope detector (DET)
and a low frequency amplifier (A) as shown in Fig 1.

carrier:
frequency: fo
amplitude: u

initial pulse

I
envelope

FIG. 1. Schematic of t h e experimental set-up allowing t h e study of carrier-envelope resonance.
MOD: rectangular modulator; SAW: surface
acoustic wave delay line, DET: linear envelope
detector; A: low frequency amplifier.

The delay line consists of two transducers deposited on a quartz crystal doubly rotated cut.
The interval between two adjacent fingers is do =
V,/2fo w 15,um, with the velocity of the monochromatic surface acoustic wave equal to V,
3.10+3ms-1, so that a carrier frequency fo
lOOMHz has been selected. The center to center distance between input and output transducers
I w 4.5mm leads to the delay T = l/Vr 1 . 5 ~ sthis
;
delay is observed for short pulses in the open loop
configuration.
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This effective delay ~ , jresults
j
from the non linear
propagation of wave packets in the acousto-electronic
loop. Its mean value appears to remain close to
~ ~= j%?/wBF
j
2 ~i.e.
, twice the monochromatic
delay. The resulting envelope frequency w g ~w
300Il'Hz is amplitude dependant:

so that the following first order system is obtained:

N

with a non linear parameter p w 0 . 1 2 V 2 .
In addition there are wide synchronization s t e p s
at integer values of the carrier-to-envelope frequency
ratio R = w o l w g ~ .

If the wavepackets are switched on, synchronization
states are described by assuming that the amplitude
Y remains constant and phase varies lineary over
time intervals equal to the carrier period, i.e.:

( 0 = wo + Bo
when

Y = Cte,

and

<t <

and n integer.

(5)
As a result the continuous differential equation is
transformed into a two dimensional mapping:

fine structure with
' idenURed instabiliies

Farey type

~
with the non linear parameter c = 2 n d proportional to the injection amplitude u.
0.35 v

carrier amplitude

O.QV u

FIG. 2. Schematic of t h e frequency-amplitude

characteristic:
structure.

synchronization zones a n d Ane

They are attached to a lorentian shape characteristic Q = Q O / ( l+,8Y2) with R0 = w0/wiF as shown
in Fig 2. Finally there is a fine structure which is
dependant on the zone of the characteristic: it will
be described later.

The propagation of wavepackets @(t) follows from
the equ.:

+ wLF@(l + ,8 I @ 12) = d u w o exp(iwot).

(2)

It is easily observed that in the undriven case, if
the wavepackets are switched off from the modulator, constant amplitude modulations with frequency
w g satisfies
~
the dispersion relation (1).
In the driven case slowly varying amplitude and
phase modulations are obtained, that is:
@ = Y (t) exp i(8(t)

+ n/2),

+

The real solutions of equ.(7) with index s point to
the fundamental steps 327 < R < 320 on both sides
of the characteristic.
The counting of an effective frequency ratio v =
wolwgp is performed by introducing the average
phase (or winding number) as follows:

v = lim -.e n - 6'0
n--roo
27~12

THEORETICAL APPROACH.

d@
idt

Fundamental fixed points of the mapping satisfy
= 0, 2ns where s is integer,
Yn+, = Yn and
that is case, = 0, sin 0, = f1 and correspond to a
set of amplitudes given by:

(3)

It is well known [6,9]that for Arnold type maps of the
form (6) the Y versus S1-' graph is a devil's staircase
with the wider steps located at f and and the subp and
harmonics located at ($, then (+, f ) ,...,
q integers ). This so-called Farey tree was observed
before in experiments involving Josephson junctions
or nonlinear electronic circuits [7]. In the present
case the devil's staircase structure is attached to the
caracteristic owing to the non linear relation (1).

s,

FINE STRUCTURE.
Let us point out two significative regimes in the
experiment and their theoretical explanation. One
regime occurs at the peak of the caracteristic when
Y = 0 ( and c/Y -+oo ) so that the (n 1)lh phase
jump calculated as

+

In this case phase jumps may have arbitrarily large
amplitudes. Numerical and theoretical analysis [6,9]
predicts that the phase jump density obeys the
Cauchy law

In our set-up the envelope oscillator is indeed the
most unstable in a range of amplitudes around the
top of the caracteristic (the relative stability is of the
order
and the observed density is close to the
predicted one. Another regime is obtained at high
amplitude Y. In such a case there are limit cycles
located at fixed points of the amplitude Y and the
phase mapping converts into the generic Arnold map
[6,71

As long as the coupling parameter d = c/Y 5 1, the
mapping (6) is invertible and resonances ordered as a
Farey tree are expected as claimed before. At d > 1
higher order resonances interactions should appear
and the dynamics become chaotic. To identify the
subharmonics we make use of the stability exponent
akN) given by:

0.84 V

carrier amplitude

0.90 V ' u

FIG. 3 . T h e Farey type fine structure at high
amplitudes. (a) Winding numbers v i N ) . (b) Local stability exponents r ~ ( , ~ Averaging
);
number:
N = 16.

Two others amplitude zones may be mentionned.
At the right side of the top (Y > 0) the characteristic shows amplitude zones with increasing instability.
They correspond to well identified zones of winding
numbers with bad rational approximations. A theoretical explanation for such a behavior is currently
under investigation and will be reported in the near
future. At the left side of the top (Y < 0) the characteristic shows subharmonic zones of the non Farey
(p integer)
type. In particular subharmonics at
up to the fourth branching order have been identified. The explanation for such a dependance is still
lacking.

&

CONCLUSION.

where uk is the winding number of the k t ' ~ m p l i t u d e
point, AY is the amplitude gap between two adjacent samples, N is the number of averaging points
and a v i N )is the corresponding winding number deviation. The stability exponent takes its maximum
close to the center of a step on the characteristic.
Fine structure of Farey type is effectively observed
in the upper limit of the characteristic (Fig. 3).
Resonance ratios up to the fourth branching level
are identified. The best stability 10-l1 is observed
on the fundamental levels and approximately one
decade of frequency stability is lost at each branching.

We have succeeded in measuring and explaining
the frequency locking between the carrier and the envelope of a delayed electronic oscillator. It is shown
that a nonlinear mapping accounts for the overall features of this synchronization and that the fine structure in the frequency noise can now be understood
on a analytical basis for the first time. This extends
previous work concerned with the origin of the correlations in l / f frequency noise of a single frequency
oscillator [3,4]. This is an important step towards
the development of new kinds of stable devices : frequency dividers, analog to digital converters, neural
networks and highly sensitive sensors.
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HYBRID WIDE-BAND VCOS USING LOWLOSS LEAKY SAW RING FILTERS

S.Doberstein, A.Martynov, V.Malyukhov
ONIIP, Maslennikov str., 23 1, Omsk, 644063, Russia
The transceivers for the mobile communication systems require wide-band
voltage controlled oscillators (VCOs). A widely known Colpitts-type VCO
with a SAW resonator provides the fractional variable frequency range of
0.38% [I]. To extend the fractional variable frequency range to 3-5% wide-band
slanted interdigital transducers (IDTs) may be used in this VCO [2]. We used
VCO with SAW delay line and external phase shifter in the amplifier feedback
loop [3] for 146-174, 440-470 MHz mobile communication receivers. For delay
line we used previously developed low-loss leaky SAW ring filter with insertion
loss of 1 dB having linear phase response with the phase shift of +180° at 3 dB
fractional bandwidth of 5% on 490YX LiNbO3 141. Ring filters consisted of
inputloutput IDTs placed in parallel acoustic tracks and 2 reflective multistrip
couplers, which provided the SAW transmission between these tracks. The
filters did not required matching networks because they provided the specified
real inputloutput inpedances in the passband by self-matching. The hybrid
module with VCO contained the SAW filter, amplifier, phase shifter, buffer
stages. The amplifier of VCO contained the single bipolar transistor with the
cutoff frequency of 7.5 GHz. The optimization of the amplifier-phase shifterSAW filter system was provided for achieving the maximal variable frequency
range with specified maximal control voltage of 6 volts, current consumption
of 5 mA and the carrier to noise ratio C/N no less than 70 dB (offset frequency
from the carrier: 25 kHz, bandwidth: 3 kHz). 185, 480 MHz hybrid VCO using
leaky SAW filters on 49OYX LiNb03 provided variable frequency range of 5
and 13 MHz (2.7%) when the control voltage varied from 0.5 to 6 volts and
C/N was 77-82 dB. The current consumption was not more than 5 mA with the
source voltage of 5 volts. Hybrid SAW modules with VCO had small size and
were mounted in 22x 19.5~5mm glass-and-metal packages.
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FREQUENCY AND TIME DISSEMINATION USING SPREAD-SPECTRUM CODED SIGNALS
TRANSMITTED VIA DIRECT-TV BROADCASTING SATELLITES

Gerhard Bethscheider*, Jos Giannandrea*, Wolfsang Schiifer**
*SES, Societe Europeenne des Satellites, Chateau de Betzdorf, Luxembourg
**TimeTech GmbH,Nobelstr. 15, D-70569 Stuttgart, Germany
Wide-band spread spectrum-coded signals are routinely used for satellite tracking and
positioning purposes. These signals are transmitted using very low power levels simultaneously
to the main digital or analogue direct-TV signal without any interference. The round-trip timedelay is measured, which provides the range at precisions of better than 5 cm. The line-of-sight
velocity is determined at the same time with accuracies of better than 0.1 rnm/sec.
These ranging-signals have been received with independent time-receivers located in the footprint area of the satellite. The locally re-generated spread-spectrum symbol-rate stabilizes a
low-phase-noise crystal oscillator, whose frequency is corrected for the doppler shift induced
by the satellite's relative movement. Orbital information and measured velocity is continuously
broadcast fiom the ranging site to the user with minimum time delay in the form of user data
modulating the spread-spectrum signal.
Frequency and time-transfer accuracies achieved so far are presented. The system shows a
potential frequency transfer accuracy compatible with good H-maser clocks for integration
times of about one day and more.
Further enhancements to the system are investigated to provide a reliable, highly accurate
frequency and time reference.

REFERENCE
Michael Dienert, Claus Baumer: HIGH ACCURACY TWO-WAY TIME TRANSFER AND
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Switzerland

European Frequency Time Forum, 5-7 March 1996 Conference Publication No 418 O IEE 1996

F. Mcycr, M. Vincent
Obmatoirc dc BcsM@h
41 bis Awnut dc I'0bscnuoirc
25010 Bcsanpn Ccdcx

TV signals from direct TV satellites have been used for time transfer in viuious
experinrents. 'She results of a previous experiment [l] with satellite TDF2 let us expect this
techniqi~etn allnw rernote atomic. clock comparisons on continental (up to 1000 km) links,
at an accuracy level of 10 ns.
We sflow in this paper that the only obstacle to better results (5

ns or less) is the control of

thc cquiplllcnt inter~laldelays.
This paper presents the rcsults of a 6 wcck mcasurcmcnt campaign using slightly modified
equipment and satollite TC3q for which accurate ephemeris wcrc available.

A theoretical estimation of the accuracy of the pseudo-ranging method that was applied
[I] is presented, and appear to be consistent with both (TDF2 md TC2A) experimental
resoltn

Experimental assessment of rhc accuracy has been performed using accurate CiPS common
view data from rhe 4 stations. Biascs rhat were observed during the TDF2 experiment [If
have teen sig~ificantlyreduced aria. precise ai~cruwcouxdinale de~ermination,and aftcr
Sagnac effect was taken into account. As no re-calibration was performed
modification of thc cquipmcnt, residual biascs (ranging bctween 26 and 62 ns) wcrc
observed in the time transfer results.
A new measurement session is currently being set up, including recalibration of the I
stations, with the final aim to obtain a consistency within a few ns with accurate GPS
common-viewdata.

[I] F. Mcycr, M, Granvcaud, M.Laportc, F. Vcmottc, M.Vinccnt ;"Time transfcr using a
geostationary direct TV satollite", Proceedings of the 7th EFTF NeuchBtel 16-18 Mars
1993, pp 129-134.
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ONE-WAY FREQUENCY AND TIME TRANSFER
IN THE FRAME OF THE INTELSAT TWO-WAY EXPERIMENT

G. Brida, F.C-,

V. Pettiti, A. Godone

lstituto Elettrotecnico Nazionale Galileo Ferraris
Strada delle Cacce 91, 10135 Torino, Italy
Abstract

During 1995, a synchronization experiment in a
one-way mode was performed at IEN, using a
DBS (Direct Broadcasting Satellite) receiving
station, in the frame of the international two-way
synchronization experiment based on INTELSAT
satellites at 307QEast. To stabilize the received
frequency at the level required by the 2500A
MITREX modem, two approaches were followed:
first the Low Noise Converter oscillator was locked
by injection via a standard frequency in the
Ku-band and successively the satellite beacon
frequency has been used as reference to lock an
oscillator of the down conversion chain. The
instability of the receiving station in both
configuration plus the measurement system has
been evaluated receiving the PRN codes from
different laboratories, after having removed the
effect of the satellite movement. Using the second
equipment setup, one-way synchronization
measurements were regularly performed since
October 1995, according to the schedule for the
European Laboratories, during their range
sessions. Correcting the measurement results for
the satellite position obtained from the range data
of at least three European Laboratories, the time
and frequency transfer capabilities in the one-way
mode, for such equipment and stations
configuration, have been evaluated.

-

1 Introduction

The one-way synchronization technique, based on
geostationary satellites, has been widely
experimented, and the obtainable results have
been reported ih the literature [ I , 2,3].
In most cases, television frame synchronizing
pulses have been used to obtain the time
differences between the clocks compared. The
main problem to be solved in this kind of time
comparisons, is the correction of the
synchronization results for the effects of the
satellite movement. This has been obtained in
different way by the experimenters: i) determining
some orbital parameters of the satellite from range
measurements, ii) determining the instantaneous
position of the satellite using a second
synchronization system, iii) removing the effect of
the periodic satellite motion by averaging the data
over one sidereal day, and the effect of the long-

term longitudinal drift by calibrating one link with
another synchronization system (e.g. GPS).
These problems can be overcome using the two
way-satellite synchronizationtechnique that almost
eliminates the errors contributions due to the
satellite movement. This technique, using pseudo
random noise (PRN) coded signals that carry the
local 1PPS reference information, supplied by
special modems (e.g. MITREX), has proved to
allow time comparisons over very long baselines
with precisions lying in the subnanosecond region
and accuracy at the nanosecond level [4].
An international experiment of time and frequency
transfer (TWSTFT) on INTELSAT satellites at
307OE between eight laboratories, using this
technique, was regularly performed three days a
week along 1994 and 1995 with both range and
synchronization sessions [5]. Being available at
IEN a Ku-band satellite receving station already
used in past experiments and a MITREX modem,
it was decided to join this synchronization link in a
one-way mode following the schedule agreed for
the European area. The participating laboratories
in
Europe were
the
Forschung und
Technologiezentrum, Darmstadt (FTZ), the
National Physical Laboratory, Teddington (NPL),
the Physikalisch - Technische Bundesanstalt,
Braunschweig (PTB), the Observatoire de la CGte
d'Azur, Grasse (OCA), the Technische Universitat,
Graz (TUG) and the NMi-Van Swinden
Laboratorium, Delft (VSL). Other laboratories in
the USA, namely the National Institute for
Standards and Technology, Boulder (NIST) and
the U.S. Naval Observatory, Washington (USNO),
took also part to this experiment.The distribution of
the European earth stations is shown in Fig. 1.
The time transfer sessions were performed weekly
by these laboratories on Mondays, Wednesdays
and Fridays respectively and the first 5 minutes of
each session were devoted to range
measurements. Since October 20 up to December
22 1995, the PRN codes transmitted by the
different European laboratories during these range
sessions have been received - once at a time - to
test the time and frequency transfer capabilities of
such a measurement system, correcting the time
measurement performed at IEN for the satellite
position obtained from three sets of range data
supplied by the other laboratories. In such a way,
the need of a second synchronization system to
correct the time differencies for the effects of the
satellite movement is eliminated.
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GHz) to the 70 MHz center-frequency of the
modem input channel. With this set-up, the carrierto-noise power density ratio (CINo) with respect to
the stations participating in the INTELSAT
synchronization experiment, was tipically between
60 and 65 dB (BW = 1 Hz). The satellite beacon
and carrier frequencies, as measured on June 21
and 26, were found respectively equal to:

+

vb = (12 500 975 100 20) HZ
, , , ,v
= (12 543 410 220 k 30) HZ
VUSA = (12 644 834 850 150) HZ

+

cc==

Fig. 1 - Location of the European laboratories
Measurement sessions had been previously
performed in June and July 1995 to characterize
the frequency instability of the TV Low Noise
Converter (LNC) used, of the satellite beacon and
of the carrier frequencies transmitted in Europe
and in USA. This work was done in order to adapt
the existing satellite station to the MITREX
requirements [6].

-

2 The receiving station

To avoid the use of an expensive microwave
synthesizer outdoor, a second set-up of the
receiving chain was tested. According to the
scheme of Fig. 2, the oscillator of the second
conversion step in the receiver chain was phaselocked to the nominal down-converted frequency
of the beacon satellite signal vs in such a way to
compensate for LNC oscillator frequency drift and
to send the desired spread spectrum signal to the
modem input. Appendix A describes the
mathematical analysis of this phase-lock system.
The intensity and the frequency stability of the
received beacon signal was verified using the first
receiving set-up and it was found that, with a
carrier-to-noise power density ratio (CINo) for the
received beacon satellite signal greater than 50 dB
(BW = 1 Hz), the new configuration did not give
any problem in performing the time
synchronization experiments. The reduction of the
received beacon signal intensity, due to
unfavourable weather conditions (rain, fog, snow),
can produce lost of the lock condition and
consequently of some synchronization data. The
satellite motion creates a frequency Doppler shift
both of the beacon and of the spread spectrum
signal but this fact has a negligible effect on the
frequency converted signal sent to the MITREX
modem input.

The satellite receiving station used at IEN is
composed of a 3 m diameter paraboidal dish, a
commercial TV LNC, a second frequency
conversion group, a MITREX modem and a time
interval counter. The receiver down-converter
(LNC) is equipped with a low-noise preamplifier
(noise figure lower than 1 dB) installed directly
behind the antenna feed. The gain-to-equivalent
noise temperature ratio (G/Te)
figure of merit of the receiving
station is 28 dB/K.
Since it was verified that the
LNC free-running
ceramic
resonator oscillator (CRO) could
not meet the frequency stability
characteristics required by the
MITREX, it showed in fact a
frequency variation of some
tens of kilohertz over two hours
time, as a first solution for the
one-way satellite time transfer
experiments we used as
reference the signal of a
microwave synthesizer to which
the CRO was locked by
injection. An indoor second
conversion unit was necessary
to reduce the output frequency
conversion of the LNC (around 1
Fig. 2 - The IEN receiving station

-

3 Characterization of the one-way link

-

3.1 Basic concepts
The principle of the one-way synchronization
technique used in this experience can be
summarized as follows. One station A, operating in
the two-way mode, transmits a PRN code
synchronized with its reference clock to a
geostationary satellite and receives its signals
back after a time TA, read in its reference time
scale. A second station 5, operating in a one-way
mode, measures the time of arrival of the signals
from station A at a time TBl relative to its
reference time scale. The difference between the
time scales of the two laboratories is given by:

of measurement results, the effect of the satellite
movement has been removed by means of a
polinomial regression. As a sample of the
receiving system performances, in Fig. 3 are
reported frequency and time instability estimators
Mod a (7) and a#) for integration times between
1s and2000 s for the link IEN-NPL of October 20,
1995. In this particular case, a fifth order
regression has been computed to remove the
residual contribution due to the periodical satellite
movement. It can be seen that for 1s < z < 30 s
the noise process has a white phase spectrum with
- ~agreement
"
with
a Mod a,(.) equal to 4 . 1 0 - ~ ~ . 7 in
the estimation reported in the Appendix.
UTC(IEN) versus UTC(NPL)

where, (rA - rg) 1c is the differential propagation
the differential
delay of the signals, (.tyand
delay of the receiving stations, (7y-)';7

ZY)

(.IR- zgR) are the differential corrections for the
ionosphere and the troposphere along the
propagation paths, and finally (TY-zp) the
relativistic correction for the non reciprocity of the
path due to the Earth rotation (Sagnac effect). The
first term in the right-side of expression (1) is
obtained from the difference of the counters
readings at the stations A and 5. To evaluate the
second term, it is necessary to know precisely the
satellite and the stations coordinates in the same
reference frame. The third term can be evaluated
by measuring the delays of the receiving parts of
the stations using a satellite simulator [7].The
ionospheric corrections term can be neglected
because at the frequency of 12 GHz transmitted
by the satellite used in our experiment, it is at the
nanosecond level. Different is the case of the
tropospheric correction that shall be computed
according to a standard model and is very
sensitive to the antenna elevation. The relativistic
term can be computed for both stations knowing
the stations and satellite coordinates.

-

3.2 Evaluation of the station performance

The measurement set-up used at IEN for the
synchronization experiment is that of Fig. 2. In
addition to the items described in par. 2, a time
interval counter with 25 ps resolution and a model
2500A MITREX modem have been used. Several
measurements were performed in June and
October 1995 on the PRN codes received from
FTZ, NIST, NPL, PT5, TUG, USNO and VSL
lasting from 300 s up to 12 000 s. From each set

= [sl

Fig. 3 - IEN/NPL synchronization link instabilities
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4 Experimental results

The determination of the instantaneous satellite
position, necessary to get synchronization results
from the one-way data, has been performed from
the range measurements data supplied by NPL,
PTB and TUG because they were available for the
whole period of interest and offered the best
geometry among the earth stations involved. The
range data collected at each laboratory can be
expressed as:
2ri
Ti =-+z,
C

+(.? +.y)+(.fO
+z?)

(2)

where 2ri / c is the time of flight of the PRN
signals, 7, is the satellite transponder delay, and
the terms that follow are respectively the total
station delay, the ionospheric and tropospheric
corrections. The relativistic correction reported in
(1) in this case cancels out. Corrections have been
only computed for the tropospheric item according
to STANAG 4294 model [8] without taking into
account the local meteorological parameters,
meanwhile the global delays of the stations have
been supplied by the laboratories. The ionospheric
term has been neglected and no correction for the

426

Table 1- Earth station parameters and corrections

transponder delay has been applied because was
not available. In the time of flight term, ri is
dependent on the differences between the satellite
(x,y,z) and stations (xi,yi,zi) coordinates in the
same geocentric reference frame (WSG 84) as
follows:

As the (xi,yjlzi) coordinates are well known, the
satellite pos~tioncan be obtained by a system of
three equations and can be used in (1) to compute
the synchronization results between IEN and the
other stations. Of course, being the satellite
transponder delay unknown, the position thus
obtained has a bias that could be of the order of
hundreds of meters but this effects is consistently
reduced by the stations geometry. The parameters
of the earth stations and the corrections used to
compute the satellite position and the
synchronization results, with the exception of the
corrections for the differences between the UTC(i)
and the 1 PPS/Tx(i), are reported in Table 1. The
Tx and Rx delays data differ from those reported
in [9] by an amount of 4,2 ns to take into account
the average distance between the VSL satellite
simulator used and the earth station antennas.
The Rx delay of the IEN station has been
determined
undirectly
considering
the
synchronization results with TUG via GPS
common view and via INTELSAT, over a period of
about 20 days, and assuming this delay equal to
the average offset. The value that has been
adopted for IEN is (1823 4) ns. Assuming for the
Rx section of the MITREX 2500A modem the
average delay of (1266 9) ns measured for three
devices of the same kind, the delay of the IEN
receiving equipment is (577 10) ns. The daily
GPS synchronization results have been obtained
as an average of more than 40 common views,
corrected for the difference desumed from the
BlPM - Circulars T94 and T95 published results. If
we had instead considered the results of the
differential time corrections for the IEN and TUG
GPS receivers published by BlPM in 1994 and

+
+

+

1995 [lo] the difference mentioned above should
be diminished by 8 ns.
In Fig. 4 we have reported the comparisons
between UTC(1EN) and UTC(TUG) time scales
(baseline = 649 km) from November 6 to 29, 1995
by the one-way measurements on INTELSAT and
by GPS common-view. Each INTELSAT data
point has been obtained performing the quadratic
fit over the two set of 300 time interval
measurements, one second apart, and computing
a value for the midpoint. A typical standard
deviation value of the residuals of the quadratic fit
is in the range from 0,3 ns to 1 ns. The standard
deviation of the residuals between GPS and
INTELSAT synchronization data is o = 4 ns. The
time interval readings have been corrected for the
differences UTC(i) - 1 PPSIRef supplied by the
laboratories.

Fig. 4 - IEN/TUG time scale comparisons

Over these one-way results and over one 300 data
sample, the modified Allan deviation Mod oY(7)
and the time deviation o,(~) have been computed
and the results are shown in Fig. 5. In the case of
the 300 s sample, the satellite position has been
determined every 30 seconds.
As Fig. 5 shows, for 7 < 20 s the Mod oy(7) is equal
(white phase noise) meanwhile for
to 1.10-9.~-3Q
longer observation times the noise process
changes into flicker phase. The time and

-

UTC(1EN) versus UTC(TUG)

5 Conclusions
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Fig. 5 - IENBUG synchronization link instabilities
frequency instabilities for .r > 2 days have been
computed assuming a constant interval between
measurements of 2,3 days even if the
measurement data are unevenly spaced.
The frequency transfer limit of the one-way system
used is of the ~ r d e rof 3.10-l4 for z > 2 days.
Comparing the results in Fig. 5 with the
commercial cesium clocks specifications, it
appears that the system features are adequate for
their characterization, for measurement time
higher than 100 s.
With the same criteria followed in the previous
case, from December 1 to 18, 1995 the
differences between UTC(1EN) and UTC(NPL)
(baseline = 925 km) have been computed from the
one-way results, and these have been compared
with the data obtained by GPS reported in BlPM
Circular T96. The results, reported in Fig. 6, show
a larger bias than in the TUG case that can be
partly attributed to the worst stations geometry.

In the present work, the adaptability of a DBS
receiving station to MlTREX modem requirements
has been demonstrated; the capabilities of the
one-way synchronization method with such
equipment, as regards the frequency and time
transfer, have been tested with some European
laboratories in the frame of INTELSAT
experiments. Correcting the time measurements
for the effect of the satellite movement, using the
range data from three laboratories, a frequency
transfer capability at the 3.10-l4 level or better for
observation times greater than two days has been
demonstrated. These results compare very
favourably with those obtainable with GPS and are
very promising for the establishment of a
secondary level network of receiving-only stations
integrated in an international TWSTFT system.
Further improvements could be obtained if twoway earth stations with a better geometry become
operative, by using a satellite offering higher
elevation angles to the ranging stations, adopting
a redundant system of equations for the satellite
position determination that should also allow for
the evaluation of the satellite transponder delay.
Another possibility could be offered by the
computation of the satellite orbital parameters
using a propagationorbit software.

-
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Appendix A
The schematic diagram of figure A.l describes the
essential elements of the receiving system: the
two-steps conversion and the phase lock loop
(PLL). The time synchronization signal x and the
satellite beacon signal b are down-converted with
the LNC from the Ku band to the SHF band, and
then, in the indoor unit, from the SHF band to the
VHF band. From the analysis of the block diagram
of Fig. A.l we can derive the two equations:

Fig. 6 - IENINPL time scale comparisons

60UT=@x-@p-@0

(A.4)

Substituting equation (A.3) into (A.4) we can
derive the spectral density of the relative
frequency departure of the signal sent to the
MITREX:
VCO

"om

+ ~ ~ ( i ~ )v OUT
~~[(-,+
' s "our
~( , ~~ ) ~ s ~ ~ ]
P h a s e detector

Fig. A. 1 - Details of the conversion chain

where vx is the center frequency of the x signal, vb
the satellite beacon frequency, VOUT the IF input
frequency of the MITREX modem at which we
must convert the received signal, vp the nominal
frequency of the LNC oscillator, vo the frequency
of the Voltage Controlled Oscillator (VCO) used in
the second conversion step unit and v s the
frequency of the synthesizer. From this set of
equations we derive the nominal frequency values
of vo and vs where vb, vx and vp values are
assumed to be known:

.

with H(jo) =

where lq, is the VCO gain factor, kD the phasedetector gain factor, F(ju) the filter transfer
the free-running
function of the PLL, ask,
angular frequency of the VCO,
the controlled
output angular frequency of the VCO, v, the
synthesizer output phase and 6bthe phase of the
down-converted
beacon
signal,
with
= 0, - 0, - cPo the right-side terms being
respectively the phases of the beacon signal, of
the LNC oscillator and of the VCO. To derive
equation (A.3) we used the relationship O = jwD
between phase and angular frequency in the
Fourier space domain. The phase of the x signal
down-converted and sent to the modem input is:

kDF(jo)

being the closed

loop transfer function; the subscripts on spectral
density of the relative frequency departures terms
identify the source. The term SYtnindicates the
additive noise contributions on the channel
transmission path. The phase noise contribution
S ,= of a good frequency synthesizer is negligible.
~ k design
e
of a sufficiently large PLL control
bandwidth (W,), with respect to the fast-linewidth
of the LNC and VCO oscillators, enables to cancel
out the contribution of the phase noise of these
two oscillators in (A.5).
Within the control bandwidth of the PLL (a<W),
I l - ~ ( j o ) El ~O

Analyzing the phase lock loop we can write, in the
domain of the Fourier angular frequency o, the
equation:

k0

jo + k, kDF(jo)

.

and

2

-

I~(jo)l 1

(A.6)

so equation (AS), with the approximation vb G v,,
can be reduced into the form:

The minimum instability level of the measurement
system is determined by the relative frequency
departure spectral densities of both the additive
noise SySnand the beacon signal S ,b With a
typical slgnal-to-noise ratio of 45 dB (& = 1 Hz)
for the received spread spectrum signal, in the
hypothesis of a white phase noise, an equivalent
modem bandwidth of 1 kHz and a negligible
contribution of the beacon signal, we obtain a
relative frequency departure spectral density
corresponding
So,U,
(f) = 5 .1o - .~f 2 . ~ The
Modified Allan deviation is Mod oy(z)=7.10-10.z-112.
This limiting value is in good agreement with our
best experimental results and this confirms the
assumption made of the negligibility of Sy.b
contribution.
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TIME TRANSFER WITH GEODETIC GPS RECEIVERS
USING CODE AND PHASE OBSERVATIONS
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ABSTRACT
Since a couple of years different methods have been
developed to transfer time and frequency using the
(GPS). The techniques depend strongly on the institution developing it andlor on
the required accuracy. The comparison of high performance frequency standards ( 1 ~ ' ~asks
) for a method
where frequency transfer can be realised after a reasonable time of observation. Using only GPS-code observations a precision of a few nanoseconds can be achieved
over long baselines after one day of observation.
Geodetic applications ask for receivers which are able to
acquire all observables of all satellites in view. Because
carrier-phase measurements provide a much higher
precision than code-observations, it is possible to obtain
an accuracy of a few rnillimetres when processing these
data in an interferometric mode. Interpreting this number in the time domain leads to a theoretical accuracy of
the time transfer data of some 10 ps.
Two time transfer terminals, each equipped with a geodetic GPS receiver, were built to transfer time between
two high-performance clocks. Because we are aiming at
sub-nanosecond accuracy it is necessary to take into
account influences of a variety of environment variations on the electronics involved in these systems.
We present results of our test series which include temperature dependencies of receiver, receiver antenna, and
the electronics involved. The tests were performed on a
,,zero-baseline" and a 5km-baseline, respectively. We
show that even station clocks of 'poor' quality can be
compared with high precision.

INTRODUCTION
Two time transfer terminals, each equipped with a modified Ashtech 212 GPS receiver, were built at the Astronomical Institute of the University of Berne (AIUB).
The GPS receivers acquire all observables available
from all satellites in view, i.e. the CIA-code, both Pcodes (PI and P2), and both carrier-frequencies (L1 and
L2).
By processing the data in an interferometric mode with a
geodetic software we aim at improving the time and

frequency transfer with respect to current GPS common
view techniques. For our project we use the Bernese
GPS Software, Rothacher et al. (I), which was modified
for time transfer purposes.
In order to achieve the mentioned precision of a few
millimetres we use precise orbits stemming from the
International GPS Service for Geodynamics (IGS),
Beutler et al. (2). Preliminary orbits are made available
for public use 1.5 days after the observation and have a
precision of better than 20 cm. Rapid orbits with a precision of about 10 cm are made available 11 days after
the observation.
If we do not use these orbits we run the risk to introduce
an error due to the errors in the broadcast orbits, especially under SA. In this case it would not be possible to
transfer time over a distance of 500 km with a precision
below 1 ns, Bauersima (3).
We assume that in addition to the precise orbits the
troposphere delay corrections are also given by the IGS.
Because we acquire all observables, ionospheric range
corrections may be determined by using both carrier
frequencies.
The principle of data processing is to form single differences of all observables between two receivers and to
smooth the noisy code (rms of a few nanoseconds) by
means of the accurate phase measurements. The code
observations determine the initial clock offset and the
phase data the drift.
Because the mean error of the phase observation may be
neglected compared to the mean error of the code observation, the mean error of the smoothed code goes
with lldn, where n is the number of observations. For a
detailed discussion see Schildknecht et al. (4).
It is obvious that with our method, the AIUB-method,
we have a high level of redundancy which results in a
high level of stability and robustness.

BASIC SETUP AND QUESTIONS
Basic setup: A simplified scheme for the time transfer
terminal is shown in Figure 1:
The GPS receiver is driven by the station clock. The
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receiver internal reference frequency base is replaced
by an external reference (see (5)).
A time interval counter measures receiver delays (for
monitoring and calibration purposes only).
The temperature of receiver and antenna is acquired
and may be stabilised.
The PC is the controlling unit of the time transfer
terminal. It acquires the temperatures and time intervals and transfers the receiver data via internet to a
central computer. This link allows to control the time
transfer terminal from a remote computer.
On the central computer all the GPS data are processed with the Bernese GPS Software. This processing is done routinely once per day.

1
I

1

[~tyeba;/~~
20 MHz

The repeatability of the results.
The long-term behaviour.
By 'synchronisation error' we mean the clock difference
between the two time bases which we compare, and by
'precision of the synchronisation error' we mean the
precision of the time transfer results determined from
phase and P-code measurements.

MEASUREMENTS AND RESULTS
7 m baseline
Figure 2 shows the basic experimental setup for this test
series. Both receivers are driven by the same time base.
With a time interval counter we measure the interval
between the receivers' 1 PPS outputs. The system allows
for a maximum rate of one measurement per second. For
the tests mentioned, however, a rate of one measurement
each 30 seconds was adequate.
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temperature
temperature
-Internet----A
Figure 1: Simplified layout of the Geodetic GPS time
Transfer Terminal. The temperature of 212 receiver
(including the required electronics) and the antenna may
be stabilised and measured.
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Figure 2: Setup for test series with a common time base.
The temperature of both receivers was controlled.

In this project we were studying the following items:
The behaviour of the signal path delays and of the
time trander data as a function of the receiver and
the antenna temperature, respectively.
The precision of the synchronisation error on a zero
baseline (common antenna) and with a common time
base for both receivers.
The precision of the synchronisation error on a ,,zero
baseline" (two antennas, 7 m apart) and with a common time base.
The accuracy of the synchronisation error on a 5 krn
baseline (compared with an alternative time transfer
technique).
The relation between the synchronisation error computed with different observables.
The influence of multipath.
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Figure 3: Changes of the receiver internal delays
(bottom) with varying receiver temperature (top).

212 signal path delay: We measured the interval between the 1 PPS output signals at different temperature

levels of one receiver (the other was always kept at the
same temperature). Figure 3 shows the influence of the
temperature on the signal delays.

ceiver temperature is changing. Therefore we may
assume that the relation between these two data sets is a
constant offset.

The signal delay shows a variation of about 100 ps/K
which is not linear over the entire temperature range
(compare data between epoch 400 to 500 with data
between epoch 600 to 700). The situation is probably
complicated by hysteresis effects.

The temperature dependence of the signal path delays as
a function of the receiver temperature in Figure 5 suggests that we might also use the external measurements
to correct the synchronisation errors instead of keeping
the receivers at a constant temperature.

We conclude, however, that the delay is constant with a
rms of better than 20 ps as long as the receiver temperature is kept constant within 1 K.
Remark: Figure 3 does not say that all the temperature
changes were instantaneous. After increasing the temperature we waited until the temperature was stable
again.
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Stability of the synchronisation errors: Figure 4
shows the synchronisation errors over a 4-day-period.
There is no drift between these two data sets. A rms of
about 0.8 ns for P1-code and 0.9 ns for P2-code,
respectively, was observed.

Figure 5 shows the corresponding result from the phase
data. Between day 348.5 and day 349.5 we increased the
temperature of one receiver by 4 K. The P-code data are
not affected by the temperature change but the synchronisation error computed with the L1 carrier phase
changed by 400 ps.
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Figure 5: Synchronisation error computed with the L1
(top) and the L2 (bottom) carrier phase. On both data
sets an arbitrary offset has been eliminated. The steps
are due to increasing and decreasing the receiver temperature by 4 K and -4 K, respectively.
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Figure 4: Synchronisation error computed with P1 code
(top) and P2 code for a period of 4 days.
The rms of the synchronisation error determined by L1
is about 8 ps (at constant temperature). On L2 the rms is
10 ps. With such a high resolution we are even able to
see that after lowering the temperature to its original
value the synchronisation error determined by the phase
is about 20 ps smaller than at the beginning of the period. This indicates a hysteresis effect of the synchronisation errors.
The difference between the L1 and the L2 synchronisation errors has an rms of about 8 ps even when the re-
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Figure 6: Temperature of the environment (top) and of
the antenna (bottom). The vertical line is the moment
when the antenna insulation was removed.
Antenna delays: If we expect delay variations as a
function of the temperature at the receiver we also have
to expect delay variations if the antenna temperature is
changing. For this purpose we made tests with one antenna temperature stabilised (Figure 6). Until 9:30 a.m.
the antenna was stabilised at 32OC. At 9:30 a.m. we
removed the insulation box. Although we had a change
of the antenna temperature of almost 20 K we could not

observe any change of the synchronisation error computed with the P1-code data (see Figure 7, top).
The second graph of Figure 7 shows the synchronisation error computed with the phase data (Ll). An almost
sudden change of the synchronisation error can be
observed at about 7:30 but this is clearly not due to the
temperature change of the antenna. Maybe the change of
the slope at 9:30 is due to the decreased antenna temperature but the effect is not alarming.
Comparing these data (Figure 7) with time transfer data
of another day (Figure 8) where no antenna was temperature stabilised we realise that the changes of the
synchronisation error computed with L1 are related to
outdoor temperature changes. The origin of the effect
probably resides in the different amount of cable exposed to outdoor temperature for the two antennas. One
antenna had about 10 m of cable outside the building
(on the roof) whereas the other only 2 m. We believe to
see in Figure 8 the differential behaviour of the two
antenna cables as a function of the outdoor temperature.

5 km baseline

Setup: It is important in such a project to check whether
the results obtained are consistent with those of other
methods. For this reason we moved one terminal to the
Federal Office of Metrology (OFM) to transfer time
between the Zimmerwald observatory and the OFM. On
the other hand we installed on both sites a GPS time
receiver (TTR5) to compare our results to those
obtained with the classical common view techniaue.
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Figure 7: Synchronisation error computed with P1 (top)

. and L 1 (bottom).
The last graph in Figure 8 gives the synchronisation
error of L1 as a function of the outdoor temperature. It
reveals a linear dependence of about 7 ps/K. If this is
really just an effect of the cable means that we have a
temperature dependence of the signal delays in the
antenna cable of about 1 ps/Wm. This seems to be a
small value but if the two sites are separated by a long
distance we have to take into account that the
temperature variations of the environment on these two
sites may not be the same and do not cancel out. If, for
instance, one site has 50 m of antenna cable on a roof
and we have to expect temperature variations of 50 K
over one year (which is not unrealistic) we may have
delay variations of about 2.5 ns.
This problem could be solved by installing a second
cable of the same type in parallel to the antenna cable
and measure the signal path delays periodically in this
cable. These measurements could be used to correct the
synchronisation errors for the delays in the cable.

Figure 8: Outdoor temperature (top) and synchronisation
error computed with L1 (middle) for a period of one day
(antenna not stabilised). Synchronisation error determined with L1 as a function of the outdoor temperature
(bottom).
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Figure 9: Time transfer between the Swiss Office
Federal of Metrology and the observatory in Zirnmerwald (ca. 5 krn baseline) with the AIUB-method.
The GPS receivers at the OFM were driven by a Cs
standard with a stability of about 1.3.10'12, in Zimmerwald we used a BVA-quartz. This quartz is disciplined

by a Truetime GPS receiver to GPS time with an accuracy of about 20 ns. The time base in Zirnmerwald was
therefore a very unstable reference. But our system
should be able to deal with clocks of this quality, too.

Time transfer with AIUB- and Common-Viewmethod: In Figure 10 we compare the behaviour of the
time transfer as realised by the two mentioned methods.
The drift is due to the drift of the Cs standard. (with
respect to GPS-time). The ripples are caused by the
BVA quartz which is synchronised to GPS time by the
,,Truetime" unit.

accurately using our method despite of the fluctuations
of the reference clock in Zimmerwald.
In both, Figure 10 and Figure 11, we notice some
outliers of up to 150 ns in the CV data. A closer look at
these data reveals that most of these outliers occur when
PRN 2 was used in the CV method. The outliers are
clearly due to the CV data. Probably there is a problem
with one of the TTR5 receivers.
Even though we computed the synchronisation error
only using code observations (the software was not yet
adapted to compute the synchronisation error including
phase data when such an unstable reference frequency
was used) we know that (after smoothing the code data
with the phase data) the precision will be well below
100 ps.

Offset stability between AIUB- and CV-method: This
question may be answered by forming the difference
between CV and AIUB results. This difference is given
in Figure 12.
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A linear fit through these data (outliers > 5 0 n s
removed) results in a slope of about 150 pslday with a
formal error of 120 pslday. This means that the computed value is consistent with zero or that there is no
drift between the two methods. The rms error of the
difference is 8 ns. It is mostly due to the CV data.
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Figure 10: Comparison of the Common-View and
AIUB-method (PI-code data) over a period of 10 day.
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Figure 12: Difference between CV- and AIUB-method
(offset eliminated).
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Figure 1 1: Detail view of Figure 10, day 39. The behaviour of the clocks is well known with the AIUB-method
even between the CV observations. For better visibility
an arbitrary offset was introduced between CV- and
AIUB-data.

SUMMARY AND CONCLUSIONS

Both methods show the same overall behaviour but with
an offset between them. This offset may be calibrated,
provided it is constant over time.

We have made many investigations on a ,,zero6' and
,,quasi-zero" (7 m) baseline with both time transfer
terminals installed side by side. Many of these tests were
performed first with a common time base for both
terminals, later on with separate time bases. The most
important goals in these test series were to assess

Figure 11 is a detailed view of a part of Figure 10 with
the linear drift eliminated. It illustrates that clock differences between any two epochs may be recovered very

the precision achievable with our time transfer
method,

the stability of the synchronisation error computed
with the different observables,
the stability of the signal path delays in the receiver,
and
* the influence of antenna and receiver temperature on
our time transfer results.
The synchronisation errors on a 7 m baseline computed
with the P1 and P2 code data are constant and have a
rms of 0.8 ns and 0.9 ns, respectively when both time
transfer terminals are driven by the same time base.
Under the same conditions the precision computed with
the L1 and L2 carrier phase observation is 8 ps and
10 ps, respectively.
Temperature changes of about 10 K of the receiver do
not affect the synchronisation errors computed with the
code data. On the other hand the influence of the
receiver temperature is about 100 ps / K for the
synchronisation errors computed with the phase data and
the signal path delays. Therefore if synchronisation
errors are affected by temperature variations of the
receiver we could correct these results with external
measurements of the signal path delays in the receiver.
It seems that temperature changes of the antenna do not
influence the synchronisation error computed with the
code data. The influence on the carrier phase data seems
to be negligible, too.
On the other hand the signal path delays in the antenna
cable is about 1 ps/Klm and cannot be neglected if long
antenna cables are exposed to big temperature changes.
On a 5-km-baseline we compared our time transfer
results to the common view technique. Over a period of
ten days we could not see a significant drift between the
results of these two methods. In this test we were limited
by the precision of the common view technique.
There still is an unexplained offset between the results
of the two methods but if we may assume that this offset
is constant in time it can be easily taken into account.
In addition to this result we see that even time bases
with an unstable behaviour may be compared very accurately using our approach. This requires that the 1 PPS
stemming from the time base is synchronised to GPS
time to within 1 ms.
Looking at the resolution we obtained on the 5 km baseline (rms 2100 ps) a drift of a high performance frequency standard
should be visible after 3 h of
observation if receiver and outdoor temperatures are
constant within a few degrees. Time transfer techniques
with a rms of 2 ns would require at least two days of
observation for the same information.
In the near future experiments over long baselines are
necessary at sites where an alternative time transfer
system is available, i.e. a time transfer system with the
same or a better precision than the AIUB-method discussed in this article.
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ABSTRACT
A large number of papers have been published on low
noise oscillators, however they are usually very specific
to the particular application. This paper will describe a
set of design rules which are general and can be used to
produce oscillators with very low noise performance
where both additive (thermal noise) and Flicker noise are
considered. Linear theories will be described which
accurately describe the noise performance of resonator
type oscillators. The limits set by varactor diodes on the
noise performance will be described and the noise
degradation caused by open loop phase error will be
shown. Seven design examples will be demonstrated
which show close correlation with the theory.
OSCILLATOR NOISE THEORIES

The model chosen to analyse an oscillator is extremely
important. It should be simple to enable physical
insight and at the same time include all the important
parameters. For this reason two models are presented
here. Each model can produce different results as well as
improving the understanding of the basic model. Both
an equivalent circuit model and a block diagram model
will be described. We will start with the equivalent
circuit model originally used by the author to design
oscillators with the potential for high efficiency and easy
analysis. These models are used to describe the effects
of thermal noise. Flicker noise effects are described
later.
EQUIVALENT CIRCUIT MODEL

The mode11,2 is shown in Figure 1 and consists of an
amplifier with two inputs with equal input impedance,
one for noise (Vin2) and one as part of the feedback
resonator.

gain of the amplifier when the loop is closed and Bo is
the feedback coefficient at resonance where fo =
112rcd~~.

L

hhhh

I

Figure 1. Equivalent circuit model of oscillator
The amplifier model had zero output impedance, a
known input impedance and a resonant positive feedback
network. The zero output impedance of the amplifier
was used because the design of highly power efficient
oscillators was of interest. This also reduced the pulling
effect of the load. The zero (low) output impedance of
the amplifier is achieved by using a switching output
stage. In fact the same theory and conclusions can be
obtained for oscillators with a finite output impedance
so for convenience this will be left at zero.
Input Vin2 is used at the input of the amplifier to model
the effect of noise. In a practical circuit the noise would
come from the amplifier. The noise voltage Vin2 is
assumed to be added at the input of the amplifier and was
dependent on the input impedance of the amplifier, the
source resistance presented to the input of the amplifier
and the noise figure of the amplifier. In this analysis,
the noise figure under operating conditions, which takes
into account all these parameters, was defined as F.

The feedback resonator is modelled as a series inductor
capacitor circuit with an equivalent loss resistance Rloss
which defines the unloaded Q (Qo) of the resonator as
wlrnloss.

The circuit configuration is very similar to an
operational amplifier feedback circuit and therefore the
voltage transfer characteristic can be derived in a similar
way.

The operation of the oscillator can best be uNkrstood by
injecting white noise at the input Vinl and calculating
the transfer function while incorporating the usual
boundary condition of GBo =1 where G is the limited

If the total RF power dissipated in the complete
(this is useful if minimum sideband
oscillator is
noise is required for minimum DC input power) then the
following equation can be derivd1,2
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GFkT

where G is the voltage gain, F is the noise Figure, k is
Boltzmans constant, T is the operating temperature, QL
is the loaded Q of the resonator Qo is the unloaded Q of
the resonator and Prf is the power dissipated in the
resonator and amplifier.
Eqn. 1 shows that Lfm is inversely proportional to Prf
and that better noise is thus obtained for higher feedback
power. This is because the absolute value for the
sideband power does not vary with the total feedback
power. It should be noted that Pd is the total power in
the system excluding
the losses in the amplifier, from which:

input of the amplifier Pavi then the gain (G) will
disappear from the equation. At first glance it would
appear that minimum noise occurs when QL is made
large and hence tends to Qo. However this would require
that the amplifier gain and output power both tend to
infinity.
If we take the general oscillator model shown in figure 2
where we now define the limited output power as the
power available at the output then the following
equation can be derived where it is assumed that G = (1Q L / Q ~when
) ~ G is now the transducer power gain.
FkT

Lfm =
8~~~ (QL/Qo) (1-QL/QO)

(f0/dfP
Pa,,

FkT

P@ = (DC input power to the system) x efficiency

For minimum noise the noise figure 0,and the value
of G / Q should
~ ~ be as small as possible. It should be
noted, however, that F, G and QL are directly related to
each other and thus cannot be varied independently.
OPTIMISATION FOR MINIMUM PHASE
NOISE

The first equations is now examined to see which
parameters are interrelated so that the equation can be
optimised for minimum phase noise. At resonance the
gain of the amplifier is l/Po and Af is 0,then a s

Resonator

Figure 2.
Note the equivalent circuit for this model is as in figure
3 with the inclusion of an ouput resistance for the
amplifier and the output power being defined as the
power available from the output.

G = I / (1-QL/Qo)
FkT

This noise equation is minimum when

Figure 3
Minimum noise therefore occurs when QL/Qo = 213.
To satisfy QL/Qo = 213, the voltage insertion loss of
the resonator is 113 which sets the amplifier voltage
gain to 3.
It is extremely important to use the correct definition of
power (P), as this affects the values of the parameters
required to obtain optimum noise performance.
If the power is defined as the power available at the

The minimum of the equation occurs when QLPo= 112.
Itshould be noted that Pa, is constant and not related to
QL/Qo. The power available at the output of the
amplifier is different from the power dissipated in the
oscillator, but by chance is close to it. parker3 has
shown a similar optimum for SAW oscillators.This
should be compared with the high efficiency model
where the power is defined as the total power dissipated
in the resonator and the impedances of the amplifier (Prf)
which is useful if highly efficient oscillators are

required, then the optimum condition occurs at QL/Qo=
2/3. The equation for the noise performance becomes:
FkT

L(fm) 8

~

(fo/Af l
(QL/Qo)
~ '
(l-QL/Qo) Prf

where the last term in the denominator has now changed
from ( 1- Q / Q J ~to ( 1-R/QJ
These results are most easily compared graphically as
shown in Figure 3. Measurements of noise variation
with QL/Qo have been demonstrated using a low
frequency high efficiency oscillator where the power is
defined as Prf and these are also included in Figure 4.
Noise vs QUQo

devices suggests that pm noise is produced by noise
modulation from the gate series noise voltage onto the
input non-linear capacitance and that am noise is caused
by modulation of the channel width. This group has
developed a measurement system, initially presented at
the 1990 EEE hTlT conference, capable of measuring
the cross correlation between the baseband noise on the
drain and the AM and PM components transposed onto
the carrier. Further measurements have now been made
which include noise measurements on the gate as well.
These measurements have shown why low frequency
feedback often does not greatly improve the Flicker
noise
The system is shown in Figure 5. A low noise reference
signal is passed through the amplifier and both the gate
and drain noise are measured. The AM and PM
components of the noise are measured using the delay
line discriminator either in phase for AM or at 90
degrees for PM. By measuring the direct noise at the
gate and drain of the device and the demodulated noise
simultaneously on a digitising card the cross correlation
functions can be derived. From these measurements this
group has shown that the internal noise sources and their
correlation coefficients can be derived. From these
measurements new techniques for Flicker noise reduction
can be devised. A typical cross correlation function is
shown in Figure 6.

Figure 4. Phase Noise vs QLjQo
The difference in the noise performance and the optimum
operating point predicted by the different definitions of
power is small. However care needs to be taken when
using the Pavo definition if it is necessary to know the
optimum value of the source and load impedance. For
example if Pavo is fixed it would appear that optimum
noise performance would occur when Rout = Rin
because Pavo tends to be very large when Rout tends to
zero. This is not the case when Pd is fixed.
It should be noted that the noise factor is dependent on
the source impedance presented to the amplifier and that
this will change the optimum operating point dependent
on the type of active device used. If the variation of
noise performance with source impedance is known then
this can be incowrated to slightly shift the optimum
value of Q/Qo

Figure 5. Flicker Noise Measurement System

FLICKER NOISE TRANSPOSITION

The theory and optima described earlier applied in the
region where thermal (additive) noise is the major noise
noise source. This is where the noise in the oscillator
falls off at a 1 / ~ rate
f ~ In fact for Flicker noise
(modulation noise) it is often the case that QL should be
as high as possible. However the modulation
mechanisms are still not well understood and vary from
device to device. Current understanding for GaAs based
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A number of low noise oscillators have been built and
these are shown in the following figures.
A 150 MHz Inductor Capacitor oscillator is shown in
Figure 7. The resonator consists of a series tuned LC
circuit (L = 255nH) with a QO around 300. This sets
the series resistance to be 0.74 R . To obtain Q1/QO
=1/2, LC matching networks were added at each end to
transform the 5(XZ impedances of the amplifier to be 0.5
x 50 a. Note the series L of the transformer merges
with the L of the tuned circuit. To obtain such large
transformation ratios high value capacitors were used and
therefore the parasitic inductance of these components
should be incorporated. The resonator therefore had an
insertion loss of 6 dB and a loaded Q = 150. The noise
performance at 25 KHz offset was 136 dBc.
Figure 8 Low noise 262 MHz SAW oscillator
A transmission line oscillator is shown in Figure 9.
Here the resonator operation is similar to that of an
optical Fabry Perot and the shunt capacitors act as
mirrors. The value of the capacitors are adjusted to
obtain the correct insertion loss and QL/Qo calculated
from the loss of the transmission line.
Output
coupler

I
Figure 7.
A 262 MHz SAW oscillator using an STC resonator
with an unloaded Q of 15,000 was built by Curley and
Everard in 1987. This oscillator was built using low
cost components and the noise performance was
measured to be better than -130dBc at 1 Khz where the
Flicker noise comer was around 1KHz. The oscillator
consists of a resonator with an unloaded Q of 15,000,
impedance transforming and phase shift networks and a
hybrid amplifier as shown in Figure 8.The phase shift
networks are designed to ensure that the circuit oscillates
on the peak of the amplitude response of the resonator
and hence at the maximum in the phase slope (dO/dw).
The oscillator will always oscillate at phase shifts of
N*360 degrees where N is an integer but if this is not
on the peak of the resonator characteristic, the noise
performance will degrade with a cos4 relationship.
This noise performance was in fact limited by the
measurement system and new measurements of identical
oscillators are about to be made. Montress, Parker,
Loboda, and Greer have demonstrated some excellent
500 Mhz SAW oscillator designs where he has reduced
the Flicker noise in the resonators and operated at high
power to obtain -140 dBc at lKhz offset however the
noise appears to be Flicker noise limited over the whole
band.
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Figure 9. Transmission line oscillator
The resonator consists of a low-loss transmission line
(length L) and two shunt reactances of normalised
susceptance jX.If the shunt element is a capacitor of
value C then X = 2nfCZo. The value of X should be the
effective susceptance of the capacitor as the parasitic
series inductance is usually significant. These reactances
can also be inductors, an inductor and capacitor, or shunt
stubs. If ZoT = Zo, where ZoT is the resonator line
impedance and Zo is the terminating impedance, then
S21 is given by the following equations

-

X2(1-E?)}

= expi-(a

+ jp)~}

S21 = 4 T / { ( l + j X )

where

r

a is the attenuation coefficient of the line p is the
phase constant of the line. For small a L (c 0.05) and
Af/fo << 1, the following properties can be derived for
the first resonant peak (fo) of the resonator where

df=f - fo,

assumed that the varactor diode limits the unloaded Q of
the total circuit, then it is possible to obtain useful
information from a simple power calculation. If the
f o =(veff/2L) { 1 + (l/z)tan-1(2/X)}
varactor is assumed to be a voltage controlled capacitor
in series with a loss resistor (rs), The power dissipated
S21 (Sf) = S21(0) /{1 + j2QL (Af/fo) 1
in the varactor is P = ( ~ r s ) ~ lThe
r s voltage across the
521 (0) = (I-QL/QO) = 1/f1 + ( a ~ / 2 ) ~ 2 1 capacitor Vc in a resonator is Vc = QVrs. Therefore the
power dissipated in the varactor is Pv = V ~ ~ I Q ~ ~ S .

From these equations it can be seen that the insertion
loss and the loaded Q factor of the resonator are
interrelated. In fact as the shunt capacitors (assumed to
be lossless) are increased the insertion loss approaches
infinity and Q1 increases to a limiting value of n / 2aL
which we have defined as Q. It is interesting to note
that when S21 = 112, Ql = Qd2.
A similar design using a copper L band Helical resonator
with an unloaded Q of 600 is shown in Figure 10. The
helix produces both the central line and the shunt
inductors; where the shunt inductors are formed by
placing taps lmm away from the end to achieve the
correct QL/Qo.The equations which describe this
resonator are identical to those used for the 'Fabry Perot'
resonator described earlier except for the fact that X now
becomes -Zd2nfl where 1is the inductance and L is the
effective length of the transmission line. As the Q
becomes larger the value of the shunt 1becomes smaller
eventually becoming rather difficult to realise.

Figure 10. Helical Resonator
Printed transmission line resonators have been developed
consisting of a series transmission line with shunt
inductors at either end. Unloaded Q's exceeding 500
have been demonstrated at 4.5 GHz. An interesting
feature of these resonators is that they do not radiate and
therefore do not need to be mounted in a screened box.

The noise power in oscillators is proportional to
l/PQ?. Therefore the figure of merit (Vc2lrs) should be
as high as possible and thus the varactor should have
large voltage handling characteristics and small series
resistances. However the definition of P and the ratio of
loaded to unloaded Q are important and these will alter
the effect of the varactor on the noise performance. If
we set the value of QL/Qo to the optimum value where
again the varactor defines the unloaded Q of the
resonator then the noise performance of such an
oscillator can be calculated directly from the voltage
handling and series resistance of the varactor. If the value
of QL/Qo is put in as 2/3 then :
9 F k T . rs

Lfm

=

(fo/Af) 2
16Vc2

If we take a varactor with a series resistance of 1 ohm
which can handle an rf voltage of 0.25 volts rms at a
frequency of 1 GHz, then the noise performance at 25
Kilohertz offset can be no better than -97 dBc for an
amplifier noise figure of 3dB. This can only be
improved by reducing the tuning range by coupling the
varactor into the tuned circuit more lightly, or by
switching in tuning capacitors using PIN diodes, or by
improving the varactor. The voltage handling capability
can be improved by using two back to back varactors
although care needs to be taken to avoid bias line
currents.
Two tunable resonators are shown in Figures 11 and 12
Because the transmission line has a low impedance in
the middle of the line at the operating frequency the bias
resistor can be made low impedance. This means that
the low frequency noise which would cause unwanted
modulation noise can be kept low (en2 = 4KTBrd. The
resistor also suppresses the second harmonic response of
the resonator.
Transmrrion line

POWER LIMITATIONS CAUSED BY THE
VARACTORS:

Bias Voltege
Network N

The noise performance of a broad tuning range oscillator
is usually limited by the Q and the voltage handling
capability of the varactor as has been described by
underhil15. However this has not been applied to the
oscillator under optimum operating conditions. If it is

Figure (11) Tunable Octave tuning transmission line
resonator with constant QLIQ,. (3-6 GHz)
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Figure( 12). 8 - 10 GHz Tunable NIMIC resonator
DEGRADATION OF PHASE NOISE WITH
OPEN LOOP PHASE ERROR

If the open loop phase error of an oscillator is not close
to Nx360 degrees the effective Q is greatly reduced. It
can be shown theoretically and experimentally that the
noise performance degrades both in the additive noise and
the Flicker noise region by cos48 where 9 is the open
loop phase error. For high Q Dielectic resonators with
Q's exceeding 4,000 then offset frequencies of 1 MHz at
10 GHz can produce a noise degradation of over 10 dB.
A typical plot of the noise degradation with phase error
for a high Q oscillator is shown in Figure 13 using both
Silicon and GaAs active devices. The black dots are the
GaAs devices and the white dots are for silicon bipolar
devices.

Figure 13. Noise Degradation with Phase Error
CONCLUSIONS: The theory required to design low
noise oscillators using most of the commonly used
resonators has been described and a number of
experimental circuits presented. The major parameters
which degrade the noise performance have been
descxibed.
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Abstract

Oscillation condition derivation

This paper presents the method used to derive the
oscillation condition by using symbolic calculus. The
program is based on the full nonlinear Barkhausen
criterion method. The behaviour of an oscillator is
described by a complex polynomial called the characteristic polynomial. This polynomial enables us to
calculate the steady state features of the oscillation
as well as the differential equation for transient analysis in the time domain.
The literal determination of this characteristic polynomial involves lengthy algebraic calculations and
cannot be done by hand as soon as the electronic
oscillator circuit involves too many components. We
recently developed a formal calculus program allowing to automatically obtain all necessary equations
for oscillation analysis. We propose new methods to
calculate them in an optimal form.

The transistor is modelled by a large signal admittance parameter two-port circuit. The y-parameters
of which have a real and an imaginary part both
being nonlinear functions of the signal amplitude
(Fig. l)(Eq. 1).

Introduction
Accurate analysis of an actual oscillator behaviour
requires heavy calculus even for the simplest oscillator structure. Designers need automatic tools to
determine oscillation frequency, amplitude and sensitivity to parameters change. We developed such a
simulation tool dedicated to the modeling of quartz
oscillators.
This paper presents the actual state of a computer
program especially designed to accurately simulate
the behaviour of quartz crystal oscillators. The plan
of the paper is as follows. The first section recalls the
method employed to derive the oscillation condition.
Reader should consult [3][2][I] where all the explanation are carried out with complete detail. The second
section describes the main problem arising when the
oscillation condition is computed by symbolic calculus. The next two sections are devoted to the solution
of this problem.

y,

= g, +sCn with n = i , r ,f , o

(1)

Figure 1: y-parameter representation of a transistor
The numerical values of the y-parameter are calculated at run time by using the electrical simulator
SPICE [5] [7]. These values depend on the amplitude
and, of course, on bias and temperature conditions
PI.
A quartz crystal oscillator can be reduced to the
canonical form represented in Fig. 2 by using a few
number of transformations [6].

Figure 2: Reduced form of an oscillator
These transformations are divided into three groups.
The first one is composed of elementary transforma-
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tions on the circuit admittances like series, parallel combinations or Kennelly's transforms. Figure 3
shows one of the elementary transformation.

U1 = U
V' = v
The third and last group involves only the yparameter equivalent circuit. If the quartz is not connected between the base and the collector of the yparameter equivalent circuit, it is necessary to swap
two of the terminals of the amplifier. Figure 5 illustrates that kind of transformation.

Figure 3: Elementary transformation of the circuit
Equations 2 represents the associated relationship.

The second group is made up by transformations involving the y-parameter equivalent circuit and the
admittances around it. Figure 4 represents an example of these transformations.

Figure 5: Elementary transformation of the circuit
The representative equations of this transformation
are given by (4).

Figure 4: Elementary transformation of the circuit
After such a reduction, the components of the new
y-parameter equivalent circuit are expressed in terms
of the initial circuit component, as shown by (3).

A N,! =
yI =
D;
I A N1
Yj+
=

f

y =A -N:
D:,

=

N T D I -D,NI
D, Dl
N j Dl - DjN1
Df Dl
No Dl DON1
Do Dl

(3)

A N,!
y =
- =
DL

y =A -N: =
DL
U' =
v' =

-N~D,-D~N,
Di D,

N,D,DfDo + . . . + DiD,DfNo
Di DrDj Do

u-v

-v

All the transformations described above are repeated
until the final reduced form shown in figure 2 is obtained. Under this form, the oscillation condition
can be written:

+

Y,Yo-YfY,+(Yi+Yr+Yj+Yo)Y,=O

(5)

In terms of the numerator N, and denominator D,
of the admittance Y,, the oscillation condition takes
the following form:

Setting the problem
After the circuit is read, the numerator and the denominator of each admittance of the circuit is given
a name. That define the first coefficients.
B1 = s C1
B2 = 1

Each term of the relation is expressed under the form
of a function of previous relation until reaching the
first coefficients which are expressed in terms of the
circuit elements R,, L,, C,. The polynomial (6) has
the general form (7). Each coefficient ak of the polynomial is expressed as a function of the component
value of the circuit

. .. - . ..
B21 = R4

(10)

During the reduction process, expression of the new
admittances are generated as a function of the previous coefficients.

= B21+1 ( B I , B2,. . . , B21) = B1B4 + BzB3
= B21-i-z ( B i , B2,. . . , B21+1) = BzB4
... = ...
B2n = B 2 n ( B 1 , B 2 , . . . , B 2 n - 1 ) = . . .
(11)

B21+1
B21+2
k=O

When the characteristic polynomial coefficients are
defined, it is possible to obtain the steady state frequency and amplitude of the oscillation. To this end,
the Laplace's variable s is changed into the harmonic
variable j w , this splits equation (7) into two equations, one for the real part (Eq. 8), the other one for
the imaginary part (Eq. 9).
N

Cai(u) w'

= O

i=O

The numerical calculation of the variables u et w
which satisfy both equations (8, 9) determines the
frequency and the amplitude of the oscillation. This
resolution uses data calculated by the SPICE program and needs the determination of the first derivatives of equations (8, 9). The numerical zero finding
algorithm used to solve these equations is described
in [I].
Because the characteristic polynomial coefficients are
expressed as functions of all the circuit components,
it is possible for the program to calculate the influence of a change of any component value on the
oscillation amplitude and frequency as well as on the
resonator excitation level. In the same way, it is possible to get the sensitivity of these quantities to small
component variation.
In addition of the rated value the user can specify
the tolerance and the temperature coefficient of each
component in the input data file. This allows the
program to calculate the induced dispersion and to
perform worst case analysis. The temperature behaviour of the resonator is described by the four coefficients of the frequency temperature curve cubic
regression so that the frequency variation can be calculated over a given temperature range.

When all the reductions have been performed, the
equivalent circuit has the reduced form shown in figure 2. The oscillation condition gives the last coefficient:

+

B2n-t-1= (B81Bt~B86B87- B ~ z B ~ ~ B ~ ~ B . ~. . ~ ) B c I o
(12)
The equation Bzn+l = 0 can be written in the form
of a polynomial of the Laplace's variable s:

The main problem is to compute the four following
expressions from the coefficients B1, B z , . . . , Bzntl.
N
c'=,
zEo

P=
a, (u) w e aP/aw
Q=
Pi (u) w 2
dQ/dw
The easiest way is to substitute recursively each
Bi by their expression in the last coefficient
Bzn+l. By this method, we obtain the polynoK
mial Ck=O
a k s k = 0 where each coefficient is expressed as a function of the component of the circuit
R,, L, , C, . Unfortunately, the full development of
the polynomial coefficient leads to too intricate expression even in simple oscillator structures.
A better way is to express the coefficients of an admittance newly defined as a function of the coefficient previously defined. This method is detailed in
the following example. Suppose that the admittance
Y3 is generated after the parallel reduction of the
admittance Yl and Y2.

This reduction process involve the definition of six
new coefficients co, cl, . . . , cg (Eq. 15).
co = aObO

+ aobl
a2b0 + a l b l + a0b2

cl

= albo

c2

=
= azbl+albz+aobs
= azbz+alb3
= a2b3

~3
~4
cg

It is possible to calculate the real and the imaginary
part of the coefficient Bi+l. We shall illustrate the
method on a concrete example. Consider the expression

E z p = Bl B2 B3

(15)

This method has the following major drawback: The
degree of the polynomial increases at each reduction
step. The consequence is that the number of new coefficients defined during one step increases with the
number of transformations already done. This exponential increase limits the complexity of the oscillator
circuit which can be treated.
The method proposed here will computes in the same
time the real and the imaginary part of the equation
(7 or 13). The first derivatives dP/dw,dQ/dw are
calculated from these coefficients. These values are
calculated during the same step. This method will
be further explained in the next two sections. The
advantages over the previous method are:

+ B4B5

(19)
The method introduces new coefficient C,. These
coefficient are calculated so that only one complex
multiplication is done in each step. In the case of
the previous expression, the result is:

Notice that the real part and the imaginary part are
computed in the same time. Let us compare this
method with the more direct one.

The number of coefficients increases linearly
with the number of reduction steps.
e These coefficient are coded in a efficient way.
e

In consequence of it, the numerical calculation
of the four functions P, Q, dP/dw, dQ/dw is almost optimal.

Moreover, this method allows one to calculate efficiently the values of P, Q, dP/dw, dQ/dw without
knowing explicitly the expression of the coefficients
ak in equation (7).

Determination of the real and imaginary part
The first coefficients defined (see Eq. 10) are function
of the Laplace's variable s, so the splitting into real
and imaginary part is straightforward. Equations
(11) and (12) show that all the other equations have
the specific form of equation (16). In this particular
case, an efficient method to calculate symbolically
the real and imaginary part of the coefficient can be
used.

Table 1 indicates the number of arithmetic operation
and * needed to express the form B1 B2 . . . Bi. The
two methods are compared for expressions of different lengths.

+

Nb

Direct
Nb

+I

11
* 11

Proposed
Nb
Nb

+I

*

Table 1: Computation cost

Determination of the first derivatives
Suppose that the real and the imaginary part of each
coefficient B, is known up to the ith order.

S(B1),S(B2), . . . , S ( B i ) are known (18)

The first coefficients are necessarily defined as a function of w and of the admittance of the circuit. So
their derivatives respect to w can be easily calculated. Now suppose that the first derivative of each
coefficient C, is known up to the ith order.

It is possible to calculate the derivative of the coefficient Cttl by expanding as follows.

One might think that the form of the dCi/dw will be
extremely complicated. It is not the case because of
the specificity of our problem. From equations (20),
it easily follows that each coefficient C, depends only
on four other coefficients. The consequence is that
the expression of the derivative will be quite simple.
We showed above an example. The expression of the
derivative Dlo of the coefficient Clo is given by (26),
where all the coefficients C1, . . . , Cg and D l , . . . , Dg
are known.

Conclusion
The works presented here highlights some problems
related to the complexity of the expressions to be
manipulated. The proposed methods allow an optimization of the calculus at the level of the topological analysis as well as for numerical calculation
of the required coefficients to the calculation of the
oscillation's condition.
The fact that this optimization is not a simple calculation refinement that one can do without should be
stressed. The present method is necessary in order
to treat complex oscillator circuits. Indeed, we have
shown that with the previous method the complexity
of the calculus exponentially increases as a function
of the circuit components while the complexity of the
new method linearly increases.
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Abstract
Ultrastable quartz oscillators must be specially designed so as to match resonators parameters and
electronic circuitry characteristics. In a recent paper [I] we have pointed out that our results have
never been really resonator limited (at least for BVA units) and that further improvements would
largely depend on progress in amplifiers. Tremendous advances are possible as pointed out by Fred
WALLS et a1 [2]. In order to improve the output signal stability of ultrastable oscillators it is
necessary to reduce oscillating loop phase noise and to minimize phase noise of each stage of
output amplifier as well.
In this paper, each type of bipolar transistor amplifier configuration is considered : Common
Emitter (C.E.), Common Collector (C.C.) and Common Base (C.B.). Power spectral density
(P.S.D.) of phase noise is calculated from the partial derivative of transfer function argument versus
transistor and components parameters variations. In such a calculation, those variations are assumed
to be uncorrelated (their well known origins will not be discussed here).
After this theoretical calculation, the P.S.D. (Power Spectral Density) of each basic configuration
(i.e, C.E., C.C., C.B.) is analysed. Results alee compared and discussed taking into account criteria
as stage gains, input or output impedances.
Consequences are discussed in terms of amplifiers performances and oscillators stabilities.

-

I Introduction
We start from an usual structure for quartz
oscillators, i.e, 3 elements according to scheme
of Fig. 1 where amplifiers are transistor
amplifiers in usual configuration (common
emitter CE, common collector CC, common
base CB).
Output
amplifier

amplifier

Resonator

Fig. 1
If an SC-cut resonator is used it is usually
necessary to filter out B mode. On the other
hand reduction of output harmonic ratio also

needs use of a tuned amplifier. Usually a
cascode output amplifier is used. Under those
conditions, it is highly desirable to study
influence of different transistor internal
parameters and tuned circuits elements on
frequency stability of oscillators. Some results
have already been published [I] [2] [3].

-

I1 Description of investigation method
Let us consider G(xi, f ) linear transfer
function of a transistor amplifier. {xi}
represents parameters that may fluctuate and f
is frequency.
Phase difference cp between output and input
signal is :
9 = Arg G(xi, f )

European Frequency Time Forum, 5-7 March 1996 Conference Publication No 418 O IEE 1996

Eq(l)

and

for f = f0 where fo is the carrier frequency.
dxi is variation of parameter xi on a 1Hz band
width. We assume that the dxiare independant
of Fourier frequency.
From Eq(2) we derive laifexpressed in
rd2/Hz, i.e, homogeneous to a power spectral
density (PSD) of phase fluctuations. We
consider that only one parameter xi varies (in
other words : hj= 0 if j # i). hicorresponds
to rms values of xi fluctuations whose origin is
not specified [4] [5] [6].

all simulations have been done at 10 MHz
using small signal equivalent circuit model
around the bias point (analysis called a.c).
Following figures Fig. 3a, Fig. 3b, Fig. 3c, Fig.
3d represent performed analysis for common
emitter (CE), common collector (CC), common
base (CB) and cascode configurations.

2.1 - Vaiable parameters xi
To represent transistor we use model of
PSPICE simulation (called enhanced GummelPoon model) represented in Fig. 2 [7].
COllrctQ-

A-

Fig. 3a : C.E.

Fig. 3b : C.C.

xi parameters previously quoted will appear in

VSUPP~Y

various tables for results. They represent
parasitic capacitance base-emitter Cje, base
collector Cjc, the low. frequency gain BF and
pure resistances in emitter (RE) and base (Rb).
2.2 - We analysed various configurations using
simulation PSPICE software. Numerical values
correspond to what is usually met at 10 MHz.
Transistor is of the 2N2857 type whose
characteristics correspond to following model :
Model Q2N2857 NPN(Is=69.28E- 18 Xti=3
E g = l . l l Vaf=100 Bf=288 Ne=1.167
Ise=69.28E-18 Ikf=21,59m Xtb=1.5 Br=1.219

Fig. 3c : C.B.

Table 2 : laif in dBc for (Axi 1 xi = 1 ppm).

Vin
1100ohn

Vbiasl
12.6U)

Fig. 3d : cascode configuration

2.3 - Results of simulation

Now, let us consider that phase fluctuation @
occurs at a Fourier frequency v where v is
inside the bandwidth of a 1 0 MHz quartz
resonator ( f0 = 10 MHz) with a loaded Q of
lo6

(Q = lo6). Then, relative frequency

fluctuation

Af of the oscillator built with this
fo

Table 1 gives phase variation (expressed in resonator and the amplifier is given by Table 3.
degrees) caused by variation of one of five xi
parameters (the four other beeing constant at
nominal values). Variations Axi are such that
Ax.
--L = 1 p.p. nt. while polarization current IE in
Xi
transistor is IE = 2.6 mA. For C E
configurations (emitter resistance uncoupled)
and for CB configurations voltage gains [GIrlB
are respectively 11 dB and 27 dB. Emitter
resistance is the same in both cases. Last line in
Table 1 gives those results when emitter
resistance is partially by-passed so as to obtain
Table 3 : f for a 10 MHz quartz oscillator
a 27 dB gain.
fo
with Q = 106 and Axi / xi = 1 p.p.nz.
Table 4 is similar to Table 1 but IE = 10.4 mA,
i.e. IE has been multiplied by 4.

Table 1 : Iail in degrees for C.C., C.E., C.B.
and C.E. by passed configurations when IE =

-

2.6 mA and h i = 1 ppm.

xi

In table 2 we express power spectral density
(PSD)of phase fluctuation in dBc.

Table 4 :

in degrees IE = 10.4 mA

Results of Table 4 expressed in dBc and in
relative frequency fluctuations
Table 5 and Table 6.

f
fo

lead to

Table 7 : Cascode amplifier; IE = 2.6 mA, IGI
= 27 dB (emitter resistor partially by-passed).
Table 5 :

I$il

2

in dBc for IE = 10.4 mA
Axi / x i= l p . p . m .

Qup :
Axi / xi = 1 p. p. rn. for Qup and Axi = 0 for Qhm
aOWn:Axi = O foreup andAxi / x i = l p , p . m . for&

for comparison purposes, an identical fractional
variation of 1 p.p.m. of one of the components
(L or C) of tuning circuits will provide results
expressed in Table 8.

Table 6 : f for IE = 10.4 mA.

fo

Since it is very usual to use a cascode
configuration in the output amplifer of an
ultrastable oscillator (U.S.O.)we have also
considered configuration of Fig. 4.

Table 8 : C.E. configuration with IE = 2.6 mA.
Influence of tuning circuit ACT, CT = PPm
for 3 values of tuning circuit quality factor Qt .

-

I11 Conclusion
From upper results it is clear that :

-

C.C. configuration provides b e t t e r
performances in terms of phase noise.
However, C.C. configuration does not allow (in
the contrary of C.E. and C.B. configurations)
voltage gain.

Fig. 4
Here again we assumed a gain of 27 dB.
Results that can be derived for such a
configuration are given by Table 7.

- Base collector capacitance is the most influent
parameter whatever is the choosen
configuration at least for our purpose.
Advantage in using a transistor with weak
"parasitic" capacitances (Cje, Cjc) is obvious at
least from that point of view.
In fact, the last remark does not consider the
origin of parameters fluctuations. Actually HF
transistors with weak capacitances do not
always give best results. For a study to be
exhaustive it is necessary, in our opinion, to
take into account the possible origins of

parameters fluctuations. They may be of three
types :
11 - Non linear origin by transfer of low
frequency phase noise around canier.
21 - Amplitude-phase relationship (Miller
effect, amplitude frequency effects [8]...).
31 - Pure phase noise.
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SPECTRAL IMPROVEMENT OF DIRECT DIGITAL FREQUENCY SYNTHESISERS
AND OTHER FREQUENCY SOURCES
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ABSTRACT
Direct digital synthesis has the major advantage that the low phase noise of the (quartz) reference oscillator can
be transferred directly to the signal output. However, limitations on the precision of the high speed Digital to
Analogue Converter (DAC) required to generate the output waveform cause a high level of spurious signals to
be generated.
The paper describes a simple spurious signal reduction method which can be applied to the output of a high
frequency programmable rate multiplier. The advantage of the rate multiplier method of direct frequency
synthesis is that no high speed DAC is required. The method extracts a phase error signal in the form of
analogue samples directly from the rate multiplier signal. This signal is used in a novel self adjusting delay
compensation circuit (SADC)to correct the time positions of the transitions of the square wave output
waveform. This has the effect of reducing both the spurious components and the broadband phase noise of the
signal.

Also described is a method of converting the waveform from any frequency source into a form suitable for the
application of the S A X . This method allows S A X s to be applied in cascade for progressive reduction of
phase noise.

power is concentrated at frequencies well away Erom
the wanted output signal frequency, so that most of it
can be easily removed by simple frlters. This requires
The direct digifal frequency synthesiser (DDS) (12) more complicated logic cinuivy and slso usually
has the advantage that it can switch within one clock
%uencics.
rqfie use of
cycle from one frequency to another. Another
advantage is that the DDS in genaal has veqgood With cllmnt IC (integrated cimit) tcshnologia higher
'lose ni phase noise' mvided lhatCan is taken to re- clock frequencies and/or multi-bit DACs require
clock the DDS output as closely as possible with the extensive power consumption for ournut muMcies in
DDS clock the close-in phase noise noise can be as
excess of a few megahen.
good as that of the fixed frequency (usually quartz
cr~staOclock A major disadvantage of the DDS is a ~ ~ l t i - bDi A
are
t C ~give spuriouJ noise levels
high level of spurious discrete frequency signals. reduced by 6dB for every bit which is added. But for
lhese signals appear in profusion at frequencies which high clock speeds the =larive weights of the bits
are always whole number multiples of the lowest cannot be maintained and the achievable noise
Mmmon fafta
the
and the Outputfrquencies'
reduction beMmes limitd to only a few bits (eight
The total s ~ u i o u s Power can be shown '0 be being typical). DAC power consumptionincnases
q2/12 where q is the smallest quantisation step of the with the number of bits and is at least proportional to
DDS output. Clearly the more bits that are used in the clock rate.
the output digital to analogue converter (DAC) the
lower the level of spurious power that can be achieved. With the objective of
lower power
he use of higher clock frequencies allows the consumption and lower spurious levels for any given
spurious power to be spread Over a ~ro~ortionatel~
output frequency, the one bit rate multiplier type of
- i delay
~
wider frequency band. A further useful technique is to DDS was proposed (3). - ~ has
design the DDS so thatthe unswanted
to reduce time jitter which consequently reduces the
1. INTRODUCTION
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spurious signal levels. In this scheme a DAC is spread over the frequency range from zero to w2.
required but it only has to operate at the output Thus the noise power spectral density (PSD) of the
frequency, rather than at the clock frequency. In this sampler part of the DAC sample hold output circuit is
way the power consumption is reduced.
taken to be
In a newer type of one-bit delay compensated DDS (4)
the compensation signal is derived by analogue
circuitry in place of the DAC giving a considerable The output quantisation noise pulses are in fact flat
opportunity for power reduction.
topped each with duration Tc=l/fc lasting until the
next pulse arrives. It is this finite duration of the
The purpose of this paper is to describe a new
pulses which causes the noise spectrum to be divided
proprietary analogue delay compensation method
into a part which causes AM (amplitude) noise and a
which is simpler. It can either be applied to the one
part which causes PM (phase) noise when added to the
bit rate multiplier DDS directly, or with some further
digitally generated output carrier signal at f o. Further
simple circuitry it can be applied to any frequency
source. It reduces both broadband phase noise and the analysis can support the proposition that the sample
and hold action which has to exist at the output of
spurious signals generated by clocked digital circuits.
DAC divides the sampler noise into in-phase
components
which cause AM and quadrature
In the following sections first the two main types of
components
(each
comsponding to a d 2 phase shifted
DDS are described and their performance compared.
component)
which
cause PM noise.
Then the principle of extracting delay compensation
information from a waveform is described. Next to be
described is the way in which the required delay The frequency response of the DAC output zero order
modulator can be combined in a simplified way with hold (ZOM)action is derived by putting s=jo into the
the analogue delay information generation circuit. ZOH transfer function and it is
Following this the way in which this self adjusting
delay compensation circuit can be applied to any
frequency sowe is shown. Finally some fmt results
of the proprietary method applied to noisy frequency
sources are given.
=(COSx + j Sin x)Sin x/x
2.2~
2. A COMPARISON OF TWO TYPES OF
where x = oTJ2. The proposition is that the Cos x
DDS
term when squared is the proportion of AM noise and
The traditional type of DDS is shown in Fig. 1. A the j Sin x term after multiplying by its complex
desired frequency word Y chosen to be a fraction less conjugate - j Sin x is the proportion of PM noise at
than unity, is added successively to itself at clock rate and around any output frequency od=2scfo=o. The
fc in the accumulator, which overflows if its contents
proof of this requires equally spaced upper and lower
equal or exceeeds one. The remainder Rn from the
sideband components to be combined with the output
accumulator corresponds to a phase between 0 and 1
carrier at %=2z fo
cycle or between 0 and 2%radians. The waveform
memory maps each remainder a word in this case into
sine wave samples which are fed to the DAC. The Further inspection shows that only the quadrature
DAC acts as a sample hold circuit and its output is (j Sin x) components have the correct phase
then filtered in the low pass filter LPF. The output relationship with the carrier for PM modulation to
occur. Similarly the in-phase (Cos x) components can
ftequency is fpYf,.
be shown only to cause AM.

......................

The total noise power of the spurious signals
(normalised to one ohm unit resistance) is the same as
the quantiaation noise which can be shown to be qZ/12
where q is the amplitude of the last significant bit.
The assumption is that the error pulses have amplitude
which are random and evenly distributed in amplitude
between -@and +qn.
The noise power of a series of random amplitude
impulses with a pulse rate of f c is taken to be evenly

The ZOH frequency response has an equivalent power
frequency response H(f)=H(jo)H(-jo) and at low
frequenciessin = x.
~h~ phase noise can be shown lo be from quatiom
2.2 and 2.1.

~ ( f ) = ( ~ ' 1 6 f , ) x 4sxi lnx 2 ..................2.39
= ( q 216 fc) x x2......................................2.3b
= q 2rr2 T,3 / 6 q 2 = q 2 n 2f,2 1

consuming) or an analogue divider after the DAC can
be used (accurate analogue didviders are not easy to
make).

6 ..............
~ ~ 2.3~

The delay compensated DDS in Fig. 3 uses the rate
multiplier in a feedback loop where the pulse
subtractor acts as a frequency subtracting summing
where the approximation
junction. In this way a fractional digital divider is
created. The advantage of this scheme is that no
Sin x = x = 2 & ~ / 2
frequency compensation of the delay correction signals
is
required. It is then possible to maintain an accurate
has been use&
cancellation of the time jitter over a wide frequency
The normalised phase noise is defined as S$(f)=N(f)/P range of operation. The disadvantage of this scheme is
that frequency steps are proportional to the output
where P is the power of the output carrier at fo. For a
frequency as the divider ratio is changed in equal steps.
sinewave with peak to peak amplitude just within the
n-bit DAC limits the normalised carrier power is
The desired output frequency value has to be turned
into a reciprocal with multi-bit high precision in order
P, = ( q x 2n-1)218
2
to achieve the equivalent operation to a simple
synthesiser with a flxed frequency step size.
giving the normalised phase noise as

.....................................

The noise performance of this second type of DDS can
be estimated by converting the residual time jitter rms
amplitude tj(f) into rms phase jitter $(f) by
= ( 4 n 213)x (d21 f:) (2"2.5
2.7
$(f)=2xf0 tj(f)
It should be noted that the phase noise can be wherefo=1/ro is the output frequency. Phase jitter
improved by about 161x2 or 2.ldB if the camer signal
normalised power ~ ' ( fcan
l be converted to an
is prog-md
lo be a square wave.
is
the amplitude of the component at fo is increased by equivalentnormalised phase noiseVectrum

)1......................

.................................................

41%in this case. For the square wave we have

where Po is the carrier power at the output frequency
The delay compensated DDS is the second main type. fo and P peak is the peak power of the square wave,
A delay modulator is used to cancel the time jitter of a which is in fact constant.
digitally generated square wave. The delay
compensation values are computed either digitally or By application of equations 2.8 and 2.7 it can be
as will be seen in the next section they can be shown that the delay compensated DDS with n-bit
extracted from the digitally generated square wave precision delay compensation has exactly the same
phase noise performance as the traditional waveform
itself.
DDS with an n-bit output DAC and set to generate
square
waves. The phase noise is defined by equation
Fig. 2 shows a delay compensated DDS using the
2.6.
This
is 2.ldB better than an equivalent DDS
successive addition rate multiplier (SARM) technique.
generating
a
sine-waveoutput.
This is the same method as used in the accumulator in
the traditional DDS shown in Fig. 1 but with the
accumulator overflow providing a square wave pulse In order to simplify the delay compensated type of
output signal of the correct nominal frequency. The DDS, techniques have been originated and developed
remainder value from the accululator, which in the where the delay compensation information is extracted
traditional waveform DDS is used to provide phase from the square wave time jitter directly by essentially
samples to a read only memory (ROM) to generate the analogue non digital means. These techniques are
DDS waveform, is used to generate the delay described in the next section.
correction values for each output pulse. A
disadvantage of this circuit is that the remainder values
T H E SELF ADJUSTING DELAY
associated with each pulse have to be scaled in 3.
amplitude inversely to the output frequency. This is COMPENSATOR (SADC)
achieved by DAC + Divider circuitry. Either a digital
divider can be used before the DAC (but this is power It is reasonable to suppose that all the information

required to compensate the time jitter of any waveform
is actually contained within the waveform itself. The
"analogue phase predict" method (4) was devised to
extract time jitter from pulse waveforms originating
from rate rilultipliers. The important characteristic of
these waveforms are that they consist of pulses all of
the same height and duration but with variable pulse
to pulse spacing. The average pulse repetition rate is
the required output frequency. It is easy to show that
the mean dc level of such a waveform is directly
proportional to frequency.
This is the same principle as is used in the pulse rate
type of FlVI demodulator. Less obvious is the fact that
the mean level averaged over any pulse period is a
sampled instantaneous measure of the frequency of the
waveform. An integrator is then required to convert
frequency errors into phase errors. (The definition of
frequency is the rate of change of phase). After
integration and re-sampling the phase error signals can
be fed to the delay modulator for appropriate
cancellation of the time jitter.
The self adjusting delay compensator (SADC) as
shown in Fig. 4 is an improvement on this analogue
phase predict method. Essentially the integrator
required to convert frequency errors to phase errors is
combined into the same integrator as produces the
voltage ramp waveform required to convert voltage to
time shift in the time delay modulator.

the average period of fo and Tp is the pulse length.
The independence of t4 and t5 of .the time jitter
confirms that the circuit has cancelled the time jitter
and phase noise.
The term "self adjusting" reflects the fact h a t if the dc
is removed the up and down slopes of the integrator
waveform automatically adjust to the correct value for
jitter compensation and cancellation. By the use of
the same slope for both detection and compensation of
the time jittet the cancellation gain is automatically
ensured to be the c o m t value.
A very important feature of the SADC is that it has a
phase noise cancellation bandwidth equal to the output
frequency fo. Its ability to cancel frequency
fluctuations is approximately equal over the whole
bandwidth. Broadband phase noise is if anything
better cancelled than close in phase noise. Also care
must be taken in detailed circuit design and layout
because the presence of the integrator means that the
circuit is more sensitive to any low frequency circuit
noise.
Fig. 6 shows that by the addition of two fixed pulse
length monostables the SADC can be used to remove
the time jitter and phase noise from any frequency
source. The monostable pulse lengths should both
be approximately equal to half the period To of ,the
output frequency fo. If a wide frequency range is to be
covered then the Tp should be just shorter than the
highest frequency period value. In practice the second
monostable can replace the comparator of the SADC
provided the ttiggering levels are appropriately
adjusted.

The dc removal circuit (DCR) is essential to prevent
saturation of the integrator. Below the cut-off
frequency of the DCR, phase noise is not detected and
cannot therefore be cancelled. However, if this cut-off
frequency is too low the SADC integrator will take a
long time to recover from the saturation caused by a
step change of input frequency. In practice it can be From Fig. 6 it should also be obvious that two or
useful to provide a dc voltage (from a DAC) which is more SAWS can be cascaded to provide successive
proportional to frequency and this can be used to reductions of phase noise up to the limit of capability
cancel the dc level shift in the input to the DCR when of the final SADC. This can ease the detailed design
requirements of each SADC. This is important
the frequency is changed.
because it is difficult to design an integrator which
Given that the dc input component is correctly operates well both at the output frequency fo and at the
removed the operation of the SADC can be seen by lowest phase noise frequency to be cancdled.
reference to Fig. 5. Fig. 5b shows the effect on the
integrator output waveform of time jitter occuring on 4. RESULTS AND CONCLUSIONS
the central pulse of the three pulses shown. In
practice all pulses would be expected to be suffering To prove the technique an SADC was constructed to
from time jitter with the same probability operate at input frequency of up to two megaherz.
distribution. From Fig. 5b it can be seen that the
times tl and t5 where the comparator is switched on Fig. 7a and 7b show the before and after spectra of a
the negative slope of the integrator waveform both are noisy 2 MHz input signal. Because a divide by two
completely unaffected by the time jitter tm on the circuit was used for convenience on the output the
central pulse. This is provided that the start time of Fig. 7b spectrum is at 1MHz. The noise level
the pulse t, lies between t l and t4 where by reduction is actually 6dB less than the difference
between the two pictures, because the division of a
inspection 1441 can be seen to be To-Tp where To is

fquency source by a factor two gives a 6dB reduction.
Thus the actual phase noise reduction shown is of the
order of 30dB over a broad band of frequencies.
Fig.8a and 8b show the results on a square-wave
modulated source simulating DDS spurii. In this case
the before (8a) and after (8b) spectra are on the same
2MHz frequency (taken in both cases at the divide by
two output).
These results clearly indicate the potential of the
SADC phase noise reduction circuit. Further work is
to be undertaken to extend operation to higher
frequencies. The expectation is that the power
consumption of the SADC will remain considerably
lower than a DAC operating at the same frequency and
certainly lower than a DAC operating at the system
clock frequency.
In conclusion it is felt that the new phase noise
reduction technique described here is a potentially very
important way of producing direct digital frequency
synthesisers with low phase noise and very low
spurious levels even when operated at high
fquencies.

ACKNOWLEDGEMENT
The authors would like to acknowledge the work of
Paul Jenkins in his investigations of the analogue
phase predict type of synthesiser in his final year
undergraduateproject in 1993.

REFERENCES
1.

Mansssewitz V. 1980. "Frequency synthesisers,
theory and design".
Second Edition, Wiley.

2.

Saul PH, 1990, "Direct frequency synthesis - a
review of the technique and potential",
Radio Receivers and Associated Systems, IEE
Conf Pub, 325.5-9

3.

Underhill UT. Scott RIH, 1983. "Frequency
synthesiser", UK Patent No. GB20623 15B

4.

Underhill MJ. Scott RIH, 1983 "Frequency
synthesiser", European Patent application (UK)
No, 0089721.

5.

Underhill MJ. 1996 "Phase noise reduction
circuit", UK Patent application 9603223.0.

(Phase)
Ye
S t a b l e Low fc
Noise Clock 3 A c c u m u l a t o r ~

n

Memory
(Sine)

-

bit
DAC

Low Pass
F i lter
LPF

?

Des ir e d

+
Output
0

Word. Y

F i g 1. T r a d i t i o n a l D i r e c t D i g i t a l frequency S y n t h e s i s e r (DDS)

C I ock
Des i r e d
Frequency
Word, Yo

f~

I

Accumulator
(SARU)

r

Phase
Rerna I nder ~

n

l

F i xed
(Digital)
De l ay

Delay
4 Modulator

r

+

LPF

A

l

?

DAC
+ Divider

n - b i t
.+Multiplying

Output

CK,+

I

DAC

fo

Delay compensation s i g n a l
=-Rn

+
l
ReFerencezyo

yo

F i g 2 Delay Compensated r a t e m u l t i p l i e r DDS

C l ock

Pu 1 se
4 Subtractor
Fc

4
+

F i xed
(Digital)
De 1 ay

+

Delay
Modulator

1

Overf 1 ow fw

Digi t a l
Divider

Accumulator
(SARM >

- bit
DAC

,
.4
U

( 8 Offset)
Desired
Frequency
Word, Y

n

Y

-1

,

+

LPF

A

Output
Cornpensat i on
Signal

Rn

F i g 3 Delay Compensated r a t e d i v i d e r ODs

fo = YCc

+

Pulses from
Rate Hultiplrer

Low jitter
Lead i ng edges

Integrator

DC
Removal

>

(Or Monostable)
(a> Block diagram

DC removal

Integrator

Comparator

(b> Re~resentativecircuit
Fig 4 Self Adjusting Delay Compensator (SADC)

(a> Input waveform

I

I

I
I
I

I
I
I

I
I
I

I
I
I

-

I*.,
I
I
I
I

.
I

I to

t5
(b> Integrator output waveform
Fig 5 SADC Waveforms
Can be combined

First
Any
Frequency + Monostable
Source
fo=l/T,

Tp,= pulse length

>

F

I

SAOC

Second
Honostab I e

>

Low phase
noise output

T ~ ~ M T ~ ~ " T ~Tp2
/ 2= pulse length

Fig 6 Time jitter and phase noise cancel lation on any
freauencu source

/fp
R E F -32. 0 d B m

AT

10 dB

PEAK
LOG

10
dB/

(a) : Input

CENTER 2.0000 MHz

SPAN 500.0 kHz

&
REF -32.0

dBm

AT 10 dB

PEAK

LOG
10
dB/

(b) : Output

CENT'ER 1.0000 MHz

Figure 7 : Phase noise reduction

SPAN 5 0 0 . 0 kHz

4

460

REF -32. 0

dBm

AT 10 d B

SMPL

LOG
10

dB/

(a) : before

SPAN 100.0 kHz

CENTER 1. 0000 MHz

47
REF -32. 0 dBm
SMPL
LOG

AT 10 dB

10

dB/

(b) : after

CENTER 1.0000 MHz

Figure 8 : Spurious reduction

SPAN 100.0 kHz

TWO-WAY TIME TRANSFER THROUGH SDH AND SONET SYSTEMS1
S. R. Jefferts, Marc A. Weiss, J. Levine, S. Dilla and T. E. Parker
N .I. S .T . Time and Frequency Division
325 Broadway
Boulder, CO 80303
U.S.A.

ABSTRACT
NIST has built a two-way time transfer device which uses any currently unused byte in the
SONET overhead to effect time transfer. The hardware shows stability which allows time
transfer at approximately 100 ps. Accuracy at the same level should also be possible.
INTRODUCTION
NIST has developed a system which allows us
to measure the stability of time transfer over a
SONET optical link. The SONET protocol
for data transmission is well established and,
along with the growing need for improved
synchronization in telecommunications
systems, promises a vehicle by which
improved synchronization can be achieved
relatively inexpensively and robustly. Work
on this type of system was begun by Kihara
[I] who reported on two-way time transfer
via SDHISONET over a greater than 1000
krn baseline. The system uses a single
overhead byte in each SONET frame to
transfer timing data from the remote clock, as
well as providing an on time marker (OTM)
which is used to transfer the actual time.
TWO-WAY TIME TRANSFER
Two-way time and frequency transfer is
generally used to compare two geographically
separated clocks. The clocks at each end of a
link which joins them transmit the time of the
local clock and simultaneously receive the
time of the remote clock. Each clock then
measures the difference between the local
clock and the remote clock. If the time
difference data from the remote clock are
differenced with the data from the local clock,
then the path delay effects are removed,
assuming that the path from the remote clock
to the local clock is reciprocal with the path
from the local clock to the remote clock. The
time of the remote clock (clock 2) relative to

the local clock (clock 1) can then be written
as [2]:
Time(1)-Time(2) = 1/2{(TIC(1) - TIC(2)) +
(Txdelay(1) - Rxde~a,(l))- (TXde~ay(2)
- Rxde~ay(2)))
where
TIC(i) is the Time Interval Counter
Reading for System i
TxdeIay(i)
is the transmit delay for
system i
RXde,,,(i)is the receive delay for system
i.
Accurate time transfer requires that the
absolute magnitudes of the delays, TXdel,,and
Rxdelay,
associated with the hardware on each
end of the link be known and that those
delays be temporally invariant. Accurate
frequency measurements, however, require
only that the delays be stable; the magnitudes
need not be known. In the present
experiment we are attempting to measure the
temporal stability of these delays, which in
general have instabilities associated with the
environment (for example, temperature) as
well as delays associated with the digital
hardware which may differ from one reset
cycle of the equipment to the next.

RESULTS
The basic hardware is diagramed in
Figure 1. SONET overhead access is
provided by the SONET Interface adapter[3].
This device, built around a framer chip [3]
provides buffered access to both the received
and transmitted SONET overhead. Start and
stop commands for the time interval counter
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combined with the delay associated with the
fiber. The fiber used in this test is very
short, about 15 cm, and is not expected to be
a significant source of instability.
The stability achieved using the configuration
of Figure 2 is shown in Figure 3; the
hardware stability exhibits an approximate
flicker phase noise floor less than 10 ps,
which is consistent with the flicker floor of
the time interval counter used. Both of the
two systems used in this experiment are
essentially identical and exhibit similar results
in this loop-back test.

SONET

Auxiliary
Timing
Interface

Start

v

Stop

v

Time
Interval
Counter
(TIC)

Figure 1. - Simplified block diagram of the
SONET two-way time-transfer system.
(TIC) are generated by the auxiliary timing
board and overall system control is provided
by the controller board.
In the first test, the system was
configured for loop-back, as shown in Figure
2. This configuration allows the
R,,,,,
measurement of the quantity T,,,,,

+

b
SONET
Interface
Adapter

optical
Fiber

Time
Interval
Counter
(TIC)

Figure 2. - SONET two-way time transfer
system in loop-back mode. In this
configurationthe system measures the time
between transmission and receipt of its own
OTM.

i0.'

3
1o0

10'

102

2

10'

10'

, seconds

Figure 3. - Stability of the SONET two-way
time transfer system in loop-back mode as
described in Fig. 2.

A full two-way test using 30 m of twin lead
fiber was also conducted. In this test, the two
ends of the link were physically situated in
the same environment, and the fiber was
coiled between them. Further, the two
SONET interfaces were driven from a
common 155.52 MHz clock. The
configuration is shown in Figure 4. The
resulting data, Figure 5, while clearly less
stable than the data from the loop-back test,
still exhibit stability of less than 200 ps at
measurement times greater than 10 s, thereby
allowing frequency transfer of lo-" at times
greater than 100 seconds.

4I

-

SONBT
lntcrface
Adapter

Zptlcal
~~b~~

Time
Intcrval
Counter
(TIC)

SONBT
~nterface
Adapter

A preliminary study of the stability of twoway time transfer vs. byte position in the
overhead was also undertaken. The data,
shown in Figure 6, show the measured
stability vs. byte position for the three byte
positions 11, 17, and 26 in the overhead
frame. The stability does not seem to be a
function of the byte position for this particular
hardware configuration.
A very
preliminary study of the stability of the time
transfer process vs. temperature was also
undertaken.

-

Time
Interval
Counter
(TIC)

Figure 4. - Common clock two-way time
transfer system designed to measure the
stability of the hardware delays in the SONET
two-way time-transfer system. The common
clock arrangement removes clock noise from
the measurement.
Assuming the stability in not degraded by
increasing distance, the observed stability
should allow frequency transfer better than 1
in 10-15at 1 day over distances on the order of
100 km. This assumption will probably not,
in general, be valid in a public telecommunications system, but may be possible
in a private network, where path reciprocity
can be engineered into the system.
1o.2

1oO

10

T

, seconds

lo1

Figure 6, - The stability of the SONET twoway time transfer system as a function of byte
position in the overhead. The solid circles
are the stability measured for byte position
17, the solid diamonds are the stability
measured for byte position 26 and the solid
boxes are the stability measured for byte
position 11.
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z
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Figure 5. - The stability of the SONET twoway time transfer system in the common
clock two-way mode described in Figure 4.
The stability is better than 200ps at 10 s.

Temperature coefficients measured in the
loop-back mode of operation measure the
quantity T,,,,,, + R,,,,,, , while temperature
coefficients measured in the two-way mode
are sensitive to the quantity T,,,, -RXdelay.
The temperature coefficients for this
equipment using the above technique are
6T,,e,ay/6T = 3 psI0C and 6Rxde,ay/6T
= 44
psI0C.

MESSAGE FORMAT
The message format developed for this
experiment uses only one byte of the
overhead and transmits information to the
remote end of the link in a byte serial format.
The message format supports messages for
the transmission of both absolute and relative
time and frequency as well as administrative
functions. The high-order bit of all bytes is
0, with the exception of the first byte of a
block, where the high-order bit is set to 1,
thereby identifying the start of a block. The
next 7 bits of the first byte of a word are the
word identifier, allowing the system to
identify the type of data to follow. The first
byte signals the start of a block, can act as an
on-time-marker (OTM), and can be used as
an idle character. The word format is such
that all quantities are 32 bit unsigned numbers
sent as 5 bytes, with the most significant bit
first. The format thus looks like:
Sccc&d,d2d3, Sd,d,d6&dgd$Jd,O, . ,
s&5&6d27&8&9d30d31

The first 4 bits identify the type of number,
and the dynamic range is 232. A variety of
message types are defined, of which this
experiment uses only two, the OTM and the
idle character.

CONCLUSION
Preliminary measurement of the stabilities
achievable using two-way time transfer over a
SONETJSDH OC-3 link at 155.52 MHz are
on the order of 100 ps. The measurements
presented here are measurements of the
stabilities of the delays in the particular
SONET terminals used and represent a lower
limit on the stabilities with which this
hardware could perform two-way time
transfer in a real world situation. Further
characterization of environmental sensitivities
may, possibly, allow time transfer at the 10
ps level demonstrated by a single
SONETISDH device.
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ABSTRACT
By using the Network Node Interface(NN1) and UserNetwork Interface OJNI) in the Synchronous Digital Hierarchy (SDH), time and frequency transfer can be realized. The transfer system uses a bi-directional transmission medium instead of the conventional uni-directional
medium for reference signal distribution, and can use the
information channel called Section OverHead (SOH) to
transfer time and frequency without interfering with BISDN services. The combination of a single fiber cable
and the wavelength division multiplex method, which can
be applied between network nodes, permits accurate time
dissemination of the order of subnano seconds.
1. INTRODUCTION

Distributed time information is a promising tool for
timestamping in distributed network operation systems,
for fault detection and correction in network systems, and
some academic applications[1][2][3]. Telecommunication networks are suitable for transferring time and frequency. The time and frequency transfer network is composed of transmission systems between network nodes
and between network nodes and Customer Premises
Equipment (CPE). These network systems now use the
same SDH-based interface. In the SDH-based time and
frequency transfer system, time accuracy and stability
depend on transmission system configuration.
ITU-T and ITU-R are now discussing systems for time
and frequency transfer[4][5]. Standardizationis indispensable since time and frequency are basic elements for global telecommunications. Our purpose is to introduce our
new concept and trigger new ITU recommendations. We
must coordinate time and frequency functions with those
emerging in telecommunication networks and to prevent
the adoption of specificationson time and frequency transfer that are incompatible.
This paper describes a basic principle, system configuration, and the transfer format of the new standardized system.
2. BASIC PRINCIPLE

In the SDH based transfer system, either the master-slave
configuration or the two-way configurationcan be selected
as the transfer method.
In the two-way system, time information is exchanged
between two nodes and the time and frequency sources in
the nodes should be carefully configured. Since networks

have their own time and frequency sources, we have to
consider the relationship between the network and the twoway sources. This paper however does not consider twoway time transfer.
In the master-slave configuration, time information, as
well as a reference clock signal, is distributed node by
node from a master to slave nodes and from a higher slave
node to lower slave nodes. Time information can be regenerated at a lower node without any time difference
being caused by transmission delay, with the processes
of transmission delay compensation and time information transfer.
2.1 Transmission delay compensation process
Figures 1 and 2 show the basic configuration for transmission delay compensation and phase relationship among
reference pulses, respectively. A reference pulse (Fig.2
(a)), generated by a time information generator at a higher
node working as a master, is transmitted to a lower node
working as a slave (Fig.2 (b)). The transmitted reference
pulse is returned to the higher node (Fig.2 (c)). The returned reference pulse is delayed by round trip transmission through the outgoing and incoming transmission lines.
Transmission delay is measured by a time interval counter
at the higher node. The practical delay data is one half
the measured delay data if transmission lines pass through
the same medium. The delay data is transmitted to the
lower node (Fig.2 (b) and (c)). The lower node executes
delay compensation corresponding to 'pulse period minus delay data', and can regenerate the reference pulse
synchronized to the higher node (fig. 2 (d)).
2.2 Time information transfer process

The time information transfer process shares the time information that allows matching to the original time information. This process is executed based on the transmission delay compensation process described in 2.1. There
are three steps in this process as shown in Fig.3. First, the
original time information is generated with the original
reference pulse at the higher node (Fig.3 (a)), and then
transmitted to the lower node (Fig.3 (b)). The lower node
executes the transmission delay compensationprocess, and
then regenerates the compensated reference pulse from
the received reference pulse. The compensated reference
pulse is in synchronization with the original reference
pulse. If we select the pulse period of one second, we
have to correct the time information received with the reference pulse, so that the time information, which is regenerated with the compensated reference pulse, is advanced one second (Fig.3 (c)). The higher node time in-
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formation can be transferred to the lower node by these
steps, and these two nodes can concurrently share the time
information as shown in Fig. 3 (a) and (c).
3. SYSTEM CONFIGURATION

Figure 4 shows the basic configuration for the new time
and frequency transfer system. The system is composed
of SDH-based transmission equipment installed in two
nodes and the bi-directional transmission medium of outgoing and incoming transmission lines. Time informa-

tion and the reference pulse of one second period generated by time information generator are imposed on the
STM-N frame format in the multiplexer (SDH-MUX) at
the higher node of slave node i, passed through the outgoing transmission line, and then extracted in the
demultiplexer (SDH-DEMUX) at the lower node of slave
node i+l. The same process is executed in the direction
of the incoming transmission line. While the extracted
time information and reference pulse are directly used in
slave node i+l in the two-way time transfer, the extracted
signals are additionally fed to the time information gen-

erator in slave node i+l in the master-slave configuration, the shaded area in Fig. 4. The time information generator in slave node i+l generates the compensated time
information and the reference pulse using the transmission delay data in the extracted time information.
In the master-slave configuration, the higher node measures the round-trip transmission delay. The Time Interval (TI) counter B shown in Fig. 4 measures the time
delay(D,) between the reference pulse generated in time
information generator of slave node i and the returned
reference pulse from slave node i+l. Additionally, we
have to measure the internal delay of SDH MUX in order
to get the true round-trip transmission delay. This measurement is performed by TI counter A(D,) and D
(D )shown in Fig. 4. There is the internal delay of SDH
D ~ M U Xas well; however, it is constant. TI counter C
measures the time difference(Dc) between the extracted
reference and the output of the time information generator in the slave node i+l. Its difference is equal to the
transmission delay data included in extracted time information when the time information generator is in the normal tracking condition.
One of the most important points in the new system is
that this transfer is achieved by a bi-directional path passing through the same medium. The round-trip path in
Fig.4 is not a loop configuration, but a master-slave configuration. The reference second pulse received by slave
node i+l is influenced by the transmission wander and
time delay created within the outgoing transmission line.
The delay data(TD), which is transferred from slave node
i, is given by

7'D=(DB- D A - Dc - D D ) / 2 + D A .

(1)
Slave node i+l can consequently regenerate compensated
time information free of the influence of transmission
wander.
Time information including delay data is carried in the
Section OverHead (SOH) of the SDH frame format in the
transmission system of slave node i, and transferred to
the transmission system of slave node i+l. Since the SOH
is used to transfer time information, we can use the STMN payload area for providing B-ISDN services at the same
time; there is no reduction in transmission capacity.
Slave node i+l regenerates the reference time information and then distributes it to other network systems and
to other slave nodes. In customer nodes, transferred reference time information is transferred to customer premises equipment again through the STM-N interface.
4. TRANSFER FORMAT

In SDH, NNI and UNI have SOH bytes independent of
the main signal channel for B-ISDN services. We propose that two SOH bytes not defined for any purpose
should be assigned to transfer time information (Fig. 5).
A byte-wise multi-frame is used to designate the beginning bit of the STM-N frame of 8 kHz period as a second
signal. Time and distribution management information
are transferred via the 128kbls data channel. Time information is carried by the first byte, T1 of vector S(9,4, l),
which includes framing information of one second period, synchronization mode and status, time information

-
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level, and time code category and time itself. Distribution
management information is carried by the 2nd byte, T2
of vector S(9,5,1), which includes a route map to trace
rhe roots of time[6], a second signal designation and the
states of system health.
4.1 Byte T1 of S(9,4,1)

Byte T1 is used to transmit time information. The MSB
bit of byte T1, bl, is dedicated for framing, which is a
multiframe of one second period imposed on the STM-N
8kHz frame. When bit bl is value 'l', Byte T1 including
bit bl indicates the beginning byte of one second frame.
The rise time of bl of byte Al, the beginning of the STMN frame, including this byte TI, is the reference second
(Fig. 6).
Figure 7 shows the relationship between one second fiame
and blocks. The block length is 20 bytes. Its repetitive
period is 2.5ms. 400 blocks can be put into a one second
frame. A block is composed of a header of 5 bytes and a
time code of 15 bytes. Block content can be varied with
time code category. For example, a block using local time
category can be followed by a block using UTC category.
All blocks can be all '0's except for the first block which
must include the beginning information of the one second frame.
4.2 Byte T2 of S(9,5,1)

The T2 byte is used to transfer distribution management
information. The T2 frame is flexible, and its length is
quantized to one second frame multiplied by an integer
number. When the T2 status in byte T 1 indicates a beginning frame, byte T2 following byte T1 is the beginning of
the T2 frame, and the previous byte T2 is the end of the
T2 frame. When T2 status indicates a consecutive fiame,
T2 information is translated together with the previous
T2 information. A block of all '0's can follow the end
byte of distribution management information until the end
byte of T2 frame.
Distribution management information consists of blocks,
and includes sender information (1 6 bytes) and sender
status (4 bytes). Sender information includes sender ID'S
such as sender town, building, floor, equipment, and interface. Sender status includes time information generator conditions such as tracking, holdover, and alarm. The
assignment of bit patterns for sender information and
sender status is for further study.
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5. EXPECTED PERFORMANCE
The absolute time error of the new time transfer system is
determined by the transmission delay difference between
outgoing and incoming transmission lines that is length
and characteristic differences between fiber cables. Absolute time error varies with transmission system configurations as listed in Table 1. TYPE I in Table 1 uses two
fiber cables. If two fiber cables are installed in the same
jacket, absolute time error is typically less than 200ns even
for time transfer over 2500km[7]. This error is caused by

fiber cable length asymmetry, dispersion characteristic
differences and wavelength differences. TYPE I1 and I11
use Wavelength Division Multiplex (WDM) techniques,
so one fiber cable can be shared to prevent the biggest
error, fiber cable length asymmetry. The transmission
delay in TYPE I1 is influenced by the dispersion difference at two wavelengths. Absolute time error is less than
loons in the transmission using 1.3pm and 1 . 5 over
~
40km[8]. TYPE I11 adopts transmission delay compensation. Two wavelength transmission in the same direction enables nodes to measure the difference. The direction of one wavelength is then exchanged, and the usual
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Table 1 - Expected absolute time error

Wavelength difference
Fiber cable length

Table 1 - Relative time error

e200ns (Typical)

system as a new study item in the next study period of
ITU-T[9]. Our contribution also touches on a concrete
format and byte reservation in SOH for time transfer. The
new recommendation to be made by ITU-T will advance
time transfer study and development.
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TEMPERATURE SENSITIVITY OF A FIBRE OPTIC TIMING LINK
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ABSTRACT
Three single mode 1300 nm fibre optic links are
used for a time and frequency transfer between
two time laboratories equipped with cesium clocks.
These laboratories determine the Czech National
Time and Frequency Standard. Out of the total
length of 10 km the main part (about 9 km) of the
optic cable is laid in a communication cableduct
whose depth varies between 2 and 3 m. A smaller
part (about 800 m) is buried about 0.5 m underground. The results of routine daily phase time
measurements carried out at both ends during
nearly 2 years were used to determine the group
delay variations of the timing link due to the temperature sensitivity of the fibre.
It has been found that the group delay exhibits
seasonal variations strongly correlated with the
temperature changes in the cableduct effective
depth. As a result, the timing links cause seasonal
peak to peak group delay variations of 10 ns and
corresponding long-term frequency offsets of the
order of 1XI 0-Is .
To correct for the degradation of the time and frequency transfer, the underground temperature
variations induced by the mean daily outdoor temperature were modeled for different depths. Using
the standard estimation method, the effective
depth of the cable was found. The group delay
instability corrected for this effect was reduced
down to the background white noise PM.

The data available at present have been collected
over a period of 700 days which permits the temperature sensitivity of the group delay to be determined more precisely. Based on these robust longterm data, an efficient correction method can be
derived.

EXPERIMENT SPECIFICATIONS
The experiment configuration is shown in Fig.1
where three identical 1300 nm timing links are
depicted. All the three links are equipped with the
identical electronics devices. The basic technical
data of the links are as follows. The output IR LED
of each optical transmitter provides the radiated
power of 4pW modulated by 5 MHz signal. The
received optical signal is converted to the 5 MHz
electric signal by the input photodiode of the optical
receiver. This signal is preamplified in an aperiodic
preamplifier. For the final amplification a tuned 5
MHz amplifier with a bandwidth of 450 kHz is
used. The 5 MHz signal is additionally filtered by a
PLL based on a temperature controlled crystal
oscillator. The fibre optic cable is 10 050 m long
and the total attenuation of the fibre between two
end points ( including eight optical connectors)
reads about 9.6 dB.

INTRODUCTION
The factors degrading the group delay stability of
various space and terrestrial timing links are
widely studied in order to increase the frequency
Jespersen
and time transfer accuracy, Cermak (I),
(2), Primas et al (3).
To minimize the temperature fluctuations, the
fibre optic cable is usually buried underground.
This helm to sumress the short-term fluctuations
of the group delay and, consequently, the
term instability of the time and frequency transfer,
Nevertheless, this may not be sufficient to ensure
the long-term stability .
The temperature sensitivity of the timing fibre optic
links used in Czech National Time and Frequency
Standard has already been mentioned by Buzek
et a1 (4) where the preliminary
of the
factors causing errors in the time transfer was
made.

-#A
I

i

Figure : Experiment configuration
The first 5 MHz signal generated by the cesium
clock at the laboratory A is transmitted to the
laboratory
the timing link
consists of
the optical transmitter OTI, single-mode fibre F1,
receiver oR1and finally the phase locked 5
MHz quartz oscillator PLL1. This signal transmitted
from A at time TIA
received at at time T ~ ~ .
The second and third 5 MHz signals derived from
two cesium clocks and at are transmined to
A over two links denoted by 2 a 3. These signals
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transmitted at times T2t3 and T3t3 from B are received at A at times Tu and T3A,respectively..
The time difference
AT1 = TIB TiA = T10 iTl
(1)
where zlo is the constant group delay of link 1,
z, is the variable group delay component.

-

In the following analysis, only the variable group
delav will be considered. The delav of each link
can b e represented as a sum of the contributions
from the optical receiver (R), fibre (F), optical
transmitter (T) and PLL (P). Hence, for the delay z,
in link 1, we can write

Analogically, the delays of links 2 and 3 will be
denoted by z2 and z,.
Unfortunately, the resolution of the time interval
measurements was limited due to a relatively large
counter quantization error representing standard
deviation of 2 ns.
From the time interval measurements made at A:

and from the simultaneous measurements made
at B:

The relations (6), (7) and (8) allow the delay to be
estimated from the results of the routine daily
measurements (3) and (4).
During the experiment, the indoor temperature at
both laboratories was daily measured in order to
find out a temperature sensitivity of the link electronic equipment. The daily mean temperature
reported for Prague by the Czech Hydrometeorological Institute was used to estimate the temperature sensitivity of the fibre.
EXPERIMENT RESULTS

Records of delays A X , AY , and AZ taken over the
period of nearly two years, from 29 January 1994
(MJD49381) to 30 December 1995 (MJD 50081),
are shown in Fig. 2. Evidently, the summary delay
AY of links 1 an 2 as well as AZ of links 1 ad 3 exhibit very similar seasonal variations of about + 10
ns. These phase time variations result in the periodic long-term relative frequency offset within
-+I .I 0-15 The frequency deviation is negative during the first half of the year and positive during the
second half of the year.
In addition, one can see that the differential delay
AX is nearly constant within the limits given by the
counter quantization noise. Unfortunately, the
resolution of the time interval measurements was
limited due to a relatively large counter quantization
error representing standard deviation of 2 ns.
The Allan deviation of AX reads 2.5 parts in lot4
for the 1 day averaging interval.
The above results bring in evidence a high degree
of conformity of the timing links and, therefore, the
delays z1 , z2 , and T, may be assumed to be
equal.

the following relations may be obtained :

Substituting from (3) and (4) in (5), we have

which represents the differential delay of links 3
and 2. In addition, the difference

is the summary delay of links 1 and 2.
Similarly, the summary delay AZ of links 1 and 3
can be expressed as
AZ = zl(t) + z,(t)
represents the summary delay of links 1 and 3 .

(8)

Figure 2: Summary and differential link delays
The records of temperature taken at both laboratories as well as the record of the mean daily
temperature in Prague are shown in Fig. 3.
The records are shifted by an arbitrary constant to
prevent overlapping.

The curves representing the modeled temperature for different depths are given in Fig.4
(arbitrary constants added).
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Figure 3: Temperature records
TEMPERATURE SENSITIVITY

A significant correlation of the summary delays AY
and AZ with the outdoor temperature has been
found. In contrast, the influence of the indoor temperature can be neglected. In addition, the summary delays AY and A2 when understood as responses to the outdoor temperature are delayed
by about 18 days.
This large correlation time can only be explained
by the propagation time of the heat over the distance between the ground surface and the buried
optic cable.
If the ground surface temperature (2) is given by

than the temperature THin the depth H will be
TH= A e-kHcos (0 t -kH)

(10)

where
(1 1)
where K, denotes the soil conductivity of heat. The
formulae (9) (10) and (11) were used to evaluate
the temperature TH for different values of H as a
function of the outdoor temperature. Firstly, the
spectra of the responses RHto the unit step of the
outdoor tem~eraturewere evaluated for H from 0
to 3 m in 0.25 m steps. Secondly, the temperature
dependence was modeled for different H by
evaluating the convolution
(12)
where KT denotes the sequence of daily differences of the out$oor temperature. The typical
value K = 0.079 m /day was used.

Figure 4: Underground temperature model
The temperature variations shown in Fig.4 are in
good agreement with the experimental results obtained by Lednickv (6).
Assuming the dominant influence of the underground temperature and of the linear changes in
the group delay due to likely aging, the summary
delays can be written in the form

where Kyl and Kzl are the corresponding thermal
coefficients,
Ky2and Kz2 are the ageing coefficients,
TH is the temperature H meters underground,
t is the time MJD and
b = 49381.
By applying the least-square method to daily
measurements for a set of N equations (N = 700)
and by using the temperature models THY the
coefficients Kyl , KZ1,KYZand KZ2 were found. The
optimum estimation was achieved for the depth H
= 1 m (TH= TI ) and for the following coefficients:
K~~= 0.81 ns/grad,
K~~ = 0,77 ns/grad,

KY2= 0,l nslday
KZ2= 0.1 nslday

For the further computations the mean values will
be taken
Kt = 0.79 nslgrad ,

K2= 0.1 nslday.

(15)

The fibre thermal coefficient of dilatation (TCD) can
be determined for K1as

where c = 2.99 792 x108 mls is the speed of light,
L = 19 820 m is the total length of the fibre
under the influence of the temperature
TH,
n = 1.429 is the index of refraction of the
fibre.
After substitution of the above values to (16) we
obtain
TCD = 8.5 ppm 1 OC
which is very near to the values published.
Provided the coefficients representing the temperature sensitivity and the long-term drift of the link
group delay are known, the long-term variations
in the group delay of the fibre links may be reduced for the current outdoor temperature as well
for the ageing
AYcor = AY - KlT, - K2 ( f - to)
AZcor = AZ- K1Tl - K2(t - to)

(17)
(18)

The resulting summary group delays are shown in
Fig. 5.
I

/

whose parts are buried at different and not exactly known depths. The temperature corresponding to this effective depth is the best approximation
of the complex thermal effect on the fibre. Applying the temperature variations of the effective
depth to correct for the thermal variations gives
acceptable results. The residual instability is at the
level of the background noise.
The calculated effective depth of 1 meter is
smaller than the mean depth of the cable whose
major part is buried 2 to 3 m underground. This
can be explained by the non-homogeneity of the
ground in the dense urban area and, particularly,
by the poor environmental isolation of the cableduct.
The cause of the ageing phenomenon has not yet
been found. This will be the subject of further experiments.
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depths" (in Czech), Meteoroloaick6 z ~ r d v v36 , 7173
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REDUCTION OF PHASE NOISE IN SINGLE TRANSISTOR OSCILLATORS

Department of Electronic & Elechical Engineering, University of Surrey,
Guildford, UK

ABSTRACT
A single transistor oscillator requires a tuned network which gives 180 degrees of phase shift at the desired
frequency of operation. Best phase noise requires that the figure of merit P Q ~ / Fbe maximised for the
~
that Power P and circuit Q can be traded whilst maintaining the same phase
oscillator. The product P Q shows
noise. However P Q is~ actually limited by the maximum voltage or current in the tuned circuit together with
the associated loss resistance. Optimisation of these automatically minimises the phase noise.

Of the considerable number of suitable tuned networks the pi network class is shown to be preferable over the
tee network class because the transistor behaves predominantly as a transconductance device.
Many apparently different oscillator circuits are actually the same for the purpose of analysis of noise or
feedback conditions. This is because such analysis is independent of which point in the circuit is regarded as the
ground point.
Both the input and output match of a pi network can be adjusted independently over wide ranges in a simple
manner. In the Clapp class of oscillator such adjustments can be made practically independently of the circuit
overall loaded Q. Such a circuit allows noise match conditions to be set at the (base) input of the amplifier and
at the same time the match to the output (collector) of the transistor can be set independently.
It is shown that noise match conditions are not critical for the optimisation of phase noise particularly if the
transistor noise factor F is near to unity (low added noise). For best overall noise floor it is essential that more
power is provided at the oscillator output (for use in the next stage) than is presented as the available power at
the input to the oscillator transistor.
There are a number of possible places in the circuit to extract the output power. It is shown that there are two
preferred places for the output load which in general should give the best phase noise performance. One of these
in fact corresponds to the traditional Colpitts or Clapp oscillator. The other corresponds to an oscillator
configuration which is possibly novel. This latter circuit promises better (phase noise) performance at higher
fiquencies.

The single transistor oscillator is a good choice
because it is simple and uses a minimum of
Phase noise in any radio frequency system is components.
inevitable. It limits the achievable selectivity in a
channelised communication system and in a radar Originally, the main design objective for an oscillator
system it limits the ability to discriminate between a was that it should oscillate at the desired power level
wanted target and an adjacent target or clutter. The over the required frequency range and at the same time
oscillator is an essential part of practically all radio have the desired frequency stability. This paper
frequency systems. It is therefore unfortunate that the focuses on the design principles of single transistor
generation of phase noise in an oscillator is oscillators covering the required frequency range at the
unavoidable (1). Low cost systems require simple desired power level and with the best possible phase
noise performance. The problem of frequency stability
efficient and cost effective oscillator designs.
1. INTRODUCTION
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is not addressed. It is assumed that other means are
present for ensuring the frequency stability of the
oscillator, such as a phase locked loop (PLL)
amgement and/or reference to a quartz crystal or other
stable fkquency source.

a closed loop Qc = kcQe. The input noise has a flat
power spectrum of F ~ T .Of this 0.5 FkT is phase
noise which is amplified by the closed loop gain kc
and at the same time filtered by the very narrow closed
loop bandwidth of Qdfo. fo is the "carrier" output
frequency. The resulting power spectrum is shown in
Fig.2. The output signal power is actually the area
under the power spectral density curve of the output.
This curve is so narrow at its peak (fdQc = 3dB
bandwidth) that it appears as a pure carrier signal.

The noise performance of an oscillator circuit or
whether it fulfils the feedback conditions for
oscillation over a frequency range is independent of the
biasing and power supply circuitry, provided that these
are properly designed. For this reason only idealised
circuits missing out such details are considered in this
The limiter in the loop serves two functions. It both
paper.
suppresses the amplitude components (also 0.5 FkT)
It is also true that noise performance and conditions of of the input noise and also sets the output amplitude
oscillation are independent of which single point in to a desired value, thereby automatically establishing
the circuit is chosen as rf ground.
the closed loop gain at k, = QJQo. But kc = kd(1ko) where ko is the open loop gain which is therefore
Recognition of this fact allow apparently very different
very nearly unity.
circuits b be grouped together and to be treated as the
same for the purpose of analysis.
In Appendix A more details are given showing that
this model results in a normalised power spectral
The approach taken starts with the simple phase noise
density at noise sideband frequency fm=lf&fl spaced
model of any oscillator originally put forward by
Leeson. (2) To be able to group all possible single fromthe carrier fo of
transistor oscillator circuits into a minimum number
of classes, standard circuit theory transformations are
used. It is then assumed that the transistor can be
considered to be split so that input and output w h e P=PaV
~
= carrier power available at the input of
matching can be optimised independently. The input the amplifier. It should be stressed that Qo is the
matching can then be designed for best noise match
operating or loaded Q of the selective circuit; it
conditions, and the output match can then be adjusted
includes the effect any external loading appearing on
independently for the best power efficiency phase noise
the input or output ports of the selective circuit.
trade-off. The emphasis is on circuits using the
Bipolar Junction Transistor but the principles transfer
directly to circuits using Field Effect Transistors
This equation provides the key basis for designing any
(FETs).
oscillator to have low phase noise. In summary it
The primary aim of this paper is to show that such an
idealised approach does nonetheless lead to very
practical design guidelines and rules for the
minimisation of phase noise in any single transistor
oscillator.

shows that maximising the performance index
P Q ~ / F ~will
T automatically minimise phase noise.
In practice the operating temperature is rarely taken to
be a parameter which can be reduced cost effectively,
and so in the following discussions the performance
index to be optimised is taken as PQ~/F.

2. THE Q MULTIPLIER PHASE NOISE
MODEL OF AN OSCILLATOR

THE
OSCILLATION

3.

The essential basic elements of any oscillator are
shown in Fig.1. The amplifier provides enough gain
so that the small signal positive feedback gain around
the loop is greater than unity. By saturating the
limiter reduces the loop gain to almost exactly unity
when the signal level in the loop becomes large
enough.

CONDITION

FOR

For oscillations to build up at a given frequency in a
feedback circuit Barkhausen's conditions are that the
phase shift should be zero or a multiple of 21r radians
or 360°, and the loop gain should be greater than
unity.

The original effective Qe of the selective element is For the basic oscillator shown in Fig.3 it requires that
amplified by a large factor kc (typically 1012) to give the gain of the amplifier should be sufficient to

overcome any losses in the selective network and the
selective network should provide phase reversal, that
is of x radians or 180°. Fig.4 shows a total of 12
basic networks which potentially can be used in a
single transistor oscillator circuit.
To provide a phase shift of 1800 the six pi network
circuits FigA(a) to ( f ) required to be fed from a high
impedance source and terminated by a high impedance
load. The single transistor is basically a
transconductance device (voltage in and current out). It
therefore presents the right kind of terminations for the
pi networks to operate correctly.
The tee networks in Fig.4(g) to (1) require low
impedance terminations which are not naturally
provided by the transistor amplifier. For this reason
the low impedance loads R1 and R2 are included as
part of the tee network in each case.
For the purpose of estimating the transistor stage gain
the emitter load resister RE and the collector load
resistor R, are shown in Fig. 5. The resistors
represent the total load values presented at the emitter
and collector at the oscillation frequency f,. The
voltage gain kt of such a stage is given by

and for b, d and f
In practice a major part of the transistor collector load
resistance Rc is the input resistance of the pi network
when at resonance. An additional component of this
load or the emitter load RE can be the load resistance
presented to the circuit by the necessity to couple
power out into a subsequent stage (such as a buffer
amplifer or rf mixer).
Similar considerations can be used to derive simple
equations for the tee network oscillators.
In Figs. 4g to 41 it is the voltage at the tee junction
which corresponds (as a dual) to the circulating current
in the pi network. This voltage should be at least five
times larger than the larger of the voltages across R 1
or R2. The implication of this is that the reactances
of L1 or L2, or C 1 or C2 should be higher by five
times the respective resistances R 1 and R2. For good
power efficiency and good match to the transistor R1
and R2 should not be too low (not less than about lk)
and this means that the network reactances become too
large to be easily realisable in practical circuits either
at low frequencies where the inductors become too
large or at high frequencies where the capacitances
become too small. For this reason none of the tee
networks are in general to be preferred in practical
single transistor oscillator circuits.

where gm = 40 Ic to a good engineering
approximation for a Bipolar Junction Transistor (BJT)
The condition for oscillation is completely
and Ic is the dc collector current in amps.
independent of which single point in the oscillator
circuit is grounded. Thus depending on which of the
If RE is smaller than gm-1 the voltage gain is gm & three points is chosen then the circuit of Fig. 3
and if RE is larger than gm-1 the voltage gain is combined with a network from Fig. 4 can be redrawn
to reveal any of the popular type of oscillator circuits
R&E. For E = lmA, gm-l = 25 ohms.
and also to reveal other arrangements which could be
useful in some circumstances. Combining the three
Provided the pi network is operating with a circulating choices for ground points with the twelve networks
current which is large with respect to both the input shown indicates a class of thirty six different oscillator
and output currents the ratio of output to input types. However as will be seen in section 5 when the
voltages is given by the ratio of the output to input oscillator output load is included this number of
reactances, that is either V f l l = C1/C2 or = L2X.1. choices can be expanded further.
Large enough means that resistive loads presented to
the input and output are at least 5 times the input and 4. MATCHING WITH THE RESONANT PI
output reactance values respectively.
NETWORK
Thus for circuits a, c and e in Fig. 4 the loop gain
condition for oscillation is:

Provided the circulating current is kept high enough as
already described the pi network can be said to be
"resonant". Under these circumstances it is found that
adjusting the values of the input and output reactance
provides a very simple and easy way of adjusting the
power match oscillator circuit.

Figs. 6a and 6b show the standard parallel to series
(and series to parallel) circuit transformations.

Cos4(O. For these reasons optimisation to the reactive
part of the noise match resistance is not recommended
for oscillator circuits.

The important point to note is that provided the Q is
high enough (greater than about 5) then the resistance It is interesting to note that noise match theory shows
x ~the reactance that even a gross mismatch of the source resistance
values are transformed by R ~ . R ~ =and
can only cause the added noise power to double in the
values remain the same, Xp=Xs=X.
worst case. A gross mismatch to the actual input
resistance (not necessarily the same as the noise match
Also the cilrrent source i is transformed to a voltage resistance) does not affect the available signal power
source V=iX.
presented to the input; the mismatch simply causes
the signal power to be reflected back to the source
Fig 6c show the transormations applied to the pi with a high standing wave ratio.
network in a way which is useful for deriving the total
loaded Q of the network. It also illustrates how the Table 1 shows the effect of doubling the added noise
choice of Xi and X2 can transform R1 and R2 to any Na for various values of amplifier optimum noise
desired R11 and R21 series equivalents.
factor. What is of particular note is that the
degradation of the noise factor F is actually much
Fig. 6d shows how the parallel capacitance across the smaller than 3dB if the initial added noise is small and
series arm of a pi network can be split and absorbed F is not much larger than unity.
into Xi and X2 in the same ratio so that the resulting
Table 1
x; to x;
ratio and hence the voltage transformation ratio Effect of Na (Added Noise) on F (Noise Factor) and
remains the same. This is particularly useful for FdB (Noise figure)
understanding the design of crystal oscillators. In this
F
FdB
FdB
case the parallel capacitance Co can be transformed to Na&T
leave the motional arm of the crystal exposed as the
Increase
sole series element.
for+3dB for Fa

5.

NOISE MATCHING

The noise factor F of an amplifier stage depends on the
impedance of the source supplying the signal to the
amplifier input. When the source impedance is
arranged to be the optimum value for the amplifier the
added noise Na = (F-1)kT at the input becomes
minimised and the signal to noise ratio can be
maximised.
The optimum noise match source as seen by the input
to the impedance transistor amplifier is in general not
entirely resistive. For an oscillator circuit to be able
to present a complex impedance to the amplifier input
the tuned network needs to be appropriately detuned.
This can be achieved by inserting a supplementary
phase shift somewhere in the feedback loop. The
frequency then alters until the tuned network supplies
an equal and opposite phase shift. In these
circumstances a suitable complex source impedance
can be presented to the amplifier input. Unfortunatley This table shows that a maximum of 3dB
a phase shift of (O will cause the change
improvement in S+(f) can be achieved by noise
matching (all else being equal) and if the noise factor
is already good the gain is even less.
Qt =Q, Cos4
Furthermore other power match conditions in the
~ of the
circuit can be disturbed causing the P Q part
figure of merit to be degraded (3) by a total factor of

6. OPTIMISATION OF THE FIGURE OF
MERIT P Q ~ / F

transistor amplifier. This means that the reactance X2
in the pi circuits of Fig. 4 can be chosen to transform
the noise match impedance Rn of the amplifer into an
In general it is more difficult to reduce phase noise in equivalent R,I which for lowest noise should be
tuned oscillators particularly for wide range varactor chosen so that
tuned voltage controlled oscillators (VCOs). For this
reason the varactor VCO is now chosen to illustrate R,' = R
,'+ R3 R4
(6.6)
how the figure of PQ~/Fcan be optimised.
The Rn to R,I transformation can be chosen in this
A good starting point for the optimisation of phase way without the resulting transistor input impedance
noise in single transistor oscillators is to choose a Ra to Ra' transformation having any effect on PQ2.
transistor with sufficient power handling capability,
but more importantly the best possible noise factor F Equation 6.5 also shows what needs to be done to
at the operating frequency. (An important further obtain the best PQ2: The voltage Vg across the
contribution to noise can occur if low frequency reactance has to be as high as possible; the varactor
transistor noise is converted to phase noise by AM to and inductor loss resistance, R3 and Rq, need to be as
PM conversion occurring in the transistor. To low as possible; and the effective transformed input
minimise this it is good practice to choose a transistor source resistance R11 should be as low as possible.
with low l/f noise, and biasing and decoupling
arrangements which minimise the-generation of low
Note that because of the bansformation through X1
frequency noise).
R 1 being as high as possible corresponds to R llbeing
It will now be shown that the optimisation of P Q ~ as low as possible. As will be seen in the next
does not depend on the actual input impedance of the sections, it is easy to achieve this condition because of
transistor stage even if this is considerably different the naturally high output impedance of a transistor
from the noise match impedance. This important fact (acting as a transconductor) but only provided that no
(output) load is placed across the input (X 1) of the pi
can be seen as follows.
network.
At resonance all the reactances shown in Fig. 7 sum
to zero. But note that X3 is the only inductive Usually the major restriction on the voltage Vg a m s s
reactance so that the Q=Q1 is
the inductor is the rf voltage handling capability of the
varactor shown as reactance Xq in Fig. 7. Fig. 8
shows how V3 can be increased by inserting the
capacitance X6 with a suitable value in series with the
The series current is:
varactor.

+ ................................

The voltage across the inductance

If the combination (Xg + X 1 + X2) is made n times
Xq then the voltage V3 can be increased n times.

This allows P Q ~to be increased by n2 times
according to equation 2.1 corresponding to a ne2
Equation 6.3 is in fact well known and could have improvement of noise.
been stated without derivation from equations 6.1 and
6.2.
The penalty is that the tuning range achievable by the
varactor is then reduced by the factor l/n.
For P=Pav the power available at the amplifier input
we have by definition:
This technique does nonetheless offer considerable
phase noise reductions and it is surprising that it is
not more used by VCO designers.
and from equations 6.4 and 6.3 we derive

In the above example the VCO range can be restored
to its original value in absolute frequency terms if the
output frequency f o is multiplied to nfo. However,

The significance of equation 6.5 is that it does not the phase noise is then increased by n2 which cancels
depend on the transformed input impedance R,I of the out the original improvement. As a side issue it

indicates that the phase noise performance of a VCO replace R 1 and in case (d) Ro can replace R2 referring
should always be defined with respect to its absolute back to Fig. 4.
tuning range rather than to its actual output frequency.
Possible earthing points are also shown in Fig. 9 for
As an example for VCOs a useful SNf) criterion for a each load position. Those connected to one or other
good oscillator is better than -12OdBC in 1Hz at end of the load are slightly to be preferred for ease of
lOkHz for lOOMHz range. This is irrespective of coupling to the next stage, Otherwise an rf
whether the tuning range is achieved at 200MHz, transformer output is required to allow the load to
2GHz or 20GHz.
remain ungrounded and floating.
From equation 2.1 it is possible to estimate P Q ~ An important point is that not only are the conditions
corresponding to this good VCO criterion. For F=2 for oscillation unaffected by which ground point is
(3dB) and taking fo= lOOMHz, fm-l0kHz KT=4x10-21 chosen, but also the noise match and power match
conditions are similarly unaffected.
and S$(f)=lO-12we find -0.1
watts.
It can now also be noted that consideration has been
Then assuming circuit losses Rs=R~+Rs(+RI~)
given to a total of 14 load position and ground point
=2.5ohm then from equation 6.5 we have for the rms combinations as in Fig. 9 and 12 tuned networks as in
rf voltage across the inductor V3 = 1 volt. If the Fig. 4. This implies that a total of 12x14=168
technique shown in Fig. 8 is not used then
different oscillator circuits are addressed by the analysis
method given in this paper.
It now remains to choose which of the arrangements
and so the voltage across the varactor is also almost 1 in Fig, 9 are the best for phase noise performance. In
volt.
section 6 it was seen that the best phase noise figure
of merit could be achieved if the input of the pi
From this can be seen that the best way to achieve network was driven by a current source. In Fig. 9(a)
good phase noise is to maximise the voltage V in the the load Ro appears across the input to the pi network
tuned circuit and to minimise the tuned circuit loss and therefore degrades Qo. Similarly Qo is degraded
resistance Rs to give the best P Q =~ ~ ~ 1 4 A~ sby. Ro at the output of the pi network. In fact by
value greater than 0.1 watts will provide good VCO treating the pi network as a perfect transformer case (d)
performance almost automatically.
can actually be seen to be the same as case (a).
7. THE OPTIMUM OUTPUT LOAD

For the output load optimum means not only the
optimum value but also the optimum position within
the transistor oscillator circuit.
The first requirement is that in general a minimum of
the same power which is made available to the input
of the transistor stage should also be made available to
the input of the subsequent stage. If this is not so
then ratio of the signal power to the noise floor or
noise floor S$(f) will become degrade in the second
stage. (The noise floor is assumed to be the same in
each stage).
The second requirement is that the position of the
output load in the circuit should be such to cause the
minimum reduction of the loaded Qo. A major
conclusion of this paper is that because a transistor
behaves as a transconductance it is possible to choose
an output load position which has little effect on the
loaded Qo. Fig. 9 shows a total of four different
output load Ro positions in a pi network type
transistor oscillator. For the tee networks similar load
positions can be chosen in case (a) Ro can actually

In both Figs 9(b) and 9(c) the input of the network
sees the high impedance of the current source. In Fig.
9(b) because the load is in series with the current
source it has no effect on very high impedances of the
current source. Both these circuits should theoretically
give the best possible phase noise performance.
At high frequencies circuit 9(c) is to be preferred. The
collector base capacitance can be transformed into the
two shunt arms of the pi network as shown in Fig.
qd). In circuit 9(b) this cannot be achieved and in fact
the combination of this capacitance and the load
resistance Ro will start to give unwanted loop phase
shift at the higher frequencies.
Another reason for preferring circuit 9(c) is because the
input impedance (resistance) of the amplifier is much
higher. Although as shown in section 6 the input
resistance was shown not to affect the achievable
phase noise performance when circuit voltage ratings
were taken as the defining limitation, nonetheless a
high input resistance does allow a higher overall dc to
rf power efficiency for the oscillator to be achieved.

There is however an additional design requirement for 2.
circuit 9(c) to have sufficient loop gain to be able to
oscillate. The voltage gain of the transistor stage is in
fact R i n m-~ .where Rin is the input resistance of the
tuned circuit. Because the emitter rf current through 3.
RE is essentially the same as the collector rf current
into Rin then RE should be made slightly larger than
Rin to ensure more output power than is made
available through the pi network to the amplifier
input. The voltage gain of the amplifier is then less
than one. Thus the pi network must be made a step
up voltage transformer with X2>X1 to keep the
overall loop gain greater than unity. This is easily
achieved in practice.
For further comparison with commonly used oscillator
circuits the arrangementsof Fig. 9 0 ) and 9(c) together
with the pi network of Fig. 4(c) are shown redrawn in
Fig. 10(a) and 10(b), Fig. 8(a) is clearly the
traditional Clapp oscillator with the output load
connected to the collector. This provides confiation
that the Clapp oscillator can be considered a preferred
arrangement for low phase noise.
The redrawn Fig. 9(c) as shown in Fig. 100) indicates
the output load to be in a place not normally chosen
in the past. With the earth point as shown the load is
floating but this could be moved to one or other end of
the load without the phase noise performance
changing. This arguably novel arrangement should
perhaps be further investigated in practice to see if the
improved phase noise promised by the above analysis
can actually be confume&
8.

CONCLUSIONS

In this paper good phase noise has been taken as the
predominant requirement for any oscillator. Many
apparently different single transistor oscillator types
can be analysed using the same fundamental phase
noise model. This model indicates the noise match
and power match conditions required to give the best
phase noise. Noise matching gives only a small
advantage. Phase noise can be optimised almost
automatically by minimising tuned circuit losses and
maximising tuned circuit voltages. It is shown that
the Clapp oscillator is a good design for low phase
noise, but there is a modified Clapp design which
could give better phase noise performance at high
fi-equencies.
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APPENDIX

The phase noise model of section 2 relates to the basic
oscillator shown in Fig. 2.1 as shown in this section.
The transfer function for any simple tuned circuit for
Q=Qo normalised for unity gain at the resonant
frequency =2do is given by

integrated from fm=minus infinity to plus infinity.
TO do this the more precise valuesof G c ( ~ given
)
in
equation A1.2~is taken but with ko=l. This gives
dfm

.......Al.6

-1

Go(s) = [I + & (5- y)] ....................(Ala)

........................( A ~ c )
The closed loop transfer function from input to output
in Fig. 2.1 is given by (forward path)/(l-loop path)
and is

............Al.2o
G,(s) = k o ~ o ( ~ ) l~,G,(s))
(l
= ko[l+ 2j&.f, I fo

- k0]-l......~ l . 2 b

~ ( 1 1 2 ~ ~ ) ' ( ~ / f ~ )
iff,/2Q <Ifrn I<f,/2& ................A.1.2d
and where&
= 1 - ko andk, is just

/a

less than unity.
The power SptXtlUm hXlsfer function from illput to
output is

I G,(s) 12= G(jco). G(- jco)

The sideband phase noise at frequency fm originating
from FkT12 input phase noise is thus

But S$(f) is the sideband noise normalised by division
by the total carrier power P.

This is equation 2.1.
Note that the value of the closed loop "multiplied"
Q=Qc is not needed to calculate the normalised phase
noise S$(f) P is actually the total phase noise N(fm)

B~ making the substitut.on

is the closed loop filter bandwidths the integral is
found to be xu. Equation A1.6 thus gives
4PQ:
Qc = h~

............................................~ 1 . 7

For the example of F=2, fo=lOOMHi
andP

Q ~= 0.1 andk~ = 4x10-~'

as used in section 6.

At lOOMHz the filter bandwidth is

2a = fo/Qc= 10"1.6~10~~
= 0.63mHz ........A1.9
With a bandwidth of 0.63 milli-Herz even pure phase
noise appears as a pure -er
signal.
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ANALYSIS OF MEDIUhf-TERM FREQUENCY INSTABILITY
OF HIGH STABILITY QUARTZ OSCILLATORS
Barbara Kalinowska, Barbara Gnielviriska
Tele &Radio Research Institute, Ratuszo~a11, 03-450 Warszawa,Poland
1. Introduction
Various types of high stability quartz oscillators have
been elaborated and produced 'on a small scale in
Tele & Radio Research Institute over last lwenty
years.
Systematic investigations of long-term frequency
stability of the oscillators have been carried on since
several years.
Typical parameters lguaranteed and practically
obtainable/ of currently manufactured ITR OCXO's
are shown in Table1.
Exemplary measurement results of short-term
frequency stability, for average time from lms
to lOOs, are shown in Fig. 1.
According to definition, given in actual
standardization documents, long-term instability is
the frequency change observed in conditions assuring
elimination of other influences on oscillator
frequency .especially temperature and supply voltage.
During investigation carried on in lTR laboratory
there were observed slow, lasting for hours,
fiquency fluctuations making difficult the
determination of true long-term characteristics of
measured oscillators.
The results of investigation and calculation
procedures, used for data processing in order to
increase a confidence level of frequencyftime
characteristics determination, are presented in this
paper.
2. Method of measurement
Block diagram of the system for measurement of
long-term frequency stability is shown in Fig.2.
Basic algorithm of measurement procedure is given
in Fig.3.
Investigated oscillators are measured successively
each two hours.
Ambient temperature and pressure are measured
during each testing cycle.
All measurement data are collected in computer
memory in the following files :
- date of measurement (day and hour),
- temperature,
- pressure,
- relative frequency standard deviation for each
oscillator.
Frequency resolution of the applied measurement
method, for nominal frequency 5MHz and average
time lOs, is
- (3-5)E-12 for higher class oscillators,
- (0.5-1)E-11 for standard oscillators ( e.g. OCXO
100).
The measurements are made during continuous
operation of investigated oscillators in unconditioned

room. Observed typlcal temperature changes are not
higher than 1K/24h and pressure changes correspond
to changes of atmospheric pressure ( in practice they
don't exceed 20hPa/24h ).
Taking into account parameters of tested oscillators,
it can be expected that, for oscillators of high longterm stability, frequency changes caused by external
influences (temperature, pressure etc.) are of the
same order like changes resulting from intrinsic
oscillator properties.
In connection with that the procedure used for
determination of oscillator 24-hours frequency
stability, basing on linear regression method, is
charged with considerable error.
3. Results of investigation
Typical frequencyltime characteristics for oscillators
of various class, obtained from previously created
files of measurement data ( together with temperature
and pressure changes existing during measurement )
are presented in Fig.4 4 B, C.
Data files are characterized by the following values :
- correlation coefficient
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possibility of slow fluctuation process contribution (of
high power exponent; SyzF '2 ).
In Table3 there are shown exemplary measurement
results of the short-term frequency stability of
OCX02001 oscillator, made for average times 11000s. Allan variance ( o ~ and
) three-samples
variance ( x ) are calculated.
Taking into amunt specific character of variances
changes and value of their ratio, it seems that slow
fluctuation processes take place in the investigated
oscillators.
4. Conclusions
Presented results should be treated as an intermediate
stage and further investigation, allowing for better
approach to real fluctuation processes existing in
tested oscillators, should be continued
For that purpose it is necessary to conduct
investigations of hermetically encapsulated higher
class OCXCTs and to try new correction methods.

The procedure used for determination of above
mentioned parameters and for introduction of
necessary correction is shown in Fig.5.
Corrected frequencyhime characteristics, for various
oscillator types, are given in Fig.6-8.
Similar characteristics obtained for two oscillator
models (of increased sensitivity to temperature and
pressure) are presented in Fig.9-10. In one of these
oscillators temperature sensitive SC-cut resonator
excited on B-mode (Fig.9) was used and the second
(Fig.10) with special SC-cut resonator of increased
sensitivity to pressure was equipped.
Values of correlation coefficient determined before
and after correction process are collected in Table2.
Obtained results show that described correction
method gives positive effects only in the case when
one explicitly dominating influence exists and for
OCXO's of lower class.
For higher class oscillators ,fiequency/time
characteristic after correction process is still
correlated with pressure and temperature changes. It
shows the presence of so far negkted additional
influence, correlated with temperature and pressure.
Such influence on measurement results could have
humidity, which effects are of quite different and
difficult to predict time dependence and for that are
difficult to remove by using the appropriate
corrections. The humidity changes can affect
and bp coe&cients,
negatively evaluation of
modi@ing thermal isolation of
the oscillator
tllermostat.
Approaching the residual (after correction process)
fluctuations of the frequencyftime characteristic of
the order of l E l l it is necessary to consider the
Table 1.

REFBRENCES
1. J.R.Vig, F.L. Walls. Fundamental limits on
the frequency instabilities of quarb crystal
oscillators, IEEE, 1994
2.
J.J. Gagnepain, Fluctuations and noises in
quartz resonators and oscillators, Prace ITR,
99-100, 1985
3.
B. Kalinowska, S. Gawor, Automated system
for investigation of long term instability of
precision quartz oscillators, 8th Conference
PEZW94, Zakopane, 1994

Table 2. Exemplary calculation results.
File parameters
Type

Calculated
slopes

no
n

OCXO
100
OCXO
80
OCXO
2001

Correlation coefficients
(beforelafler correction)

~TP

374

53

-0.646

3421

29

-0.339

3410

29

-0.339

rft
0.952
0.985
0.989
0.993
-0.372
-0.33

rf T
0.314
0.512
-0.324
-0.248
0.424
0.098

rfp
0.218
-0.03
0.64
0.61
-0.318
-0.242

bfip

bfm
[lK]
-8E-11

[l/hPa]
4E-11

-8E-11

6E-12

6E-11

-7E-13

24h

stddev
from
change st.line
beforelafler
correction
5.3E-10 2.4E-10
5.4E-10 1.4E-10
2.5E-10 0.5E-10
2.4E-10 0.4E-10
-16E-13 7.3E-11
-16E-13 6.7E-11
freq.

Fig.1 Short-term frequency stability of ITR OCXO oscillators
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AN INSITU TECHNIQUE FOR THE RESOLUTION OF AGING CONTRIBUTIONS
BETWEEN QUARTZ RESONATORS AND OSCILLATOR CIRCUITS
Gregory Weaver, William Hanson & Timothy Wickard
Piezo Crystal Company, Carlisle, PA., U.S.A.

ABSTRACT
Historically, many valid attempts at assessing
the aging of quartz crystal oscillator systems
have been met with frustration. While the
quartz resonator's aging mechanisms, in
isolation, have gained due attention, the
insitu aging process within an oscillator
circuit has received incomplete
characterization. As producers of both
precision quartz crystals and oscillators, we
have been confronted with this uncertainty
both internally and with our external
resonator customers. Crystals which have
been scrutinized for aging drift have yielded
poor oscillator performance within well
established circuit designs. In a more
practical sense, the uncorrelated behavior
observed between isolated resonator
measurements and actual oscillator
performance leads to an uncomfortable
segmentation of the aging problem. This has
hampered the development of a standard
model for precision oscillator aging.
Our method for independently resolving the
contributions of the aging drift of the quartz
resonator from the contributions of the
sustaining oscillator circuit relies on two
corollaries of established oscillator theory:
1.) Resonator aging is a
manifestation of a continuous drift in the
series resonant frequency of the quartz
crystal. However, the phase slope
associated with the Q of the resonator
remains predominately unchanged.

2.) Aging of the oscillator
components other than the crystal will
result in a net phase shift across the
resonator accumulated over time.
Using these principles, we have established a
measurement system which not only records
the per unit time frequency drift of a quartz
oscillator system, but also records the change
of the phase shift across the resonator. By
establishing the value of the operating phase
slope of the resonator/oscillator system, the
contribution of the oscillator circuitry to
aging can be inferred and removed.
Consequently, the frequency drift attributable
to the resonator is separable even though the
resonator is within the closed-loop oscillator
system.
In practice, our method will facilitate the
optimization of oscillator aging through
unambiguous experimentation of parameters,
such as drive and load. Additionally, the
verification of circuit and resonator aging
models can be performed under closed-loop
conditions. Since the system will allow
selective substitution of oscillator
components, a more rigorous understanding
of the oscillator aging phenomenon will
develop. The paper will elaborate, by sharing
our method's results on the initialization
behavior of a precision SC cut crystal
oscillator. In addition, two experiments with
OCXO thermal performance will be
presented to illustrate the versatility of the
insitu technique.
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INTRODUCTION:
Aging in quartz crystal oscillators has been a
subject of study in frequency control from
almost the beginning. In fact, the first
industrial conference relating to frequency
control was called on July 1 1th, 1944 to
address the "ageing problem" with military
communications.' Aging is best described as
the time dependent change of frequency with
all other external influences assumed to be
quasi-static. As the decades have proceeded,
aging remains as the principle factor limiting
the useful life of a quartz controlled
frequency source.
Since it was quickly demonstrated that
resonator processing could dramatically
effect the aging of quartz oscillators, the
quartz crystal manufacturers bore the brunt of
the assignment to reduce aging. Two
fundamental aids to assist the research efforts
of quartz crystal design grew out of this
demand. The first was an electrical
equivalent model which could map the
behavior of a quartz crystal into the oscillator
circuit. This electrical model was
particularly well established by E. Hafner in
1969.2 The second was a collection of
measurement systems which would allow the
quartz crystal designer to estimate the
parameters of the quartz crystal's electrically
equivalent model.
The evolution of measurement systems was
guided by two concerns. The ability to
resolve the highly frequency dependent
electrical parameters of the quartz crystal in
the narrow region around resonance and the
ability to determine the electrical parameters
when the crystal would experience the effects
of a reactive load. The first generation of
measurement equipment, known as "Crystal
Impedance" meters, were in fact series
resonant oscillators. The principle for the use

of the CI meter was that once the drive and
phase conditions were established by a
substitution resistor, the inserted resonator
could be electrically measured. However, as
improved resonator designs for aging
necessarily increased the Q of the crystals,
the limitations of using an active
measurement system such as the CI meters
became apparent. In particular, the CI meters
had no independent source for absolute
frequency accuracy and the variability of setup made precision aging measurements
impossible.
The need to include absolute frequency
accuracy into resonator measurements led to
the invention of the transmission or passive
style measurement systems. Specifically, an
external frequency source such as a
synthesizer is used to provide a stable
frequency signal into an arrangement of
passive elements. The zero-phase "pi"
network transmission test set described by C.
Adams and others in 1968 is an example of
The advantages presented by
this appr~ach.~
the passive transmission method allowed
resonator designers to precisely sweep the
impedance of the crystal with a known
interrogation frequency. Additionally, the
use of the vector-ratio meter provided a
direct phase measurement capability.
Nonetheless, as the aging capability of quartz
resonators continued to improve by
magnitudes, small uncertainties in phase
within the transmission systems limited the
resolution and repeatability of aging
measurements. Recently, there has been the
introduction of balanced bridge style systems
in which the resonator is unambiguously setto an operating condition. The ability of well
designed balanced bridge systems to resolve
aging in the ppb has been demonstrated by
Hafner and other^.^

Coordinate with the iterative improvements
made in quartz resonators, oscillator
designers began considering the stability of
the entire oscillator system. However,
because of the complex aggregate of
components constituent in any oscillator
implementation, it became clear that the
analysis of non-resonator aging within
oscillators would require extensive
simulation. Most of these simulation
strategies involved some form of reduction
technique on the circuit topology to ascertain
the relevant oscillator model. An example of
a reduction technique is the "negative
resistance" model or "osci-llator" concept
documented by B. P a r ~ e n . ~

Fundamental to all oscillator reduction
approaches which consider a quartz resonator
is the assertion that dX/df for all components
other than the crystal is practically zero
around the narrow region of steady-state
operation. Another way of regarding this
assertion is that the Q of the resonator
dominates the d$/df characteristic of the
steady-state closed loop. With these factors
in mind, it becomes convenient to again
subdivide the consideration of oscillator
circuit behavior into " the crystal and then
everything else".
It is our contention that the apparent schism
in the consideration of aging mechanisms in
the quartz controlled oscillator has been
promoted by the natural ability to divide
frequency stability behavior at the resonator.
More interesting, we feel that the use of the
passive transmission techniques to directly
measure resonators has presented an obstacle
into the resolution of oscillator aging by
raising the concern that the measured
behavior is somehow different than that
applied by the continuous dynamics of the

active oscillator systems6
As designers of both quartz crystals and
precision oscillator, we are familiar with
inconsistences in aging assessment between
resonators and oscillators. Specifically, the
short-term or initialization period of a
resonator is generally unknown prior to
insertion into an oscillator. For our methods
at Piezo, the use of n and reflection type
transmission systems for resonator
measurement can only produce sequenced
frequency deltas through conditioning
treatments. Therefore, the time record of the
resonator aging is unmeasured until installed
into the electronic circuit.
The measurement technique discussed in our
paper will demonstrate a method to assess the
insitu aging of the resonator in an active
oscillator system. We will first outline the
theory which we believe demonstrates the
feasibility of distinguishing the resonator
aging contribution from the rest of the
oscillator. We will then attempt to validate
the technique empirically by examining the
results of several experiments. Finally, we
will propose a course of further studies in
oscillator aging that will be made available
through the use of this insitu technique.

THEORY OF THE INSITU
TECHNIQUE
The ability to resolve the aging of an
operating oscillator into circuitry and
resonator contributions would greatly aid the
development and verification of theoretical
models. We are particularly interested in the
effects of initialization and retrace of an
operating oscillator during the first several
days. These effects can represent a large
portion of an oscillators first year aging
excursion. Currently, a physical explanation

for the initialization effect of a quartz
oscillator is not well understood.
By considering several aspects of the
"negative resistance model" oscillators and
the electrical equivalent of a crystal , it will
be shown that the following corollaries are
e~tablished:~
1.) Resonator aging is a
manifestation of a continuous drift in the
series resonant frequency of the quartz
crystal. However, the phase slope
associated with the Q of the resonator
remains predominately unchanged.

2.) Aging of the oscillator
components other than the crystal will
result in a net phase shift across the
resonator accumulated over time.
The causes of aging in crystal oscillators has
been investigated extensively from a
resonator point of view. Vig and Meeker
state that the primary causes of crystal
oscillator aging are mass transfer, stress relief
in the mounting structure, changes in the
electrodes, package leaks and changes in the
quartz. Mass transfer is generally described
by contamination transfer effects and
ascribed to the inductive component of the
electrical equivalent circuit. For example,
the mass of material diffusing onto a 10
MHZ 3rd overtone SC cut resonator aging l~lO-'~/day
is 1.4x10-l4gm/mm2or a
5.35~10"angstroms increase in thickness per
day. This is 53 atoms per million of mass
equivalent quartz. Thin film relaxations and
mechanical stress relief due to plate
distortions are generally attributed to the
All of these causes
motional capa~itance.~
predominately result in a time related change
in the series reactive component of the
electrically equivalent resonator.

The leaking of the resonator enclosure is not
consistent with this assertion. A substantial
change in equivalent resistance is
experienced by conductance changes in the
thin metal film of the electrode reacting with
air. Additionally, the acoustics of the wave
will be attenuated if the resonator is a quasishear mode. Because the Q of the resonator
changes during leaking, the phase slope of
the oscillator's steady state operation cannot
be used to calibrate the separation of the
oscillator frequency drift. To this extent, the
behavior of the insitu technique to leaking
must be treated as a special case.
The justification for the "insitu" technique to
directly assess the oscillator circuitry aging
begins by examining how the phase across
the resonator changes with respect to the
electrical parameters of an equivalent model.
Fig. 1.) illustrates a modified model of the
standard electrical equivalent for a crystal.1°
In this model, the reactive components
associated with the motional series resonant
section are reduced to a reactance element
Xm. The admittance of the network of Fig
1.) can be expressed as:

which can be rewritten to separate the real
and imaginary terms:
Y=

Rs*Xco
j * (Rs +Xm +Xm *Xco)
Xco * (Rs +Xm 2,
Xco * (Rs +Xm 2,
+

Therefore the change in phase across the
crystal resonator is:

This expression for $ can then be
differentiated with respect to Xm and to Rs
so that the sensitivity of the phase can be
analyzed with respect to changes in the
equivalent electrical parameters. The
sensitivity of the phase change across the
crystal with respect to aging of the electrical
equivalent parameters must be shown to have
a minimal effect. Otherwise it would be
impossible to resolve the independent
contributions of the oscillator circuitry from
the crystal based on phase change of the
oscillator closed loop.

With the substitution of some typical SC cut
parameters for Lm, Cm and fsr; it is
determined:
c m =laL,sar
Lm =1.38796 H
fsr =10.0000014 MHz
6fsr
= -2.74 * l o 4HzIaF
6Cm

First, the sensitivity of Xm will be examined.
The resonance frequency of the motional
section of the crystal is:
fsr =

1
2 *n: *(Lm * c m ) l n

Where Lm and Cm are the inductive and
capacitive components of the motional
section and the derivative of fsr with respect
to Cm is:
1
6Cm 4 * n : * ( ~ m l n * c ~ 3 / 2 )

6fsr
--

-

Likewise the expression for Xm as a function
of Cm and fsr is:

Note that the variable f must now be included
as Xm is a function of the resonator's
operating frequency. The derivative of Xm
with respect to Cm is:

Which demonstrates that there are four orders
of magnitude between the sensitivities. It
must also be noted that 6Xd6Cm is a
function of the operating frequency. Since
Xm increases on either side of fsr, the
sensitivity of dXddCm should be examined
at the oscillator's operating point. The offset
frequency f from fsr in the example above
was +10 Hz, which represents about a +70
degree of phase shift from the operating point
of the series type oscillator used in the
experiments.
By reiterating that Xm reduces as the
operating point approaches fsr, the results of
the 6Cm comparisons offer strong
confidence that the small changes in
motional reactance from resonator aging will
not skew the phase information across the incircuit crystal.
The examination of the sensitivity of changes
in Rs to the phase across the crystal require a
more developed model of the resonator's
behavior in-circuit. Fig. 2.) is a block
diagram of the "negative resistance"
oscillator model." The model divides the

behavior of the oscillator loop into two
sections. The first section (left of the dashed
line) are the components which have the
narrow band frequency dependence of a
resonator. In a crystal oscillator, this would
be the real part of the impedance of the
crystal's electrical equivalent model, Re.
The reactive part of the crystal's impedance
is represented by Xe. The balance of the
oscillator's behavior is represented in the
second section (right of the dashed line) and
is considered "frequency independent" over
the narrow operational bandwidth of the
crystal.
The frequency independent section of the
"negative resistance" model has four
components, two reactive and two real. XL
represents the series load reactance often
used to tune the oscillator to an absolute
frequency. XLLis a lumped effective
equivalent of all other reactive components
of the oscillator circuitry. Likewise, RLL,is
the sum of all effective circuit losses,
including energy to the output circuit. RLL,
is the "negative resistance" which represents
the amplifier gain necessary to support the
steady-state oscillator condition.
The fundamental relationships of the model
establish the oscillation criteria.12

The first relationship states that at steadystate conditions the closed loop gain will be
exactly one. The second allows no
accumulated reactance around the loop. This
is equivalent to the statement that oscillators
have n2n closed loop phase shift, where n is
an integer.

The reduction of the oscillator circuit into the
"negative resistance" model allows the
sensitivity of the loop to real changes to be
analyzed through the use of two parameters;
d+/df and dX/df. d$/df is the phase slope of
the oscillator loop, including the crystal.
dX/df is the reactance slope of the frequency
dependent component section of the model,
the crystal's Xe.
The sensitivity of the in-circuit phase change
across the crystal to Rs requires an
estimation of the other real components of
the model. In other words, the Qop or
"loaded Q" of the resonator within the
oscillator loop must be determined. The
measurement of d+/df in an oscillator under
closed loop conditions is the direct way of
determining the Qop.
The measurement of d+/df is obtained by
recovering the phase change across the
crystal while the X, of the oscillator is
changed slightly. It is also important to
record the absolute operational phase, 4. For
an example, we will use a 10.0 MHz series
resonate type oscillator, employing an SC-cut
crystal resonator with the typical electrical
parameters discussed previously, and
operating at = 2O. If the measurement of
d+/df is:

+

then the "loaded Q" or Qop is calculated as:13

Qop =5.19001 *lo5

The expression for the sum of all real losses
around the closed loop of the model,
including Re can be derived from the general
expression for d$/dX:

Since the sum of the reactance around the
loop is zero in steady state, then d$/dX =
llRTfor any steady state condition and RT is
the sum of all real losses, including Re.
Therefore, an expression for RT can be made
using the ratio of dWdf over d$/df:

An increase in RT will always have the effect
of decreasing Qop at the same operating $.
This seems confusing, at first, since Re is a
summed part of RTand in general Qop
actually increases a little as the crystal
operates toward the positive Xm region.
However, keep in mind that Qop is also a
function of dWdf and it can be shown that
dWdf varies at the same rate as Re.14 To
calculate the sensitivity of Rs changes in the
oscillator model, the effect on d$/df must be
calculated.
From the equation for RT, d$ldf can be
expressed as:

and the derivative with respect to RT is:

and

6X_Z*Qx*Re;
--

6f

f

Qx=

1
2 *n *f *Cm *Rs

At an operating phase of approximately zero,
Re is very close to Rs. Using the value of
Qop previously determined:

6x
Sf

-=17.44 OhmslHz
R,=168.6 Ohms
R , =108.6 Ohms

With these values established, the sensitivity
analysis for changes in Rs can be completed.

which can be simplified, but will be left in
this form for analysis purposes. The change
of d$/df with incremental changes in RTcan
be evaluated as approximately, -6*10A-4 for
the oscillator and crystal parameters
introduced earlier in this discussion.
Since a unit change in Rs will be nearly
equivalent to a unit change in Re and RT at
most operating phases, then the change of
d$/df with respect to a unit change in Rs is
nearly equivalent to the value of -6*10A-4.
Additionally, from the inspection of the
equation for dX/df it can be see that a unit
change in Rs will result in nearly the same
reactance slope. Therefore, the derivative of

d$/df with respect to a unit change in Rs is
practically constant.
Likewise, using the general expression for
d$/dR:

d$/dRe9can be evaluated as:

for unit changes in Rs over most of the
operating region of the oscillator loop.
By inspection, the equation for d$/dRe will
reach its maximum (or minimum) when Re
equals IXel, and the operating phase is +45"
(-45"). This point in the operating phase can
be approximated by letting lXel= Rs because
both the phase slope of the crystal and dX/df
are still essentially linear in this region.
Therefore, the maximum (minimum)
sensitivity of crystal d$ to changes in Rs is:
!e=Rs=60Ohms; wel=Re at @ = 0.785Ral;

Additionally, the max(min) fkequency change
for a unit change in Rs can be estimated by
adjusting the d$/df with the sensitivity factor
for d$/df with Rs calculated previously, then
multiplying the reciprocal of the iterated
d$/df by the max(min) sensitivity of d$/dRe.

t

6f * 60 mnx(min)e +I-0.08 HzlOhm
6@ 6 ~ e

The results of the sensitivity analysis for
changes in Rs indicate that for a one ohm
change in Rs, the maximum change in $
across the crystal is about +I- 0.5" and the
maximum frequency change is about +/-8
ppb. The polarity of the change with Rs is
dependent on whether the operating point of
the oscillator is above or below the zero
phase condition of the crystal's equivalent
circuit. If Xe is positive, then the operating
point of the oscillator is above the zero
condition and the changes in $ and the
operating f will be negative.
The sensitivity analysis for phase changes
across the crystal to Rs provides the
confidence that large phase changes, greater
than one degree, can be considered oscillator
changes by the insitu technique. The
confidence becomes even greater if the
oscillator operating point is close to the zero
phase condition of the crystal equivalent
circuit. This is because d$/dRe approaches
zero as lXel approaches zero.
Additionally, it is very unlikely that a
precision resonator's Rs will change by more
than one ohm over any reasonable measuring
period , except in the case of a leaking
enclosure. However, because the sensitivity
of most passive crystal measuring systems is
within one or two ohms, crystals suspected of
leaking can easily be rechecked to confirm an
enclosure flaw.

EXPERIMENTAL RESULTS
The insitu technique was used in several
experiments to aid in the validation process
of the theory just presented. The basic set-up
of the technique requires the installation of a
Hewlett-Packard 8508 vector voltmeter
across the crystal nodes of an oscillator
circuit. The oscillator circuit used in the

experiments was a 10 MHZ, series resonant
OCXO type which uses a 3rdovertone,
"modified" SC cut as the crystal resonator.
In this case, the modified SC has an
inflection near 105°C
This circuit was chosen for the following
reasons. First, the oscillator is identical to
those used in the standard manufacturing
line. Consequently, we were familiar with
the typical aging patterns of the oscillator.
Secondly, because the oscillator operates
near series resonance, the ability to resolve
the phase change across the resonator into
oscillator and crystal components is
maximized. Finally, because of the series
circuit configuration, the stray impedance
associated with probes is generally shunted
out.
The procedure for using the insitu technique
requires the measurement of the operating Q
of the in-circuit crystal. As explained earlier,
this is accomplished by temporarily installing
a small change to the series load component.
Three parameters are then recorded;
1.) The starting phase before installing the
change component

2.) The phase change caused by the
component installation
3.) The frequency change caused by the
component installation. The polarity of the
change must also be recorded.
Figure 3.) is a simple diagram of the data
collection system. All measurements were
made using a IBM PC with a IEEE-488
interface. The computer collects the data via
the I10 bus of an Hewlett Packard 8508
vector voltmeter and a Hewlett Packard
5335 frequency counter in parallel. The
temperature is monitored using a Keithley

195 digital multimeter with a platinum RTD
attachment.
The oscillators were placed into a Delta
Design temperature chamber with the
ambient temperature maintained at 50 O C .
This temperature was chosen to help keep the
probes from being mechanically disturbed by
cooling blasts of CO,.
Data was collected at an interval of 10
minutes beginning at the application of
oscillator supply power. Because data is
collected at the initial "power-on" state of the
oscillator, all data is normalized to 24 hours.
All the data from the experiments are
presented in this report using the same
method. First, the actual frequency and
phase data as collected from the oscillator is
displayed (referred to herein as "Raw" data).
Using the phase information and the d$/df
slope measured during the test set-up, the
oscillator component is calculated and
displayed (herein called the oscillator
component). Finally, the crystal resonator
component is extracted by simply subtracted
the oscillator component from the raw data.
The first experiment examines the aging
characteristic of an unconditioned test
oscillator circuit immediately after the
application of supply power. It is meant by
"unconditioned" that the oscillator did not
receive any normally received elevated
temperature bake-out. In contrast, the crystal
resonator paired into the test oscillator had
received an extra degree of thermal
conditioning. The purpose of this pairing
was to try to emphasize the oscillator aging
component and perhaps reveal more time
dependent characteristics into the data
Figure 4.) illustrates the "raw" data of the

aging experiment, note that the frequency
data has been referenced to time = 24 hours.
The data was collected at a rate of once every
10 seconds for the first 140 minutes of
testing after which data was collected at ten
minute intervals.
A typical OCXO warm-up and aging
characteristics was observed in figure 4.).
During the first 30 minutes, the unit
approached thermal equilibrium. The phase
data steadily increases indicating that the
oscillator circuitry was changing due to
temperature. At the same time, the frequency
data shows a quick inversion and then
steadily decreases in a similar manner to the
phase increase. After about 1 hour into the
data, the direction of the phase and frequency
data reverse and continue in this manner in a
decreasing logarithmic for the rest of the test.
Figure 5.) is the plot of the resolved oscillator
and crystal aging of the experiment using the
insitu technique. A clear separation of
behaviors is noticed. During the warm-up
period of the first 30 minutes, the oscillator
frequency steadily decreases. It is known the
that the oscillator circuitry has a negative
drift with temperature (as will be
demonstrated in the later experiments).
Meanwhile, the crystal frequency goes
through an inversion in direction, first
increasing and then decreasing as would be
expected as the oven temperature proceeds
past the lower turnover. The crystal
frequency is also marked by a rapid
overshoot consistent with modified SC
warm-up behavior.
After warm-up, both the crystal and the
oscillator remain stable for about an hour
until a large initialization characteristic of the
oscillator appears and continues for the rest
of the test. In a comparative sense, the
crystal frequency changes very little

indicating that the majority of the first 7 days
of frequency aging can be attributed to the
oscillator stabilizing. Further analysis is
presented in following section on "curve
fitting".
The next set of experiments use the insitu
method to resolve the contributions of the
oscillator and crystal in the frequency versus
temperature behavior of an OCXO. Figure
6.) is the "raw" frequency versus temperature
behavior of the same oscillator used in the
aging experiment at two different slew rates.
The slew rates were 1.0 "Clmin and 0.05
"Clmin respectively.
The oscillator was tested from +70 "C to
+I00 "C in 1°C increments for both slew
rates. Hysteresis loops can be noticed in
Figure 6.) of both slew runs. The
accentuated divergence of the frequency
above +72 "C can be explained as the point
where the oven control shuts down and the
oscillator then freely drifts with temperature.
Using the insitu method the contributions of
the oscillator and crystal are resolved. Figure
7.) and Figure 8.) illustrate the contributions
of the oscillator and crystal to the hysteresis
loops, respectively. The crystal hysteresis
loops of Fig. 8.) emulate the orbital behavior
described by Ballato as the "dynamic" or
time dependent temperature behavior of a
crystal resonator.l 5 The frequency loops of
Fig. 8.) above +80 "C not only show a
difference in the peak to peak excursion but
also indicate the probability of higher order
coefficients.
The previous experiment examined the
frequency versus temperature behavior of the
OCXO in its normal operating mode. The
next experiment will repeat the analysis
using the same oscillator with the oven
disabled. Using a slew rate of 0.33

"C/minute, the oscillator is tested again from
+70 "C to +I00 OC in 1 OC increments.
Using the insitu method, the data is resolved
in Figures 9 through 11. The crystal
component is seen in Figure 11. The
calculated turnover oint for the. c stal using
the recovered crysta frequency is 5.9 "C.
The actual turnover as measured in a passive
crystal test system is 87.3 "C. The negative
temperature coefficient of the oscillator
circuitry reduces the apparent turnover point
of the crystal oscillator to 81.7 "C.

?

5"

Cuwe fitting the insitu aging data
As was anticipated, the insitu technique
allowed the crystal and oscillator
contributions to be separated. Consequently,
the individual aging rates associated with
each part may be analyzed with curve fitting.
Miljkovic reported on the effectiveness of
fitting log, exponential and power functions
to aging data.16 The use of simple log and
power functions to the raw data of the aging
experiment gave curve fits with correlation
coefficients (R2)ranging from 0.974 to 0.996.
Figure 12.) shows the curve fit of the raw
frequency data from the aging experiment.
The data of the aging experiment was curve
fit to a function with a constant term, two
exponential functions and a natural log
function with a constant The data used for
the fit starts just after the temperature reaches
equilibrium at about the beginning of the
initialization period. The correlation
coefficient for this fit (R2) is 0.9994. The
aging shown in Fig. 12.) continues to proceed
in a positive logarithmic manner until it
levels out to a per day rate of +8.45 x 10-lo.
After separation, the crystal and oscillator
components to the aging characteristic were

fit similar to Fig. 12.). The two component
curve fits are presented in figure 13.). The
resolved crystal and oscillator components
show individual initialization and long term
aging rates. The oscillator contribution to the
final per day aging is +1.816 x lo-' and the
final crystal aging rate per day is -1.34 x 10lo. It is important to note that not only is
there is difference in the magnitude of the
aging but in the direction as well.
CONCLUSION
The insitu technique has been validated with
theory and demonstrated by experiment. This
powerful technique may now be used to
investigate both component and parametric
behavior in quartz oscillators. Such issues as
drive level dependency and short term
frequency "pops" may be better understood
through the technique. Aging models,
particularly those involved with prediction,
will benefit from the separation of crystal
resonator from circuitry.
The authors deeply appreciate the support of
Arthur Ballato, Bernd Neubig, Eric Hafner
and Perkunas Kavolis.
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PRECISION, LOW POWER, ANALOGUE TCXO USING A SINGLE INTEGRATED CIRCUIT

Hedley Rokos
C-MAC Quartz Crystals Ltd Harlow Essex CM20 2DE England

SUMMARY
We have designed a single chip ICXO which is
capable of temperature compensation to better
than k 0.1 ppm over -50 to +90 OC. Off-chip
components are limited to a decoupling capacitor,
the crystal, and a filter capacitor for low-noise
applications.

CIRCUITRY
Oscillator Circuitry
The oscillator is a simple Colpitts design, using
variable capacitance diodes for frequency pulling.
A CMOS buffer capable of output exceeding 50
MHz is provided, as well as a linear buffer with
output to at least 15 MHz.

Compensation Circuitry
The compensation circuitry generates Chebyshev
functions up to 6th order in temperature. The
temperature sensor uses transistors run at
different current densities ("PTAT" cell) to provide
a positive temperature coefficient signal, and a
diode potential for the negative coefficient. Orders
are generated using buffered Gilbert-cell
multipliers, and current subtraction. The amplitude
of each order presented to the compensation
output is set using multiplying digital to analogue
converters.
It has been observed that the sensitivity of
different structures on an integrated circuit to
temperature cycling induced stress can differ by
orders of magnitude. Accordingly, considerable
care was taken in selecting appropriate component
types and in the layout of the die. We believe this
to be a key element in the achievement of the
observed performance. To avoid a shift in
characteristics following sealing of the outer
package, we have arranged for measurements and
compensation setting to be controlled digitally
through the TCXO pins. We have retained the

ability to use our standard packages by
communicating via pins which normally serve other
functions.

MEASUREMENT AND PERFORMANCE
Devices have been built using crystals of standard
TCXO design, giving k 0.1 ppm performance over
the temperature range -50 to +90 OC. The error
contributions from band-breaks, crystal retrace,
and measurement artefacts were of similar
magnitude; semiconductor retrace effects are
somewhat smaller. Band-breaks and retrace may
be improved by using larger crystals with improved
mountings and plating, and we are modifying the
measurement program to reduce the effects of the
artefacts; degradation caused by semiconductor
retrace can be further reduced by suitably
selecting the crystal angle. We anticipate that this
will compensate to better than 50 ppb.
We present here results from an oscillator, using
an AT cut crystal in a glass holder, compensated
over -50 to +I00 OC, with retrace characteristics
measured over -50 to +I20 OC. Figure 1 shows
the uncompensated oscillator characteristic, the
compensation voltage needed to set the oscillator
onto nominal frequency, and the predicted
compensation error of 75 ppb.

*

In figure 2, we see the measured results on the
compensated oscillator, with an excursion of k 90
ppb. The major cause of the differences is almost
certainly measurement artefacts, although there is
doubtless some contribution from relaxation of the
crystal mountings etc.
Figure 3 shows the effect of temperature cycling
the oscillator. Measurements are made in 10 OC
steps, with a 30 minute dwell time at each
temperature. The oven ran from 120 to -50 OC,
followed after the 30 minute dwell time by a run
from -50 to 100 OC. The unit had previously been
exposed to a minimum temperature of -50 OC. The
measured frequency excursion here increases to
k 150 ppb. The dwell times were chosen to allow
temperatures to settle within at most 30 m°C. The
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main source of the additional error is almost
certainly crystal hysteresis.
Figures 4, and 5 show the oscillator tuning
characteristic over the compensation range, and
the output potentials corresponding to the various
orders, respectively. Pulling deviation is about four
percent from the best-fit tangent, and we can see
that band-gap curvature causes curvature in the
output of the temperature sensor. The 0.5 ppm
third order fit of figure 6 demonstrates the result of
these effects when combined with the temperature
dependence of crystal C1, and the imperfectly
cubic nature of the AT characteristic.

*

CONCLUSION
We have demonstrated an analogue, precision
temperature compensation system, based on a
single integrated circuit. When used with standard
low-aging crystals, we expect routinely to achieve
0.25 ppm over wide temperature ranges. With
improved AT crystals, better than 50 ppb should
be possible.

*

*
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STABILITY AND ACCURACY OF INTERNATIONAL ATOMIC TIME TAI

Claudine Thomas
Bureau International des Poids et Mesures
Pavillon de Breteuil, F-923 12 S h e s Cedex, France
ABSTRACT

The BIPM Time Section is in charge of the generation
and dissemination of the reference time scale TAI
(International Atomic Time) obtained in deferred-time
by combining the readings of a number of individual
atomic clocks spread world-wide. The algorithms
designed for this purpose are optimized for reliability,
long-term stability and accuracy of the time scale.
Since the end of 1992, the quality of the timing data
received at the BIPM has rapidly evolved thanks to the
extensive replacement of older designs of commercial
caesium clocks. Consequently, the stability of the
reference time scales has improved significantly: it is
characterized by an Allan deviation of 2,6xl0-'~for
averaging times ~ 4 d.0However, further improvement
in stability is still possible without threatening
reliability. This was tested by running modified
algorithms over the real clock data collected at the
BIPM. Results of different studies are shown here, in
particular the implementation of an upper relative
contribution, chosen equal to 1,37% for any
contributing clock, leads to o,(z = 40 d) = 1,8x10-'~.
The accuracy of TAI is estimated by the difference
between the duration of the TAI scale interval and the
SI second as produced on the rotating geoid by primary
frequency standards. In this paper, TAI accuracy is
evaluated from six primary frequency standards LPTFF01, PTB CS1, PTB CS2, PTB CS3, NIST-7 and SU
MCsR 102 all corrected in a consistent manner for the
gravitational shift and the black-body radiation shift.
This led to a mean departure of the TAI scale interval
of 1,8x10-l4 s over 1995, known with a relative
uncertainty of 0,5x10-l4(1 d).
INTRODUCTION

The Bureau International des Poids et Mesures, BIPM,
is responsible for the generation of world-wide
reference time scales, among them International
Atomic Time, TAI, and Coordinated Universal Time,
UTC. The TAI relies basically on measurements taken
from commercial atomic clocks and primary frequency
standards maintained in national timing centres. Since
1977, the procedure used for combining these data has
been carried out in two steps:
* The first step of TAI is the computation of the free
atomic time scale, EAL (kchelle atomique libre),

obtained as a weighted average of a large number of
free running and independent atomic clocks spread
world-wide. The corresponding algorithm is
optimized for long-term stability and post-processes
measurements taken over a basic sample period of 60
days [I, 2, 31.
* In a second step, TAI is derived from EAL by
frequency steering with the aim of maintaining the
accuracy of its scale unit. The steering corrections,
determined by comparing the EAL frequency with
primary frequency standards, are of the same order of
magnitude as the EAL instability [4, 51.
The aim of this paper is to characterize the stability and
the accuracy of the time scales computed by the BIPM.
For what concerns stability, one computes Allan
deviations q(z) characteristic of the free running time
scale EAL using the Ncornered hat technique (see
Section 2). For what concerns accuracy, one estimates
the departure, and its relative uncertainty, of the
duration of the TAI scale interval from the SI second as
produced on the rotating geoid by primary frequency
standards (see Section 3). An important point is that
access to TAI is provided by a time series constituted of
time differences [TAI(t) - T(t)] for each standard date t,
MJD ending in 9, between the readings of TAI and any
clock or time scale T. This time series is not stationary
and the qualities of stability and accuracy vary with
time, especially when the qualities of contributing
clocks improve as has been the case since the beginning
of 1993 (see Section 1). For this reason, in what
follows, we indicate the period of time on which
evaluations of stability and accuracy are made.
1. DATA USED FOR TAI COMPUTATION

Since the beginning of 1993, the quality of the timing
data used for TAI computation has rapidly evolved.
Four major changes have been identified:
* older designs of commercial clocks have been
extensively replaced by the new HP 5071A clocks
which present outstanding stability, characterized by
a flicker floor level of about 6x10-15,in terms of a,(z),
for averaging times r between 20 d and 40 d,
* the entry into operation, in timing laboratories, of
active auto-tuned hydrogen-masers showing drifts of
frequency of order 10-17/d,
* the widespread use of GPS time transfer, which
makes it possible to compare the clocks of nearly all
laboratories contributing to TAI with an accuracy of a
few nanoseconds,
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*

evaluations of new primary frequency standards
showing type B uncertainties of some parts in 1014
( 1 4 , and even better (3 parts in 10'~)for the caesium
fountain developed at the LPTF (LPTF-FO1).

of the TAI computation time from 60 days to 30 days or
40 days. However, so far, the results of tests on real
data averaged over 30 days have not been completely
satisfactory (see Section 2).

The first two points are illustrated in Fig. 1, which
represents the number of clocks weighted in the EAL
computation over the period 1992-1995. All the clocks
considered here have operated continuously over at
least six consecutive months and have received a
weight characteristic of their frequency stability relative
to EAL. Among them, some show frequency steps and
are intentionally weighted to zero, and some are very
stable and are given a fixed weight equal to the upper
limit allowed. This particular weight does not
correspond to their full stability properties, but is
applied to improve the reliability of the time scale [3,
61. In Fig. 1, three type of clocks are distinguished: HP
5071A clocks, hydrogen masers and other commercial
caesium clocks. For each type the number of units
reaching the upper limit of weight is also indicated.

Data from primary frequency standards are also used
for TAI computation. Over the years 1992-1995 the
BPM Time Section has received data from two types of
primary frequency standards:
* Some operate continuously and thus behave like
clocks. Their data are used in the regular EAL
computation, and taken into account according to
their stability. This is the case for the NRC and PTB
standards as shown in Table 1. These clocks are
weighted according to the procedure used for
commercial clocks and thus cannot individually be
assigned a weight greater than the upper limit. The
data from the most accurate of these standards, PTB
CS1, PTB CS2 and PTB CS3, can also be used for the
estimation of the duration of the TAI scale unit (see
Section 3) if appropriate corrections, such as those
compensating for the gravitational shift and the
black-body radiation shift, are consistently applied.
* Other primary frequency standards operate in a
discontinuous mode and are evaluated from time to
time. Each evaluation provides a measurement of the
TAI frequency with respect to the standard frequency
corrected for the gravitational shift and the blackbody radiation shift, together with a type B
uncertainty characteristic of the standard. These data
cannot be used in the EAL computation and the
intrinsic stability of the standards brings nothing to
the EAL. However, these data provide independent
evaluations of the duration of the TAI scale interval
and make it possible to estimate the accuracy of TAI
(see Section 3) and to decide whether or not to apply
a new steering correction. The most accurate of these
standards are the optically pumped caesium standard
NIST-7, with a type B uncertainty of 1x10-14,and the
caesium fountain LPTF-FOl, with a type B
uncertainty of 3x10-l5[S] (see Table 1).

Over the four years chosen for Fig. 1 the total number
of clocks weighted in the EAL remained nearly
constant (about 190), but a progressive replacement of
commercial caesium clocks occurred in favour of the
new HP 5071 model: 42% of the clocks were of this
type at the end of 1995. In addition, nearly all of these
clocks reach the upper limit of weight as soon as they
enter the ensemble, even after May 1995, the date
chosen by the CCDS Working Group on TAI for
increasing the upper limit of weight by a factor 2,5 171.
In contrast, only a few (25% to 30%) of the caesium
clocks which are not of the HP 5071A design reach the
upper weight. Since May 1995, this number has further
decreased, the condition for being weighted at
maximum being more stringent 131. Nearly 50% of the
hydrogen masers contributing to EAL are also assigned
the upper limit of weight: the weighting procedure was
designed so that the detection of a frequency drift
automatically deweights the involved clock, keeping at
high weight those hydrogen masers which are active
and auto-tuned. To conclude, the global stability of the
clock ensemble has considerably improved since 1992
with the consequence that the stability of EAL has also
improved in both the middle and the long term, a point
illustrated in Section 2.
An other important change was the widespread use of
GPS common-view time transfer among the national
timing centres contributing to TAI. This makes it
possible to smooth out measurement noise in time
comparisons between distant clocks by averaging over a
few days. The averaging period remains shorter than
the 10 day interval, and even the 5 day interval used
since 1st January 1996 [7], between two TAI updates. It
follows that the resulting time scale is no longer
affected by white phase noise which results in an
improvement in its short-term stability (5 days to 10
days). A possible consequence could be the shortening

Table 1 shows that, over the period 1992-1995, the
accuracy of TAI can be estimated from measurements
provided by six primary frequency standards which are
more accurate than others. This is detailed in Section 3.
However, it should be noted that the 14 measurements
from SU MCsR 102 did not reach the B P M until
December 1995, the first measurement from NIST-7
was received in September 1994, and the totality of
measurements from LPTF-FO1 in Febmry 1996. It
follows that for several years, the conformity of the TAI
scale interval with its definition (the SI second on the
rotating geoid) rested almost entirely on the data of a
single laboratory, the PTB. In addition, at that time, no
corrections for the black-body radiation shift were
applied. The situation has now radically changed: six
different and accurate standards provide data uniformly
corrected for all known frequency shifts: this makes it

possible to determine the length of the TAI scale
interval with an improved accuracy (see Section 3).
2. STABILITY OF EAL

The stability of TAI is directly linked to the stability of
EAL except that, in the very long term, the frequency
steering corrections which compensate the drift of EAL
with respect to the most accurate frequency standards
cause a separation. We thus focuse, in this section, on
the stability of the free running time scale EAL which
is more readily determined.
Since the end of 1992, the stability of the free atomic
time scale EAL has improved naturally without
signiftcant changes in the algorithm. Values for the
stability are estimated by application of the N-cornered
hat technique to data obtained from April 1993 to
December 1995 in comparisons between EAL and the
best independent time scales of the world (maintained
at the NIST, the VNIIFTRT, the USNO, the PTB and
the LPTF). These lead to the values for the Allan
deviation ~ $ 7 )given in the first line of Table 2,
especially o-j,(y(~40d) = ~6x10-15.
For further improvement, the stability algorithm which
produces EAL may need to be revised and several
possible changes have been the subject of experiments
on real clock data collected at the BIPM. These
possibilities mainly concern changes in the upper limit
of weights, the use of hydrogen-masers and shortening
of the computation time of TAI.
The HP 5071A clocks kept in national laboratories
show outstanding long-term stability and generally
contribute the maximum weight as soon as their data is
used in the TAI computation. Consequently, to take full1
advantage of the most stable of these clocks calls for an
increase in the upper limit of weight. Tests have been
conducted with the limits 2500, 5000 and 10000 and
have shown an improvement of the stability (lines 2, 3
and 4 of Table 2) 191. However, the time scales E5000
and El0000 were judged not reliable enough [6] and,
following a decision of the CCDS Working Group on
TAI, the ~ a x i m l mallowable weight of a clock in EAL
was changed from looo to 2500 starting from the
computation Over the two-month
May - June
1995 171.
Studies are in hand to assess the advantages of using an
upper limit of relative weights, rather than one of
absolute weights. Tests show that an upper contribution
of 1.37 % for any individual clock would have helped
to improve the sGbi1it-y of EAL during the period 19931995 (line 5 of Table 2) [3,6]. This criterion is severely
discriminatory even among HP 507LA clocks and
continuously operating primary standards, some of
these not being stable enough to reach the upper limit.

It has been shown that the introduction of hydrogen
maser data in the EAL computation did not degrade its
stability for the period 1988 - 1994, though frequency
drifts were not taken into account [lo]. For averaging
times close to the EAL computation time (60 days), the
variation of the maser frequencies relative to EAL was
dominated by an important drift in only one maser,
which consequently received a small weight. However,
EAL stability is improving and the frequency drift of
some hydrogen masers may become significant when
compared with the intrinsic EAL noise. If this proves to
be the case, it will be necessary to use a specific
weighting procedure and mode of frequency prediction
for hydrogen masers, based on estimates of their
frequency drifts. Long periods of observation, at least
one year, will then be needed before entering hydrogen
maser data in the EAL computation.
Reduction of the noise involved in time transfers and
the stability characteristics of HP 5071A clocks may
make it possible to shorten the computation time of
EAL. Tests show that data averaging over 30 day
periods rather than 60 day periods improves the
middle-term stability of EAL, but does not improve its
long-term stability even if it is associated with an
increase of the upper limit of weight (line 6 of Table 2)
111, 121. Nevertheless, the idea of reducing the
computation time has not been abandoned: this would
reduce the delay of access to UTC and improve its
predictability, two features which are important for
national timing centres which keep a local
representation of UTC [ 131.
3. ACCURACY OF TAI

Primary frequency standards deliver an ensemble of
accurate measurements of the TAI frequency, uniformly
corrected for all known corrections, especially the
gravitational frequency shift (amplitude of about 1 part
in ld3for an altitude of 1000 m above the geoid) and
the black-body radiation frequency shift (amplitude of
about 1,7 parts in 1014for a temperature of 300 K).
out over a given time
Each measurement is
interval cenVed on a given date. For the priw
Sm'.jards listed in Table 1, these periods of
correspond to the usual 60 d intervals defined for TAI
computation ('anuary-Febw, March-April, ...e*c),
except for LPTF-FO1, LPTF-JPO and NIST-7 the
measurements of which are carried on over periods
from hours to days, and Vansferred to TAI over
(the shortest time interval between two
day
consecutive TAI updates),
The individual TAI frequency measurements are
characterized by an ancenainty which theoretically
combines quadratically:
* the type B uncertainty of the standard (see Table I),

* the type A uncertainty of the standard, linked to its
stability over the period of measurement and always
much smaller than the type B uncertainty,
* the uncertainty linked to the stability of TAI, and
* the uncertainty due to the transfer to TAI of the
measure from a local time scale (local representation
of UTC or hydrogen maser) kept in the laboratory
where the standard is evaluated. This is related to the
time link method and to the stability of the local time
scale if the calibration interval is shorter than the
estimation interval (cases of LPTF-FOl, LPTF-JPO
and NIST-7).
In practice, the part coming from the type B uncertainty
of the standard predominates for all standards except
for LPTF-FOl for which the parts coming from the
and of the
stabilities of TAI [cr,,(~lO d) = 3,7x10-~~]
local hydrogen maser [oy(z=10 d) w 1,5x10-'~]are no
longer negligible.
Given this ensemble of measurements, the accuracy of
TAI can be estimated over a given time interval centred
on a given date and is characterized by two numbers:
the difference d, expressed in seconds, between the
duration of the TAI scale unit and the SI second as
produced by the primary frequency standards on the
rotating geoid, and its relative uncertainty D. It is
necessary to specify the length of the estimation
interval and its central date when giving the quantities
dand o.
Figure 2 shows the values of d obtained from the
individual measurements provided over the period
1992-1995 by the six most accurate primary frequency
standards:
* Points from PTB CS1, PTB CS2, PTB CS3 and SU
MCsR 102 are directly those obtained from the
measures and are attributed error bars equal to the
type B uncertainty of the individual primary
standards. All these points are consistent taking into
account the error bars though the two points from
PTB CS3 are slightly higher than others.
* Points from NIST-7 are obtained from the transfer
to TAI, over 10 days, of one single measurement
carried out at NIST over 3 days included in the 10
day interval of estimation. They are attributed error
bars equal to the type B uncertainty of NIST-7. A
systematic trend of the NIST-7 frequency can be
detected from the six first points. The other points are
in good agreement with calibrations from PTB CS2.
* Points from LPTF-FO1 are obtained from the
transfer to TAI, over 10 days, of several
measurements, each carried out at the LPTF over
about 10 hours included in the 10 day interval of
estimation (there may be as many as 9 calibrations
over a given 10 day interval). In Fig. 2 they are
attributed error bars equal to the type B uncertainty of
LPTF-FOl, though it is certainly too small as
explained above. The calibrations from LIT-FO1
give individual values of d which are smaller than

those given by NIST-7, PTB CS2 and especially PTB
CS3.
The rough average over the period 1992-1995 of these
~
means
measures gives a value of about 2 x 1 ~s' which
that the duration of the TAI scale unit is rather far from
the SI second. This can be easily interpreted. In the
past, only calibrations of the TAI frequency provided by
PTB CSI and PTB CS2 were available and these were
not corrected for the black-body radiation shift.
Frequency steering corrections were applied to TAI in
order to approximate the duration of its scale interval to
the mean SI second provided by these two standards.
When it was thought that the black-body correction
should be taken into account [7], all available
measurements were shifted by about 1,7x10-'~ in
relative frequency and that is the difference which
appears here.
The individual measurements can also be treated in a
global way in order to deliver a more accurate value of
d for any date of the period under study which takes
into account preceding and following calibrations with
their respective uncertainties. This is not an easy task
because individual measurements are not independent
for continuously operating standards and because they
are carried out over time intervals of different length.
In addition, the system is not stationary since TAI
stability improves with the passing of time. This
problem was solved in 1977 by Azoubib, Granveaud
and Guinot [4]: d is estimated in post-processing over
an intcrval of a given length centred on a given date
through a linear combination of a number of individual
measurements which have occurred before or after this
central date and during a period of time long with
respect to the length of the estimation interval. The
coefficients of the combination are determined by
minimizing the error of estimation which involves:
* the type B and A uncertainties of each standard,
* a model for the stability of the time scale,
* correlations between measurements which are not
independent,
* the length of individual calibration intervals,
* the length of the estimation interval,
* the length of the time interval separating the
calibration intervals and the estimation interval.
In practice, those measurements taken at dates close to
the central date of the estimation interval provided by
the most accurate frequency standards have a large
influence on the estimation. Taking into account the
correlation between non-independent measurements is
also very important: it prevents the estimate being
swept along by PTB CS1 or CS2.
The method described in [4] is applied at the BIPM and
provides the regular estimations of d which are
published in the successive issues of Circular T. Here,
estimations of d have been reprocessed for the period
1992-1995 taking into account all available
measurements, especially those from LPTF-FO1 and

SU MCsR 102 made available only recently. The
results shown in Fig. 2 were obtained with the
following parameters:
* the type B uncertainty of each standard is given by
the laboratory (see Table l), the type A uncertainty is
liked to the stability of each standard,
* the model of stability of the scale includes white
frequency noise [cr,(r=ld) = 2~1O-'~],flicker
frequency noise [o, = 6,3~10''~],and random
frequency modulation [oAr=ld) = 0,5xlO-'~],
* the correlation between measurements from PTB
CSl, PTB CS2 and PTB CS3 is taken into account,
* the length of the individual calibration interval is
60 days except for LPTF-FO1 and NIST-7,
* the length of the estimation interval is 60 days
(usual two month intervals of EAL computation), and
* the length of the maximum time interval separating
the central dates of the calibration intervals and of the
estimation interval decreases progressively from 24
months at the beginning of 1992 to 8 months at the
end of 1995 so that our estimates in 1994 and 1995
are based more strongly on such new standards as
LPTF-FO 1 and NIST-7.
During 1992-1995, the successive estimations of d
show a stability characterized by an Allan deviation of
4,0x10''~for averaging times of 60 days, a value which
is close to the stability of TAI over the same averaging
time. The estimates obtained are always positive due to
the application of the black-body correction to all
measurements.
Values for 1995 are given in Table 3. The LPTF-FO1
calibrations have a dramatic influence on the estimates
of d and a over the period September-December 1995:
the value of d which had increased from 1,7x10-l4to
2,5x10-l4 abruptly decreases to 1,2x10-l4 while o
progressively decreases from 6x10-Is to 2 x 1 ~ ' ~It.
should be noted that the results for the second half of
1995 are not definitive as reprocessing will be camed
out when new calibrations are available in 1996. It
seems also that a o value of 2xl0-I~is too optimistic.
This may come from the fact that the uncertainty due to
the transfer to TAI via the LPTF hydrogen maser is not
taken into account by our algorithm whereas it is not
negligible compared to the LPTF-FO1 type B
uncertainty. It remains that the drift of the TAI
frequency detected in 1995 when comparing to PTB
CS2 and PTB CS3 is largely compensated by the LPTFF 0 1 calibrations.
The TAI scale interval shows a global departure from
the SI second on the rotating geoid which is due to the
uniform application of the black-body radiation
correction to primary frequency standard results.
Compensation for this discrepancy has already been
initiated: it takes the form of cumulative frequen
steering corrections, each of relative amplitude 1x10' ,
applied on dates separated by 60 day intervals. This
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procedure should not degrade the stability of the time
scale.
CONCLUSIONS
Over several years, the stability of the free running time
scale EAL computed by the BIPM has considerably
improved in the short-term (10 d) and middle-term (up
to 80 d) thanks to the wide use of excellent commercial
caesium clocks. The accuracy of TAI is estimated by
comparison of the duration of its scale unit with the SI
second as produced by primary frequency standards on
the rotating geoid. In 1995 we faced a radical change
with the suggestion to apply a frequency correction to
primary standards for compensating the black-body
radiation shift. In addition, new primary standards were
evaluated: they are more accurate than those operating
before, especially the caesium fountain built at the
LPTF which is characterized by a type B uncertainty of
3x10"~.The result is that the mean TAI scale unit over
1995 departs from the SI second on the rotating geoid
by about 1,8x10-'~s, a shift accurately known (relative
uncertainty of about 5x10-15) thanks to numerous
accurate calibrations. Cumulative steering corrections
have already been applied since several months for
decreasing this shift: this makes TAI more accurate
without degrading its middle-term stability.
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TABLE 1 -Characteristics of the ~rimarvfrequency standards which ~rovidedmeasurements
of the TAI freauencv over the four vears 1992-1995.

Laboratory
alphabetic
order
CRL

LPTF
LPTF
NIST
NRC
NRC
NRC

PTB
PTB
PTB

su

Standard

Csl
F01

JPO
NIST-7
csv
CsVIA
CsVIC
CS 1
CS2
CS3
MCsR 102

Type B
uncertainty
(1 d)

Mode of operation

Discontinuous
Discontinuous
Discontinuous
Discontinuous
Continuous
Continuous
Continuous
Continuous
Continuous
Continuous
Discontinuous

Number of TAI frequency
measurements over
1992 - 1995
1 @ec 1992)

-

46 (Sep 1995 Dec 1995)

1 (May 1993)
14 (Jun 1994 - NOV1995)
5 (1992)
5 (1992) k 5 (1995)
23 (1992 - 1995)
21 (Jan 1992 - Jun 1995)
24 (1992 1995)
2 (Sep 1995 - Nov 1995)
2 (1992), 6 (1993), 4 (1994), 2 (1995)

-

TABLE 2 -Values of the Allan standard deviation ~ ( 7computed
)
for the time scales E L ,
E2500, E5000, E10000. ER and E by application of the N-cornered hat technique.

The data which are used cover the periods: ' April 1993 - December 1995, January 1993 - December 1995, January
1993 - June 1995, July 1993 - December 1995, January 1993 - April 1995. The time scales E2500, E5000 and
El0000 correspond to absolute upper individual weights of 2500,5000 and 10000 while the value chosen for EAL was
1000 until April 1995. The time scale ER corresponds to a relative upper individual contribution of 1,37%. The time
scale E corresponds to a computation time reduced to 30 d, an absolute upper individual weight of 2500 and the
introduction of a predicted frequency drift for hydrogen masers.

TABLE 3 -Values of the estimate d, and of its relative uncertain& o, of the departure of the
TAI scale unit from the SI second as produced by primarv freauencv standards.
--

-

dls
January - February 1995
March - April 1995
May - June 1995
July August 1995
September - October 1995
November - December 1995

-

1,7x10-'~
1,7x10-l4
2,0xl0-'~
2,5x10-l4
2,0~10-'~
1,2~10-'~

160
140
120

y" 100
0

0
Y-

80

O

b 60
a
E

3

40

20
0
I

I
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1993

1994
Date

1995

Figure 1. Number of clocks weighted in the EAL computation over the years 1992-1995:
(a) Number of caesium clocks other than HP 5071A units,
(b) Number of HP 5071A units,
(c) Number of hydrogen masers,
A Number of caesium clocks (other than HP 5071A units) at upper weight,
0 Number of HP 5071A units at upper weight,
U Number of hydrogen masers at upper weight.

0 PTB CSI

+ PTB CS2

OPTB CS3

A SU MCsRI02

-

X NlST 7

V

LPTF-FO1

-BIPM estimate
Figure 2. Departure d of the TAI scale unit from the SI second as produced by primary
frequency standards and as computed by the BTPM.
The error bars given for individual points (thin line) represent the type B uncertainties
of the primary standards while the error bar given for the BIPM estimate in 1995
(bold line) is the combined uncertainty resulting from the computation.
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1. INTRODUCTION

The maintenance of the international time scales
TAI and UTC serves the needs of the time-keeping
community in two important and different ways.
The time difference between each of the
contributing clocks and UTC becomes known after
a calculational interval, and the timing of any event
that was calibrated with respect to one of the
clocks can therefore subsequently be determined
with respect to the best available time-scale. Since
the quality of the UTC time-scale surpasses that of
the component clocks, it also provides the yardstick
by which new frequency standards can be tested,
and improvements in time-keeping assessed.
During the last few years, the quality of the timescales has improved by about an order of
magnitude because of improvements in the
component clocks, Thomas (1). Recently a large
number of improved cesium standards, and a
number of very stable automatic cavity-tuned
hydrogen masers have begun to contribute to the
EAL. The accuracy of primary standards is being
aggressively imp,oved, and is now reported to be
close to 1.Ox10' .

USA.;

and the delay involved in time comparison with
UTC. Currently UTC is not defined until several
weeks after clock data is obtained, and a large
ensemble of good clocks is required to estimate
UTC in real-time to an accuracy better than 10
nanoseconds, as is currently achieved by USNO.
Improved time transfer techniques and the rapid
data communication provided by the Internet would
allow an accurate and stable implementation of
UTC in real-time using a reliable and stable clock
ensemble, Allan et. al. (6). This time-scale could
then be disseminated with high accuracy over large
distances to similar clock ensembles.
In this paper we will discuss some techniques of
time and frequency transfer, and indicate where
improvements can be made. Finally, some
experimental results obtained using a new method
of common-view GPS will be presented.
2. BRIEF SURVEY OF METHODS FOR
ACCURATE TlME AND FREQUENCY
TRANSFER

It has recently been shown that if the standards
available now could be ensembled in an optimum
manner, the stability of thq5resulting time-scale
would be of the order of 1E for averaging times
between 1000 seconds and several months, Allan
et. al. (2), Uljanov et.al. (3). In order to realize this
performance improvement in UTC, particularly at
short times, it will be necessary to improve
dramatically the accuracy of intercontinental time
transfer. Some developments in this area are
discussed in this paper. It would also be necessary
to develop the use of adaptive ensembling
algorithms which can make optimal use of the
stability of different types of contributing clocks.
Such algorithms have been discussed in detail
elsewhere, Lepek et. al. (4), Weiss et. a1.(5).

Several criteria distinguish the methods available
for precise time and frequency transfer. These
include the precision and accuracy that can be
obtained, the level of coordination and
communication required between the stations
involved, the requirement for post-processing of
data, and the overall cost and complexity. The
traditional HF, LF, and VLF methods of frequency
and time distribution have reached their limits, and
have been superseded. All methods currently used
over intercontinental, distances use microwave,
line-of- sight, transmission between ground stations
and satellites to transfer time. Time transfer is
carried out periodically to compare frequency. The
expanding world-wide network of optical fibers has
great potential for time coordination, and this is
being explored.

It is becoming increasingly important, for example
in navigation and communication, to provide
universal, real-time, time-scales world-wide. It is
desirable that these should be closely coordinated
with UTC. The stability and accuracy of such a
time-scale depends critically on the quality of the
local reference clock ensemble used to maintain it,

Figure 1 summarizes the performance of some of
the best methods of time and frequency
comparison. The data applies to both distribution
and transfer of Frequency and time, and the results
obtained usually depend on the separation of the
clocks being compared. Loran-C is plotted as a
convenient reference, although its accuracy and
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Figure 1. The stability of various significant
methods of time comparison between remote
clocks as a function of the averaging time. As
described in the text, diagonal lines are contours of
constant stability for frequency transfer under the
assumption of white phase noise. For each
method, the highest noise level characterizes
typical time transfer between remote sites, and the
lowest represents the current instrumentation noise
limit. For TWSTFT, frequent observations are
assumed. In the case of EGPS, the short-term
noise depends on the type of disciplined local
oscillator. The GPS advanced common-view (ACV)
technique shows the first experimental~resultsfor
the hardware only. GPS predictions are valid with
SA at the current level. The methods are further
discussed in the text.
stability are no longer competitive. The stability
meaqure useQis the time variance, TVAR, given by
ax(T) = <(A & ) ' 9 6 , where d2 is the second
difference operator, x, is the time difference
averaged over an interval T and the brackets "on
denotes the expectation operation. What is plotted
is o,(T) for each of the different techniques. Since
aX(7)= T Moda (.c)/d3, the Modcr,(z) values for each
decade of stability can be shown on the same
graph. This is particularly useful since the
confidence on the estimate of the frequency
difference measured over an interval T is given by
2 Modoy(.c) when the residuals are modeled by
white-nose PM. If this noise model is not valid, the
2 Modo (7)value still provides a useful estimate of
the con!idence for using a particular technique for
frequency transfer.
Two-way satellite time and frequency transfer
(TWSTT or TWSTFT) is a moderately high cost
method with high accuracy, Hanson (7). Recent
work has shown that instrumental noise levels of
about 30 picoseconds can be attained after only
100 seconds of averaging, Hackman et. al. (8).
There is evidence that environmental effects make
this time transfer performance difficult to extend to
longer times.
Figure 1 shows upper and lower estimates for the
W S T T technique representing the stabilities for
continuous operation. The bottom curve shows the
measured currently attainable instrumentation
stability limit. The upper curve is a more typical

stability performance observed between two sites
remote from each other. The upper limit is dotted at
large times to indicate that TWSTT is not typically
used continuously for this range of sample times,
but rather three times per week. The frequency
transfer uncertainty will not be as good as that
shown, but would be approximately given by 1 nsh.
Distance up to about 9 Mm have been realized.
Time transfer using GPS is now widespread. The
common-view technique was a major breakthrough for international time and frequency
comparisons and is still today the main means of
communicating the times of most of the contributing
clocks in the generation of TAIIUTC, Allan et. al.
(9). Originally, day-to-day stabilities of as good as
0.8 ns were obtained between stations as far apart
as Boulder, Colorado and Ottawa, Canada. Global
accuracies of about 4 ns have been demonstrated
using careful post-processing. However, since the
original GPS common-view receivers were placed
in service, there seems to have been a gradual
degradation in the performance of this technique.
Day-to-day stabilities of from 2 to 8 ns are now
more typical, and significant environmental effects
have been measured due to antenna and lead-in
cable temperature sensitivities. Problems have
crept into the common-view technique at about the
10 ns level. Although the introduction of SA at this
time as an intentional jitter of the satellite clocks
does not affect common view measurements
directly, it may have had indirect effects. The
reasons for this loss of accuracy are being
investigated.
Qualified users with "keyed receivers can employ
dual-frequency measurements of the ionosphere to
both avoid SA and reduce the errors due to
propagation. Some use of the L2 signal can be
made by other users with suitable receivers.
The GPS carrier-phase technique has potentially
the smallest uncertainty for frequency comparisons
between remote clocks. Experiments have been
conducted comparing separated hydrogen masers
using geodetic type receivers at both sites. By
locking to the carrier-phase of the same GPS
satellite at the two sites simultaneously, RMS
residuals as small as 30 ps were measured. The
data plotted in Figure 1 is from an experiment
made between Goldstone, California and Algonquin
Park, Canada. The baseline distance is about 3400
km. About 35 monitor stations were involved in
determining accurate ephemerides for the
satellites. This is a complicated technique involving
expensive receivers and a large amount of data
processing. For applications in which this is
acceptable, this technique is among the best for
minimizing remote frequency
comparison
uncertainty.
The GPS methods described above require
extensive data exchange. If post-calculated
ephemeris data is used to increase accuracy, the
results may not be available for many days after
the measurements are complete. Two simpler
methods of local synchronization described as
"EGPSand the "melting pot" have been developed
which avoid these difficulties. These methods can

take advantage of the compact digital multichannel
receivers which are now available.
In the melting pot method all the data available
during one day from a conventional GPS time
receiver is averaged to obtain an estimate of
difference between a local reference clock and
UTC. A schedule is used to ensure that the
receiver always tracks a satellite which is high in
the sky. Since this is not a common-mode method,
the noise level is limited by SA. Although the time
estimate is delayed by half of the averaging
window, this is a very cost effective technique, and
daily stabilities of about 5 ns are achievable with a
good clock and receiver.
For the EGPS method, signals from several
satellites are simultaneously tracked in a multichannel receiver. The receiver uses the data in the
navigation message to calculate a best-fit time
solution referred to UTC. The solution is used to
generate an "on-time" 1 pps output pulse. The
noise on the solution is reduced if the receiver is
operated in the "position-hold" mode with
accurately known antenna coordinates. With the
current constellation of satellites, 4 to 8 are usually
simultaneously visible with a mask angle of 15
degrees at typical latitudes. The noise on the time
solution is typically between 30 to 40 nanoseconds
with an autocorrelation time between 100 and 200
seconds, and is limited b current levels of SA.
When a suitable local osci lator is available, it can
be used in a systems approach to filter the time
output, reducing the short term rms noise. For
example, if a good cesium clock is used as the
reference, oneday stabilities of a few nanoseconds
may be expected in real time.

Y

The EGPS method is very cost-effective, and
generates a local 1 pps tick in real time. The
stability obtained depends on the local oscillator,
and typical values are shown in figure 1. The use of
many satellites results in considerable averaging of
ephemeris and satellite clock errors. The long term
accuracy of the local on-time signal should depend
only on the broadcast GPSIUTC offset which is
usually accurate to within 20 nanoseconds. If the
observing stations are reasonably close (1000 km
for example) it is possible to take advantage of
correlations in the data to reduce the effects of SA
at the expense of communication and postprocessing. Using excellent reference clocks,
instrumentation errors have been documented at
about 1.5 ns, Kusters et. al. (10).
3. DESCRIPTION OF THE GPS-ACV METHOD

We have recently begun to investigate a method of
time comparison described as GPS-ACV or
advanced common-view GPS. This is a commonview method that uses the largest possible number
of observations on all satellites in common view to
average the short term noise and reduce the effect
of errors. The goal is to make maximum use of the
available degrees of freedom provided by the data.
The method also takes advantage of the efficient
communication provided by the Internet.

Inexpensive modular digital GPS receivers can be
used to implement this technique if they provide an
on-time output, and have sufficient software
flexibility. Environmental stability of the receiver
group delay is important.
The ACV method consists of recording, in real time,
a pseudorange correction for each satellite in view
using the known coordinates of the receiving
antenna and the time of the local station clock. The
corrections are computed using the ephemerides,
the satellite clock models, and the ionospheric
corrections in the navigation message. The delays
in the antenna, the antenna cable, and the GPS
receiver are included in the calculation. The
pseudorange corrections are calculated each
second and low-pass filtered to reduce the data
rate. The filter currently used tracks the first two
derivatives of the data with minimal error. The
pseudorange correction data for each satellite in
view, together with a precise time-stamp, is filed
locally at about 10 second intervals. This procedure
is analogous to that used in differential position
GPS, with the additional feature that the arbitrary
receiver clock bias is removed by reference to the
local station clock.
In order to perform a time comparison, two stations
compare their pseudorange correction data by
exchanging files. This can be done in a few
seconds usin the Internet. An average is then
formed by su tracting the data from all satellites
that are in common view, as indicated by
corrections for the same satellite appearing in both
sets of data. The average represents the estimated
difference between the station time scales at the
time of the common time stamp.

%

The choice of the low-pass filter time constant is a
compromise between the advantage of reducing
the raw data rate, and the need to follow the
variation of the pseudorange corrections with §A.
Slower filters can be used as long as the same filter
is used at each station in a time comparison. Very
long time constants lead to a loss of observing time
while the filters settle after a change in the
constellation being tracked. A 10 second filter time
allows c~mparisons with conventional commonview data. Using internet, time comparisons with an
accuracy of a few nanoseconds can be made in a
few seconds. Alternatively, the data can be
averaged for as long as is appropriate. Time
differences can be calculated by anyone who has
access to both sets of data. Ideally, corrections for
all visible satellites are recorded at each location.
Data is then available for time comparison with all
other stations using the maximum possible number
of satellites in common-view.
From a simple "degrees of freedom" argument
there is significant advantage to the GPS ACV
technique. If the measurement noise for a certain
averaging time is white PM, then the confidence on
the estimate of the frequency difference between
two ideal reference clocks, as determined from a
linear regression to the timedifference residvjs
taken between the two clocks, is: 412.0 I ( T ~n ),
where CJ is the standard deviation of the white-noise
residuals, TO is the measurement interval, and "n"
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Figure 2. The rms time deviation, TDEV, as a
function of averaging time, of time difference data
observed between two GPS-ACV systems using a
common antenna and a common clock. The time
difference is the average using all satellites in
common view. Both the vertical and the horizontal
scaies are in seconds. The systems are described
in the text.
is the degrees of freedom (the number ~f
independent measurements). In the method
described above, n is the product of the length of
the observations, in units of the averaging time,
and the number of satellites in common view.
The errors in this method are the same as those
apparent
in
conventional
common-view
observations, but it is anticipated that the overall
effect of some will be reduced. The use of multiple
satellites in the ACV technique dilutes those errors
which have a randomly varying nature but which do
not introduce bias, Wiess et. al. (11). Such errors
should include ephemeris errors and multipath
effects. Errors which repeat each sidereal day,
including coordinate errors, multipath effects, and
some failures of the ionospheric model, can be
reduced by averaging or the use of an adaptive
filter. Such errors, even if they introduce bias, will
not affect frequency comparison. As a result of the
use of common-view, satellite clock errors and the
direct effect of SA through clock jitter are removed
as usual.
Ionosphere and troposphere modelling errors will
affect ACV and conventional common view in the
same way. The broadcast ionospheric model has
been used in experiments so far. Inexpensive
receivers that perform ionospheric measurements
are not yet available. Ideally, GPS ACV would take
advantage of the best available ionospheric and
ephemeris measurements.
In order to evaluate the practical magnitudes of
these effects some experiments were undertaken.
The results of these are described in the next
section.
4. EXPERIMENTSAND RESULTS

The measurement system used in the experiments
employs an 8channe1, modular, GPS engine (12).
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Figure 3. The rms time deviation, TDEV, as a
function of averaging time, of time difference data
observed between two GPS-ACV systems using a
common clock and antennas separated by 17 m.
The time difference is the average using all
satellites in common view. The ten-second
difference data was decimated by a factor of 4.
Both the vertical and the horizontal scales are in
seconds. The bulge in the TDEV value at 4000
seconds is believed to be due to temperature
effects in the system that was in an uncontrolled
environment.
The 1 pps output of the receiver is compared with
the station clock using a time interval counter with a
resolution of better than 1 nanosecond. The data
from the receiver and counter is processed by a
simple computer, and output via an RS-232 serial
interface each 10 seconds. The ASCII output data
is stored on a file server or a Unix workstation. The
amount of data is typically about 1 Mbyte per day
before processing.
The first experiment consisted of operating two
identical measurement systems on the same
antenna, using the same local clock. N t h an
average of six satellites tracked, the 10 second
average time differences showed an rms deviation
of 1.4 nanoseconds. Figure 2 shows the TDEV
calculated for 2.5 days of data. The TDEV value
falls to a value of about 0.13 ns at 1,000 seconds.
This experiment indicates the instrumentation limit
excluding the effect of the signal to noise ratio at
the antenna.The increasing noise at long times is
probably due to environmental effects.
This experiment was repeated using two dissimilar
antennas separated by 17 m. The relative
positions of the antennas were accurately known,
and the coordinates used in the receivers were
adjusted accordingly. A common clock was used,
and the data was processed by identical software
at each location. Six satellites were again tracked
for most of the time, and the rms of the 10 second
averages was found to have increased to 3.0
nanoseconds, presumably due to antenna and
amplifier noise. Time differences were calculated
for a period of 8 days. The data shows a daily
variation of about 4 ns peak to peak. Subsequent
experiments have shown that this could have been
due to temperature: one system was in an
uncontrolled environment. Figure 3 shows the
TDEV for this data. The most important difference
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Figure 4. The rms time deviation, T D N , as a
function of averaging time, of time difference data
observed between two GPS-ACV systems
separated by 15.5 km with different clock
ensembles. The time difference is the average
using all satellites in common view. Both the
vertical and the horizontal scales are in seconds.

We have investigated a relatively simple, GPSbased, time comparison system described as
"Advanced common-view" using modular GPS
receivers. The results of preliminary experiments
over short baselines indicate a very low
instrumental noise level, and a oneday stability of
about 0.3 nanoseconds. The experiments are
being extended to longer baselines. If this stability
is reproducibly obtained, or even improved, the
technique could be used to improve the quality of
the data used to determine TAI and UTC. Since the
method is easily automated and rapid, it might be
useful in implementing real-time UTC.
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from previous data is the increase in noise at about
1,000 seconds which is probably due to multipath
effects. The baseline is too small for satellite
ephemeris or antenna coordinate errors to be
significant. The TDEV value at 1 day is 0.37 ns,
and this value is not affected by the diurnal
variations.
In a third experiment, data from two laboratories
separated by 15.5 km was compared over a
continuous period of 4 days. The antennas were
dissimilar but identical receivers and software were
used at each location. The station clocks in this
experiment consisted of ensembles of two and
three HP 5071A cesium clocks respectively. The
antenna coordinates were determined in advance
by averaging the output of the GPS receivers for
about 7 days. Six satellites were tracked for most of
the time. The rms deviation of the 10 second
average differences was 2.4 ns. Figure 4 shows
the TDEV for data taken continuously over 4 days.
The TDEV value at 10,000 seconds was 0.8 ns.
Examination of the data one satellite at a time
shows that a relative horizontal position error of
about 2 m probably exists, which could give rise to
this noise. At long times, the data showed more
noise than that from the previous experiment in
agreement with the use of independent station
clocks. The combined TDEV of the clocks at 1 day
is about 0.9 ns. The obsetved TDEV at 1 day was
0.4 ns, with a large statistical uncertainty.
These experiments are currently being extended to
a larger baseline by installing a GPS-ACV station at
USNO in Washington D.C. It is hoped to obtain
data simultaneously from this station and the
existing stations at Hewlett-Packard Labs in Palo
Alto, and Hewlett-Packard at Santa Clara. The
baseline between USNO and Northern California is
about 4 Mm.
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A NOVEL SLAVE-CLOCK IMPLEMENTATION APPROACH
FOR TELECOMMUNICATIONS NETWORK SYNCHRONISATION
R. Urbansky, W. Sturm
AT&T Network Systems Germany, Nuremberg

Abstract - Network synchronisation has gained increasing attention since the introduction of the Synchronous
Digital Hierarchy (SDH), as the network synchronisation
performance has a major impact on the phase transfer
characteristic of SDH-based networks. This is due to the
SDH-internal bit rate adaptation technique.
This paper discusses a new approach for the cost-efficient
implementation of SDH Equipment Clocks (SEC), which
are the basis for improved network synchronisation. The
characteristics of the oscillator and the phase detector
have a significant effect on the phase error generated by
the clock. The paper proposes a synthesiser-based PLL
structure employing a fixed frequency highly stable oscillator. A novel approach for an all-digital phase detector
provides enhanced resolution, thereby reducing the phase
error. Theoretical results obtained from analytical calculations and simulations are complemented by measurement results of a prototype clock to demonstrate the
feasibility of this approach.

regenerated at every SDH NE in the data path between
exchanges rather than passed transparently through the
network. This implies the need for modified equipment
clock specifications for normal mode concerning the increased number of clocks in a chain in conjunction with
jitter and wander propagation characteristics.
Section I1 presents a Phase-Locked-Loop (PLL) structures suitable for slave clock applications. It comprises a
synthesiser replacing the VCO (Voltage Controlled Oscillator) and it focuses on an efficient digital implementation based on an all-digital phase detector. The phase
detector as the predominant source of phase errors for
short observation intervals is modelled and analysed in
section 111. Section IV presents simulation and measurement results of the phase detector performance in the
slave clock application. Section V summarises the main
results of the paper.

I Introduction

Slave-clocks for telecommunications applications are intended for use in synchronisation distribution networks.
The basic functions include jitter reduction of the received reference signal, reference signal switching for
protection purposes and the generation of a highly stable
output signal in holdover mode if all reference signals
have failed to provide a minimum quality of service. In
normal mode of operation the input jitter is reduced by a
low-bandwidth PLL. In this application an oscillator with
a sufficiently high short-term stability is required. Additionally, the oscillator has to meet the long-term stability
requirements for the holdover mode.
Different PLL structures for slave-clocks have been applied, which include analog, digital or hybrid implementations. SECs are expected to be an integral part of the
SDH equipment. Component costs and space are important design criteria. This implies that the amount of analog circuitry should be minimised 'and 'an all digital
implementation should be preferred, which 'allows for a
higher degree of integration. This results in a reduced
number of components associated with reduced cost,
power consumption and improved reliability. Furthermore, the parameter sensitivity and internal cross talk effects are minimised and a robust implementation is
obtained.
Fig. 1 shows the block diagram of a PLL. It comprises a
digital phase detector, a loop filter and a numerical controlled oscillator. In this figure the digital phase detector
is represented by an analog phase detector followed by an

In current PDH (PlesiochronousDigital Hierarchy) based
networks digital exchanges need a common synchronisation reference signal to prevent byte (frame) slips. The
synchronisation links between the exchanges are provided by 2-Mbitls-PDH-connections.PDH networks are operated plesiochronously and employ bit-stuffing
techniques to accomodate phase- and frequency variations between clock rate and data rate, thus minimising
phase transfer errors.
The SDH as the new international standard does not provide for timing transparent synchronisation links. In addition, SDH NEs (Network Elements) need a common
network synchronisation to prevent excessive jitter and
wander of PDH signals carried over the SDH. In [2], [3]
'an improved phase- and frequency justification technique
has been proposed to avoid the need for improved network synchronisation requirements. However, in ITU-T
Recommendation G.803 the currently recommended
synchronisation technique comprises an SDH-based synchronisation distribution network. The synchronisation
signds are carried via the SDH line signal and so-called
SDH Equipment Clocks (SECs) in addition to the highly
stable switch-internal slave clocks according to ITU-T
Rec. G.812. The timing characteristic of the SDH line
signal is not impaired by wander due to buffer fill variations or by jitter associated with occasional bit rate justification events. The synchronisation signals are

I . Slave-Clocks
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analog-to-digitalconverter (ADC). This combination can
be simplified by a counter-based phase detector. The digital loop filter can be implemented by a micro- or signal
processor or as a hardwired solution which allows integration into an ASIC (Application Specific Integrated
Circuit). The numerical controlled oscillator is represented by a voltage controlled oscillator (VCO) which is fed
by a. digital-to-analog converter (DAC). The conflicting
parameters of the oscillator with respect to low drift (high
stability, low noise) and large frequency range may be
optimised separately by employing an all-digital implementation, where the stability is provided by a stable
fixed-frequency oscillator, and the frequencies are generated by programmable dividers.

Fig. 1

PLL block diagram

The digital implementation of the controlled oscillator
employing a stable fixed-frequency oscillator in combination with a controllable divider can be considered as a
frequency synthesiser. The inherent jitter of such a fractional-N divider corresponds to the reference clock period. It can be reduced by a subsequent PLL. If the
frequency range of the jitter spectrum is sufficiently high,
analog PLLs with high cut-off frequency and simple oscillators may be employed. The fractional-N divider may
be included in the feed forward path or in the feedback
loop of the jitter suppression PLL. In [4] an accumulatorbased fractional-N divider as a numerical controlled oscillator has been presented. In [S] the fractional-N divider
is included in the feedbackloop and is controlled by a
higher order Sigma-Delta Modulator for spectral-jitter
shaping purposes.
The error of the output sequence of a higher order SigmaDelta Modulator equals a high-pass-filtered white-noise
spectrum. This output sequence controls the divider stage
of the fractional-N divider by selecting appropriate integer values to approximate the desired frequency. The
phase error is given by the frequency error due to the
coarse integer division approximation in conjunction
with the sampling interval, which equals ,an output signal
period. Th'anks to the Sigma-Delta Modulation this phase
error consists only of high-frequency components. This
high frequency phase error is almost fully suppressed by
including the fractional-N divider in the PLL feedback
loop. The absence of low-frequency phase errors in conjunction with the jitter suppression capabilities of the analog PLL leads to an output frequency with negligible
divider induced self-jitter. The frequency range 'and the
resolution can be selected as required by choosing the
suitable word length in the digital circuitry without affecting analog components.
Implementations of digital PLLs have been already re-

ported and analysed in [I], [6]. In these widely used implementations the clock input of the phase detector
counter is fed by the oscillator of the PLL. The disadvantage of this method is that the operating frequency determines the resolution. Any subsequent averaging process
does not improve the resolution for constant frequencies
due to the correlation of the oscillator signal with respect
to the reference signal, which provides a constant output
signal of the phase detector. According to the novel approach the resolution can be improved by resampling the
phase detector output signal with an independent clock
and subsequent averaging.
Fig. 2 shows the block diagram of the narrowband PLL
for use in SECs. Supervision, control and monitoring
components are omitted in this diagram. The digital
phase detector comprises the original phase detector, the
resampling circuit followed by an averaging filter. The
averaging filter is required to improve the resolution of
the resampled phase values. This ensures a smooth phase
output transition of the slave clock if it returns from
holdover mode to the locked mode. The Proportional-Integral-controller determines the transfer function of the
PLL. It may be realised as a hardwired solution (FPGA,
ASIC) or included in the firmware of a microprocessor.
The numerical controlled oscillator is implemented as a
digital frequency synthesiser. It consists of 'an analog
high-brtndwidth PLL (about 1 kHz). The output frequency is varied by encoding the PI-controller output signal
into a high frequency binary bit stre'm by a second order
Sigma-Delta modulator, which selects the divider ratio of
the PLL feedback loop.

-

Fig. 2

-

Block diagram of the slave clock PLL.

111 Phase Detector
The resolution of the previously mentioned counterbased phase detectors is determined by the high-rate
clock of the counters. An increase in the counter frequency used improves the resolution of this type of phase detector. This method, which may require a combination of
different technologies, complicates the circuitry, causes
interface problems and suffers from power consumption.
This is not adequate if all components of the phase detector are to be integrated in one technology. The frequency
stzzbility of the high-rate clock oscillator determines the
accuracy of the phase detector. The bandwidth of the input phase modulation and the bandwidth of the PLL do
not require such high sampling rates. In principle, the

sampling frequency must take into account the Nyquist
frequency of the input phase modulation as a lower limit
in order to avoid aliasing effects regardless of the resolution of this phase detector. Consequently, resampling
phase detectors are intended to operate at low frequencies
which are easy to handle.
The principle task of a phase detector is not to reconsmct
the original high frequency phase difference waveform
but to determine a mean phase difference which varies
slowly with respect to the PLL time constant. If the sampling frequency f, equals an integer multiple of the reference frequency fref we would expect that the resolution
of the phase detector corresponds to the sampling period
T, . The quality of the phase detector output signal is determined mainly by the exact value of the sampling frequency. A major consideration for the design of this type
of resampling phase detector is the selection of a suitable
sampling frequency.
Typically in signal processing applications the signals are
bandlimited before AD conversion. This procedure provides an undistorted time-discrete representation of the
bandlimited phase difference and prevents aliasing effects. The phase transfer function of a slave clock can be
represented by a narrow-band low-pass filter. If the aliasing components in the spectrum are located outside the
pass band, they are suppressed. The choice of the sampling frequency with respect to the reference frequency
offers a degree of freedom for the shaping of the aliasing
components. A suitable choice of the sampling frequency
enables the digital filter to process unfiltered, non-bandlimited signals. Furthermore, thanks to the binary representation of the phase difference signal, the AD converter
can be omitted. This approach simplifies the implementation of this resampling all-digital phase detector and imposes no new requirements with respect to the design
technology if appropriate sampling frequencies can be
found in the range up to the reference frequency.

Fig. 3

Block diagram of the resampling phase detector

Fig. 3 shows a block diagram of this resampling phase
detector. The phase difference signal s$ ( t ) ,representing
the difference between the reference signal sref(') and
the VCO signal s,,,(t) , can be considered as being
generated by an EXOR type phase detector. Other types
of phase detectors may be employed. They may be complemented by preceding divider stages which modify the
phase detector gain. The time resolution is not affected,
but the overall jitter characteristic of the PLL deteriorates
in the case of reduced gain. The phase difference signal is
sampled by the periodic signal s, ( t ) . The subsequent averaging filter is inserted to suppress high-.frequencyerror

components resulting from the sampling process.
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Fig. 4 (a) shows a typical waveform of the phase difference function s$ ( t ) and the sampling function s, ( t ) versus time. The phase difference signal and the time axis
are scaled in radians and time period of the reference signal Tref,respectively. Fig. 4 (b) shows the sampled phase
difference function which is obtained at the output of a
hold circuit. The maximum phase detector error is represented by the dashed line of the phase difference signal.
Variations of the phase difference pulse width T$ in the
interval ( 0 , 2 .T,) do not have any effect on the sampled
signal.
In Fig. 4 (c) the phase difference function is subsampled
with a third of the frequency in Fig. 4 (a) which results in
strong aliasing effects. Fig. 4 (d) shows the output signal
of a hold circuit as in Fig. 4 (b). In this example after averaging the same result is obtained as in Fig. 4 (b) where
the higher sampling frequency has been applied. The
shape and the mean value of this phase difference waveform are not altered by the subsampling procedure with
this frequency. This result shows that the same phase detector resolution can be obtained by applying lower resampling frequencies. However, for other fractions of the
sampling frequency, e.g. f,/ ( 2 . n) , the corresponding
aliasing effects result in a modified waveform and a different mean value associated with the phase detector error. This demonstrates that the exact value of the
sampling frequency has a significant impact on the accuracy of the phase detection.
This time domain example shows some general aspects

of the phase detector error characteristics. The phase detector error can be considered as resulting from aliasing
effects due to the sampling process. The frequency domain analysis allows the spectral components of the original phase difference and the sampling error component
to be separated.
The combination of the phase detector and the signal post
processing results in a phase difference representation of
limited resolution which corresponds to a phase quantisation. A constant signal is considered as the worst case input signal for a quantiser with respect to the spectral
components of the quantisation error. A constant signal
with respect to a phase quantiser refers to a constant
phase difference. Therefore, the steady state characteristics of the phase detector error have been analysed in
[lo]. In addition to the DC error component all other
spectral components contribute to the phase detector error. However, this error can be reduced to negligible values by setting the cut-off frequency of the PLL to
sufficiently low values.
The spectrum S@,,(n of the sampled rectangular waveform s@,,( t ) is calculated by sampling the original phase
difference waveform having the pulse width T @and period Tref with the sampling frequency f,, where
p = f r e f f , . In the case where p is irrational, the signal
s ( t ) is not periodical and the spectrum is continuous.
The phase difference is infinitely fine quantised and the
constant phase detector error does not exist. However, the
recovery of the ideal phase difference would require an
infinite averaging time. The real estimation of the phase
difference implies a finite averaging time at cost of increased noise components.
If p is rational, namely p = p / q with p and q coprimes,
the signal s@,,( t ) is a periodical function with period
q . T , ,and its spectrum S ,(f) in the interval [0,f, ) can
be written in the form r18j:

q = 57 and m = 3 . The spectrum of the unsampled rectangular phase difference waveform has an si-characteristic. In the case where the sampling frequency f, is a
fraction of the reference frequency fief corresponding to
p = 1, the rectangular phase difference waveform is
sampled with the frequency f, = q fief resulting in an sitype spectrum with small aliasing components. For
p = 17 the spectral lines in Fig. 5 b) are reordered compared to Fig 5 a). This is due to the lower sampling frequency associated with stronger aliasing components
located at different frequency indices, as the sampling
frequency is not an integer multiple of the reference frequency. In this example, significant spectral lines are
shifted to higher frequencies. Therefore, the selection of
the numerator p offers a degree of freedom for the shaping of the spectral components, which have to be suppressed by a subsequent filter.
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Fig. 5

Spectrum of the sampled phase difference signal SO,,(n ( rn

= 3, q = 57, (a) p = 1, (b) p = 17).
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The positive integer coefficient m describes the phase
difference T@ as multiples of 2 . T r e f / q .Because of the
periodicity of the sampled phase difference function
s @ , (, t ) the spectral lines of the phase difference are located at multiples of the frequency f,/q .The amplitudes
of the spectral lines are given by Y , which are a function
of the positive integer m , the integer q and the index of
the spectral lines r .
Fig. 5 shows examples of the spectrum of the sampled
phase difference signal S4,, (n for two different values
of p . For both examples the parameters chosen are:

In addition to the analysis of the low-frequency components, which is known from jitter analysis, the DC component Yo will be examined in more detail to establish
the resolution of the phase detector.
If T$ is increased from 0 to higher phase difference values associated with an increase of m ,the amplitude Yo is
altered only every 2 . T r e / / q. If the phase detector is considered as a quantiser the parameter m corresponds to the
index of the quantisation steps 2 . T r e f / q .Consequently,
the resolution of the phase detector is determined by the
minimum value q,,, within the frequency tolerance
range of fief and f, .
This shows that a continuous increase of the sampling
frequency f, does not imply a corresponding improvement of the resolution. The resolution is determined by
the parameter q which in turn is not linearly increased
with respect to the sampling frequency. As this pararneter
is determined by the quotient between reference and s ~ m pling frequency p = fref/fs = p / q , small values for q
can be found even in high frequency ranges. Conversely,
g
smaller
there exists a set of suitable ~ ~ m p l i nfrequencies

than the reference frequency which results in sufficiently
high values of the parameter q .
Fig. 6 shows the minimum value for the parameter q versus the normalised sampling frequency ranging from a
quarter to half of the reference frequency under the assumption that fref and fs vary within +50 ppm. The minimum value q,,, denotes the smallest denominator of the
quotient p within the frequency tolerances. If small deviations from p / q = 1 / 3 are applied, the maximum resolution is obtained corresponding to a minimum
denominator qmi, 1500 within the frequency tolerance.
However, for this slave-clock application a value of
Tref/lOO is sufficient which allows the choice of standard
oscillators with commonly used frequencies.

-

Fig. 6

Smallest denominator qminforthe quotient p fornormalised
sampling frequencies fs . Reference frequency
and sampling frequency fs are varying within f i 0 ppm.

fief

bandwidth range of SECs is limited in ETSI and ITU-T
Recommendations to between 1 Hz and 10 Hz, which reduces the degree of freedom in the design optimisation
procedure.
A general analysis of the SEC components should be carried out without specific assumptions with respect to the
oscillator. The oscillator as the dominating noise source
is excluded from the simulation model to provide general
results and to distinguish the small phase detector error
from other imperfections.
In this example the SEC model has a nominal input frequency of 38.88 MHz and includes the resampling phase
detector. A PI- controller is employed, which feeds the
oscillator. The PLL has a cut-off frequency of 2.5 Hz with
a maximum gain of 0.05 dB. The sampling frequency is
chosen as parameter.
The phase detector error in combination with the oscillator frequency resolution results in low-frequency limit
cycle oscillations. The performance of the SEC is demonstrated with the Time DEViation (TDEV). TDEV is obtained from the sequence of time interval errors by
averaging and filtering and subsequent calculation of the
standard deviation vs. observation period. The estimation
formula for TDEV is given by equation ( 3 ) , where x,
represents the time interval error sequence, z, the sarnpiing period, N the total number of samples, z the observation interval and n the index of the observation interval
in the range from 1 to L N / 3 ] .

IV Results
The frequency domain analysis of the resampling phase
detector resulted in a distinction between different error
components. The DC component is associated with the
resolution assuming an infinite averaging time. The other
spectral error components may be suppressed if they fall
within the stopband of the PLL.
The closed loop characteristic of the PLL in the SDH
Equipment Clock application employing the resampling
phase detector has been examined to demonstrate the feasibility of this approach. The transfer function of these
clocks requires a narrowband characteristic for jitter reduction purposes. As the error components can be considered as jitter, the performance of this phase detector
can be expected to be excellent in this application.
The oscillator frequency resolution is associated with the
controller word length and the digital-to-frequency-conversion process. In the case of the proposed fractional-N
synthesiser implementation the accuracy of this conversion process is determined by the Sigma-Delta-Modulator internal word length, which can be chosen
accordingly to suppress the frequency quantisation to
negligible values without significant cost effect.
The oscillator is the critical component of a slave clock,
which is expected to dominate the imperfections of all
other components. The characteristic is usually specified
in terms of its spectral noise components. This representation supports the optimisation of the PLL transfer characteristic with respect to self-jitter reduction. The

The characteristics of TDEV have been already discussed
in the context of clock stability measurements [7]. The
analysis of the SEC has been camed out in the observation interval range of 0.01 s to 100 s. The quantisation effects of the phase detector and the corresponding limit
cycles dominate the noise components in this slave clock
configuration.
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Fig. 7

Simulation results of Time DEViation (TDEV) observed at an
SDH equipment clock (SEC; sVco(I) vs. s r e f ( l ) in synchronised clock configuration)fortwo different phase detector
sampling frequencies (corresponding to q = 100 a ~ d
-6
q = 1000 ; T~ = 125 x 10
s, N = 24000 ).

Fig. 7 shows the simulation results for two different sampling frequencies which are related to two different values q . The upper curve shows the TDEV for q = 100
and p = 513 ,the lower is associated with q = 1000 and
p = 3013 . Both results exhibit a similar shape. The sec-

ond example shows an improved slave clock performance thanks to the enhanced phase detector resolution
resulting from the higher value of q in this observation
interval range. Both examples provide sufficient margin
for the oscillator noise to comply with the TDEV mask of
3.2 ns as specified in the Draft version of ITU-T Rec.
G.81~.
Fig. 8 shows measurement results of a prototype implementation of the SEC. Two different sampling frequencies have been applied which are associated with
corresponding values of q . The upper curve shows the
TDEV for q = 107 and p = 208, the parameters for
the lower curve are q = 1019 and p = 1981. The results demonstrate a significant improvement of the
TDEV by applying the higher value of q .

--2

preferably implemented as digital PLLs. The phase detector resolution and the oscillator stability have an impact on the phase error of the PLL. The advantages of
employing a synthesiser-based clock generator, which allows the optimisation of the oscillator stability regardless
of the frequency range, have been discussed. It has been
demonstrated that the introduction of the all-digitalphase
detector with independent subsequent resampling leads
to enhanced resolution and full integrability. A model has
been developed to determine the limitations of this approach in terms of resolution and spectral noise components and to give guidelines for practical applications
with a focus on narrowband slave clocks. Simulation and
measurement results of an SEC prototype implementation have demonstrated the the slave clock performance
and the feasibility of this approach.
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ABSTRACT
The time keeping laboratories of Austria,
Germany, Italy, Netherlands, Portugal, Sweden,
United Kingdom offer telephone time services
which allow a computer to receive traceable time
information from the national time standards by
direct telephone line.The coded time information
is sent using a common format, the "European
Telephone Coden.
For users requiring high accuracy the uncertainty
with which the time information can be received
is of particular interest.
Most of the time code generators established for
this service in Europe have been developed at
the Technical University of Graz (TUG) and
provide the feature to measure the round-loop
delay in a two-way mode and to correct for the
one-way delay. Propagation delays of various
telephone connections have been studied. The
arrival times of the telephone time signals from
the PTB, the TUG and the VSL (Van Swinden
Laboratory in Delft) have been measured in the
one-way and the two-way mode at the PTB in
Braunschweig and the FTZ in Darmstadt. The
results show that uncertainties of a few milliseconds are achievable with this technique.
1. INTRODUCTION

Time keeping laboratories in many countries
operate telephone time services (l),
(2), (3), (4).
The time information generated by these
services is referenced to the national time
standards and is accessible to anyone using
standard telephone modems.
The time protocols transmitted by telephone
services normally use ASCII-character codes
which operate with most standard modems and
computer systems. In addition to the
transmission of coded time information in the
one-way mode most telephone services are
designed to determine the time delay along the
propagation path in the two-way mode. At the
receiver end the received signal has to be
echoed back to the transmitting time code
generator in which the round-loop delay is
measured. By advancing the transmitted signal
by half the delay time the system thus can

correct the arrival time at the receiver end for
signal propagation if the telephone link has
approximate reciprocity.
A user who solely is interested in the coded time
information normally will not do loop delay
measurements. In this case he only needs a
passive receiver consisting of a terminal,
computer or other display. But if a user wants to
make use of the two-way method to get higher
timing accuracy the passive receiver must be
replaced by an active transponder. This
transponder can consist of the same hardware
but with the additional feature to echo the
received signal back either using a hardware
switch or software methods.
In 1990 several time keeping laboratories in
Europe agreed upon a common format for their
time dissemination via the public telephone
network. This "European telephone time codeuis
now being distributed in the following countries:

-

-

Austria, Technical University Graz (TUG),
Graz
Germany, Physikalisch-Technische
Bundesanstalt (PTB), Braunschweig
Italy, lstituto Elettrotecnico Nazionale (IEN),
Torino
Netherlands, Van Swinden Laboratory (VSL),
Delft
Portugal, lnstituto Portugues da Qualidade
(IPQ), Monte de Caparica
Sweden, Swedish National Testing and
Research Institute (SP), Boras
UK, National Physical Laboratory (NPL),
Teddington

Most of the above mentioned European
laboratories are operating time code generators
developed at the TUG, which have the capability
to correct for the propagation delays. A detailed
description of the specifications of the TUG
timecode generator and the European time code
format is given in (5). The aim of this paper is to
add some experimental results on delay time
measurements of some telephone links in
Europe which were made using TUG-type time
code generators.
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2. PROPAGATION DELAY MEASUREMENTS
The block diagram in Fig. 1 shows the principle
of the time dissemination via the public
telephone network. At the receiving end the PC
generates a signal coincident with the time
marker of the incoming time protocol and
delivers this signal on an 110-port to the stop
input of a time interval counter TIC. In the
European time code the change from .carriage
retum (CR)" to .line feed (LF)" (leading edge of
the start bit of the LF) indicates the beginning of
each transmitted second. Furtheron the PC has
the capability to echo back the incoming CR-LF
time markers and to send the commands "/I "
(two slashes) to stop the code transmission and
"GDMuto do generator delay measurementsto
the time code generator. In the GDM-mode the
TUG time code generator measures 8 round-loop
delays, calculates mean value and standard
deviation and advances the time marker for half
the mean value determined. If the GDM has
been successful the visible time marker changes
from " * " to " # ".
The modems used are CCITT-V.22-modems with
the communication parameters 1200 Baud, 8
ASCII data bits, no parity and one stop bit.
In our experiments we studied the arrival time of
the time markers sent via telephone lines from
the PTB, the TUG and the VSL and received at
the PTB in Braunschweig and at the FTZ in
Darmstadt. All of the three time codes generators
operated at the PTB, TUG and VSL have been
of the same design developed at the TUG. An
advance of 50 ms has been adjusted for all
transmissions in the one-way niode.
The approximate distances between the
transmitting and receiving laboratories are given
in table 1. In Braunschweig the tests were
performed sending the PTB-signal via the local
telephone exchange station back to the PTB.
In Braunschweig and Darmstadt the same
receiving equipment consecutively has been
used. The tests were started at the PTB. Then
the complete equipment inclusively modem was
installed at the FTZ and later again at the PTB.
3. RESULTS

As the reference time scales UTC(K) of the
transmitting laboratories and UTC(L) of the
receiving laboratories are in close agreement
(time differences < 2.5 p)the results shown in

Fig. 2 and 4 directly represent the timing
accuracy. Figure 2 gives the measured time
differences between UTC(L) and the arrival time
of the received telephone time marker T(TM) in
the one-way mode where UTC(L) was either
UTC(PTB) or UTC(FTZ). Figure 4 gives the
corresponding results in the two-way mode. Each
data point is the mean of 25 consecutive onesecond time differences measured once per day.
The standard deviations belonging to these
samples over 25 s are shown in Fig. 3 and 5.
Figure 6 gives half the round-loop delays
determined by the time code generators.
4. DISCUSSION AND CONCLUSION

The results of the delay time measurements
show instabilities of up to a few milliseconds
from day to day. No systematic delay time
changes during the measurement period of about
100 days have been observed.
For the signals from the PTB and the TUG the
round-loop method did not exactly correct the
received time for the signal propagation delays.
But as the same equipment was used and the
same reproducibility and offsets were observed
at the two receiver ends FTZ and PTB it has to
be assumed that the telephone links have
approximate reciprocity and that the offsets
result from delay differences between the
transmit and receive portions of the modems.
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Fig. 1: Principle of the time dissemination via the public telephone network. The system has the capability
to measure the round-loop delay and correct for the propagation delay if the received signal is echoed back
in the PC (switch position 2). TIC Time interval counter.

Table 1: Telephone numbers and approximate distances between the transmitting laboratories TL and
the receiving laboratories RL.
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